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Abstract

Often, large modern buildings such as high-rise office towers are enclosed by

lightweight facades made up of prefabricated, aluminium-framed panels. World-

wide, the mass of metal required to build these unitised curtain wall systems is in

excess of two million tonnes annually, and is increasing. Much energy is required

to release metallic aluminium from its naturally-occurring oxides, and therefore, if

these walls can be built with less metal, humanity will benefit not just because

urban development will be less costly, but also because it will be environmentally

more benign.

This thesis, in which previously unpublished research findings are presented along-

side peer-reviewed journal papers, identifies strategies that can be employed – by

architects, facade engineers and the authors of structural codes – to minimise the

use of aluminium. These guidelines are abstracted from the results of research

carried out in various ways.

Well-optimised extrusion shapes are found numerically, for tens of thousands of dif-

ferent facade layouts, using a genetic algorithm linked to a parametrically-controlled

geometric model. The technique reveals that better optimisation can reduce, typi-

cally by 20% or more, the amount of aluminium in real buildings’ bespoke curtain

walls. Also, in common facade configurations, adjusting the design criteria and

locations of attachment brackets can bring further savings of 40% or more, without

affecting the wall’s appearance or structural performance.

Existing structural analysis procedures are examined, errors and anomalies in the

literature are pointed out, laboratory tests expose substantial shortcomings in the

accepted idealisations, and new algebraic descriptions are proposed then validated.

National governments recognise the importance of, and are keen to enhance, the

thermal performance of facades. However, this research demonstrates that much

greater energy savings could be achieved, in buildings with curtain walls, simply

by providing design professionals with knowledge of the methods needed to make

efficient use of aluminium.
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“Structural aluminium alloys are flexible in the sense that the extruded

section can be designed to fit each particular job. In fact it is economically

necessary to do so, the standard sections are much too wasteful in

material, and the extra cost of dies is insignificant. The extra effort

demanded of the designer is considerable – but that is not a matter

which ought to be taken into consideration. You don’t get anything

worth having for nothing.”

Sir Ove Arup,

1954 lecture, “The Practice of Building” (Arup, 2012, p. 33).

“In its primary form aluminium is a high-energy product, it has a high

embodied energy. However, designers and specifiers over the past 40

years have learnt to consider the selection of materials carefully, beyond

fashion and first cost. Using a little of a high energy material wisely and

purposefully is a more sustainable strategy than the ideological selection

of materials.”

Professor Michael Stacey,

“Aluminium, Architecture and Sustainability” (CAB, 2008, p. 7).
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© Davide D’Amico. See Page 13.

Figure 1: Unitised curtain wall of The Shard tower building, London.
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Format & Arrangement of Material

A traditional doctoral thesis is a single text without separable parts. This present

document, however, is structured in an allowable alternate format (University of

Bath, 2019, Appendix 6). New narrative and research results are presented alongside

four technical papers that already have been published in peer-reviewed academic

journals, and alongside the manuscripts of two further articles, one of which has

been, and one of which will be, submitted to an academic journal for peer review.

Some notes are offered here to explain the conventions that have been applied

during the compilation of different works in a single portfolio.

The versions of the technical papers included here are the final submitted manuscripts,

and they have not been modified to mirror the minor changes to layout and con-

tent that were made when each article was typeset for a journal. For these reasons,

researchers are advised to refer to the published versions.

In the journal papers, original section numbers have been retained, but pages

have been renumbered for this present document. Within a journal paper, a cross

reference to a numbered section refers to that same journal paper. Similarly, within

the text of the encompassing thesis, the section numbers shown in cross references

refer to sections of the thesis. In those cases that material in a journal paper is

referenced from the thesis’ text, a page number is given.

Each technical paper is self-contained: citations are numerical, and the corresponding

references appear at the end. For clarity, outside the technical papers, citations are

in author-and-date format and the references are presented at the end of the thesis,

starting on Page 319.

Each journal paper provides background information to orientate a new reader,

and so, when the pieces are brought together, some points are duplicated. The

University acknowledges (University of Bath, 2019, Appendix 6, p. 10) that, within

this type of portfolio, some degree of repetition is unavoidable and that it is

therefore acceptable.
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Chapter 1

Introduction

Governments throughout the developed world are keen to find and apply tech-

nologies that, without detriment to productivity or quality of life, will reduce the

energy used by their populations. There are good reasons to do so. Diplomats and

military strategists would like to limit the influence held by the small number of

oil-exporting states (e.g. Ross and Voeten, 2011), economists worry about the dam-

age that can be caused by fluctuations in fuel prices (e.g. Mohaddes and Pesaran,

2016), and of course environmentalists are eager to minimise production of the

greenhouse gases that are released into the earth’s atmosphere when fossil fuels

burn (e.g. IPCC, 2014). If energy expenditure can be avoided simply by allocat-

ing resources more efficiently, then the concerns of each of these parties can be

alleviated. An additional benefit will be that society will spend less to generate

the energy it needs to accomplishing its goals, and therefore it will become more

wealthy.

Nations of the European Union have made commitments to increase not only the

proportion of power that is obtained from renewable sources, but also the efficiency

with which energy is used (e.g. European Council, 2014, Article 3). The goals are

ambitious and, if they are to be achieved, changes will need to be affected in

transportation, manufacturing, agriculture and other sectors.

In the search for energy-efficiency improvements, it is logical to start by examining

the industries in which high-embodied-energy materials – those created in processes

that are energy intensive – are used in large quantities. The modern building

facade industry is in this category because, each year, several million tonnes of

aluminium are used to create the exterior wall systems of the world’s new buildings

(extrapolated from YCHL, 2011, p. 82). Even after current recycling practices have

been taken into account, the embodied-energy of the aluminium, 154 MJ/kg, is far

greater than that of other common construction materials (Hammond and Jones,
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Chapter 1 Unpublished Commentary

2011, p. 32). Therefore, if building facade designs can be modified to use aluminium

more efficiently, then substantial energy savings can be realised.

In this research, various investigative techniques, including algebraic modelling,

numerical optimisation and physical testing, have been applied in order to identify

the steps that design professionals – architects, authors of technical specifications,

designers of curtain wall extrusions, and structural code committees – could take

to reduce the amount of metal in building envelopes. The study’s findings suggest

that this industry’s demand for aluminium, and hence its environmental footprint,

could be reduced dramatically.

1.1 Aluminium’s Embodied Energy and Use in Construction

Today, if a metal structure is required to do no more than carry load, it is most

economical to build it in steel. An equally stiff and strong structure in aluminium,

which has a lower modulus of elasticity and a lower yield strength, will be more

expensive to construct. On the other hand, its melting point is much lower than

that of steel, so aluminium can be formed, easily, by extrusion, into prismatic

members with elaborate cross-sectional geometry. Extruded members can be shaped

to fulfill varied functions in addition to their primary, structural roles. Aluminium

profiles can, for example, incorporate features such as lips and grooves that will

hold rubber gaskets, engage with the threads of screw fasteners, or clip to other

extrusions. Because of its functional versatility and superior resistance to corrosion,

aluminium is almost invariably the material chosen for the structural lattice within

the lightweight facades, the curtain walls, that enclose many of today’s big buildings.

However, the embodied energy of a given mass of extrusion – meaning the energy

expended during its extraction from ore, forming and transportation for use – is

about an order of magnitude greater than the embodied energy of the equivalent

mass of other construction metals, such as steel, and two orders of magnitude

greater than the embodied energy of concrete (Hammond and Jones, 2011, pp. 32,

40, 50).

It is estimated that the construction industry’s use of aluminium constitutes between

25% (UC RUSAL, 2020) and 32% (p. 36 Menzie et al., 2010) of the global total.

Developed regions and poorer nations are alike, using similar proportions of their

total aluminium supply in buildings, even though per-capita aluminium usage is

many times greater in the rich world. For example, in Western Europe in 2006,

aluminium used in construction was 25% of the total (pp. 37, 39 Menzie et al.,

2010).
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In the EU, the energy used to heat buildings amounts to more than a quarter

of the member nations’ total energy demand (European Commission, 2016, Fig. 2).

Therefore, rightly, extensive research has already been carried out to identify ways

of reducing the amount of energy that flows, as heat, between buildings and

their surroundings, and current energy conservation initiatives (e.g. IEA, 2013)

focus upon the insulating materials and coatings that can be added to building

envelopes in order to improve thermal performance. However, the opportunities to

moderate the use of material in buildings, and hence reduce demand for energy

in transportation, mining and associated processing industries, have been widely

neglected (Hernandez et al., 2018). The calculations presented on Page 259 suggest

that any energy savings that might realistically be achieved by improving the

thermal performance of new curtain walls, even when aggregated over the decades

that the facades will be in existence, will be smaller than the energy savings that

can be realised now by minimising the mass of aluminium in those wall systems.

The whole field of design optimisation is, therefore, ripe for exploitation. To enjoy

the substantial benefits, all that is needed is to provide architects and engineers

with the training and analytical tools with which to find more efficient curtain wall

designs.

1.1.1 Curtain Walls

The building enclosures considered in this research are “curtain walls” of the

“unitised and pressure-equalised” variety, in which the principal structural members,

running vertically, are the “mullions”. The previously-published technical paper

that is a part of Chapter 2 outlines the features of these popular, lightweight,

walls. It introduces the technical nomenclature, and lists the performance objectives

and practical limitations that constrain a curtain wall’s design. A concise history

of the technological, commercial and architectural developments that led to the

advent of the modern unitised curtain wall are provided below, in Section 1.3, and

photographs of the facades of several notable buildings are included.

In this sort of wall system the cross-sectional shapes of the extruded structural

profiles, and also the combinations of applied loads, are more complex than those

that ordinarily are encountered in steel structures. Complexity stands in the way

of efficient design. By improving descriptions of the physical processes that affect

structural behaviour, by providing new optimisation heuristics, and by demonstrat-

ing the use of numerical tools, this present research aims to help facade engineers

to develop designs in which aluminium is used efficiently. As it is commercially

pragmatic and common to manufacture custom extrusion shapes for a specific
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Chapter 1 Unpublished Commentary

building, at least when the building’s facade is large, there are no barriers to the

introduction of new designs.

1.1.2 The Roles of Design Professionals

Various different groups have a say in the design of a new building’s curtain wall

and, if aluminium is to be used efficiently, each has a part to play. A city’s planning

officials, for instance, decide whether to allow the development of buildings with

small floor plates and high ceilings, which have inefficiently high wall-to-floor

ratios. Also, they are in a position to discourage the emergence of architectural

vogues for large expanses of purely ornamental facade (CTBUH, 2013).

The choices made by another group, the engineers employed by facade contractors,

who usually take the lead role in the design of cross-sectional shapes for a curtain

wall’s extrusions, influence the efficiency with which aluminium is used to satisfy

the specified performance criteria. The ASCE’s committee on curtain wall systems,

(Clift and Bonnheim, 2013, p. 87) acknowledges that these contractors have a

competitive incentive to minimise the mass of aluminium in their designs; “The

curtain wall industry requires material quantity optimisation on a scale far greater

than the structural steel or concrete industries”. However, even though extrusion

designers may wish to create material-efficient designs, it will be shown in this thesis

that mathematical complexity makes it difficult, in practice, to find well-optimised

solutions.

The task of laying out a curtain wall’s horizontal and vertical framing members,

as well as the positioning of connections to a building’s structural frame, will

be undertaken by an architect. At the same time a facade consultant or speci-

fier will establish the wall system’s performance criteria. Clearly, their decisions

affect the quantity of aluminium in the facade, but, until now, no information has

been published to guide them to material-efficient layout geometries and technical

specifications.

The authors of construction regulations constitute another of the groups of pro-

fessionals whose works affect the demand for building materials. Aspects of the

standardised analytical procedures that are set out in structural codes by technical

committees – for example, the underlying structural models and safety factors,

and the extent to which simplifications and generalisations are made during the

codification process – have a bearing upon aluminium usage. In the this research,

existing structural design procedures are examined to see whether they might be

better tailored to model the peculiarities of an real curtain walls.
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1.2 Research Structure

This thesis describes a series of separate studies that have been carried out with

the aim of identifying the practical steps that the construction industry’s design

professionals can take to reduce the amount of aluminium in curtain walls. The

topics investigated, and the arrangement of information, are outlined in the notes

below.

New computer software, named ACWEDS, has been created to find optimal, or near-

optimal, cross-sectional shapes for the aluminium extrusions in a unitised curtain

wall system. Within ACWEDS, candidate extrusion shapes are created stochastically

from parametrically-driven models, and are evaluated to determine whether they

can be manufactured and whether they comply with a given facade’s structural

design criteria. The process is controlled by a genetic algorithm that searches for the

design solution in which aluminium content is minimised. The numerical methods

are explained in the journal paper that is incorporated in Chapter 2. For selected

existing buildings, the actual mass of metal in the curtain wall has been compared

with the mass of metal in a well-optimised facade design found using ACWEDS,

and it has been found that double-digit percentage gains in efficiency are commonly

possible. The techniques that have been used to tune ACWEDS’ performance, and

to assess the quality of its results, are reported in greater detail in Chapter 3.

Using ACWEDS, well optimised curtain wall designs have been obtained for a

large number of different facade configurations and specifications. In total, tens

of thousands of unique cases have been considered. The results show how a

curtain wall’s overall metal content varies with panel width, floor height, spacing

between horizontal members, connection bracket location, minimum allowable metal

thickness and design wind pressure. These relationships are presented graphically

in another published journal paper, reproduced in Chapter 4, and they inform a

set of guidelines or heuristics that are intended to help architectural design teams

evaluate the impact that their decisions will have upon the mass of aluminium in

their facades.

Resistance to lateral torsional buckling (LTB) is commonly the governing structural

constraint in the design of unitised curtain wall mullion profiles. However, the

accuracy and computational practicality of current approaches to the analysis of

LTB have been questioned by other researchers (e.g. Skejić et al., 2016). The physical

processes that contribute to lateral torsional buckling in an unbraced beam are only

a subgroup of the larger set of different effects that combine to cause the flanges

of a curtain wall mullion to move laterally. These contributory effects have been

isolated and examined independently in Chapters 5 to 7.

Page 19



Chapter 1 Unpublished Commentary

When wind pressure acts upon a curtain wall, the rectangular structural plates

that cover the exterior surface – which are most often panes of glass, but might

otherwise be metal sheets – deflect elastically, and the magnitude of the central

deflection can be many times greater than the material’s thickness. When loaded,

the plate’s surface resembles that of a pillow, as rotation occurs about the line of

each edge support. If the glass or metal plate is bonded to the framing member

using a structural adhesive or sealant, which is generally the case in today’s curtain

wall designs, then the plate’s edge rotations induce a twisting moment about the

framing member’s axis of extrusion. A new analytical expression has been devel-

oped to model this moment. It is presented and compared with new laboratory

data in Chapter 5. To find a suitable way to predict plate edge rotations, the liter-

ature on thin plate analysis has been searched and, in the process, several errors

and anomalies in mathematical expressions have been discovered. These issues are

documented in Chapter 6, together with graphs showing the disparities between

plate deflection predictions based upon various existing analytical models. In addi-

tion, new experimental measurements have been obtained, and these are plotted,

for reference, alongside the analytical predictions. A set of notes has been provided

with the aim of helping the designers of plate structures to avoid the pitfalls that

follow from uninitiated application of textbook formulas. The commentary will be

of assistance not just to those with an interest in the present material optimisation

topic, but also to a much wider audience of engineers.

The moments that cause a mullion profile to rotate about its longitudinal axis,

including structural sealant moments estimated by the methods introduced in Chap-

ters 5 and 6, as well as the forces causing the profile to deflect laterally, in the

plane of the wall, are quantified in a journal paper that is included in Chapter 7.

It is shown that the dominant cause of lateral movement is the loading due to

the pressure of air within the mullion, which differs from the pressure inside the

building. Oddly, these “pressure equalisation” loads are not so much as mentioned

in the existing literature. A new algebraic model of lateral deflection is offered

with the contentions that it is a more reliable and less computationally demanding

replacement for the established lateral torsional buckling assessment techniques.

The proposed method of analysis is validated by finite element simulation.

The author’s final journal paper, contained in Chapter 8, examines the extent to

which the mass of metal in a curtain wall is affected by a change in approach to

the analysis of lateral movement, from a conventional computation in accordance

with the Aluminium Design Manual or ADM (Aluminum Association, 2005) to the

method proposed in Chapter 7. The comparison reveals that mullions designed to

comply with the suggested analytical rules not only deflect laterally to a lesser
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degree than those optimised to comply with the ADM, it is also the case that

curtain wall systems designed by the author’s proposed method contain less metal.

It is a common practice to construct a prototype of a newly-designed curtain

wall, and to subject the specimen to a series of standardised laboratory tests

that simulate, amongst other phenomena, the actions of wind and rain. For this

study, facade contractors generously have allowed the author to install sensors in

their prototypes, and to collect data in addition to that required by the codified

procedures. Measurements presented in Chapter 9 show that extreme fibre strains

in the flanges of the mullion extrusions in these real panels are approximately half

the magnitude of the theoretical strains determined by conventional Euler-Bernoulli

beam theory. This discovery suggests that, with a better model of stress and strain

in the flanges of thin-walled aluminium members, facade engineers will be able to

design curtain wall systems that require less aluminium.

The accounting conventions that are applied when estimating the embodied energy

in recycled aluminium, and also the grounds for extreme action – completely

prohibiting the construction of all curtain walls – are discussed in this introductory

chapter, in Sections 1.5 and 1.6. Subjects for future research are suggested, and

some of the practicalities of implementing a metal-reduction strategy within the

construction industry – the information, design tools and encouragement that will

be needed by professional architects and facade engineers – are noted in Chapter 10.

Final conclusions, together with a summary of the author’s contributions, are given

in Sections 10.1 and 10.3.

Three decades ago, Clift and Austin (1989) observed that; “there is practically no

literature on the design of curtain wall mullions”. More recently, Sivanerupan et

al. (2011), discussing structural analysis methods applicable to glazed curtain wall

systems, found that; “There is very limited published literature available on the

structural design available for engineers”. Today it still is the case that, in this

specialist field of structural design, existing documentation is scarce. Nonetheless,

where relevant published material exists, it is surveyed – together with more general

or contextual literature about stability and algorithmic methods – in the journal

papers that make up this thesis.

1.2.1 Potential Benefits

This study’s survey of real-world curtain wall designs shows that, simply by

choosing extrusion shapes that are optimised to comply with a building’s design

criteria, it is commonly possibly to lower aluminium content by 20 % or more. By

moving mullion connection brackets away from the position that often is chosen by
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architects, at the very top of the panel, additional metal savings of more than 25 %

can be expected. A wall system’s aluminium mass can be reduced still further, by

a similar amount, without compromising the wall system’s structural integrity, by

waiving the frequently-specified requirement for webs and flanges that are at least

3 mm thick. These are just three examples of the methods by which the amount

of embodied energy in a curtain wall system can be curbed: many others have

been identified and documented in this thesis. The metal-saving techniques can

be applied on their own, but, if applied together in combination, the curtain wall

industry’s demand for aluminium could be reduced dramatically.

1.3 A Concise History of Curtain Wall

It cannot be said that the practice of enclosing a building with a non-load-bearing

wall is a new idea. It is well documented (e.g. Pope, 2014) that even in the neolithic

era lightweight wattle-and-daub screens were used to cover wooden structural

frames. Any claim that such ancient wall systems are the technical antecedents of

modern curtain walls would however be little more than a narrator’s indulgence:

the key design features and production methods considered here, upon which

today’s curtain wall industry relies, have developed over a period of little more

than one century.

The text that follows lists some key technical developments that have made curtain

walls possible. Several example buildings are noted with the aim of showing the

ways in which design and construction practices evolved with the passing decades.

Some comments on the commercial background have been included to illustrate

the dramatic market changes that caused the price of a curtain wall’s two main

structural materials – aluminium and flat glass – to fall by many orders of magnitude

in a single human lifetime. The histories of the technologies that made high-rise

towers practical, such as, for example, the elevator, and the technologies that made

curtain wall practical, such as air-conditioning, and also the technologies that have

contributed to the popularity of curtain wall but are not directly relevant to this

structural investigation, such as the advances in paint chemistry, are omitted in this

narrative or are mentioned only in passing.

1.3.1 1854 to 1914: Dawn of the Aluminium Age

The mass of aluminium in the earth’s crust, calculated using the data of Klein et al.

(2007) and that of Peterson and Depaolo (2007), is much greater than the combined

mass of the world’s oceans (Eakins and Sharman, 2010). In nature however, although
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aluminium is so plentiful, it is always found in compounds from which the metal

is not easily separated. It was only recently, as late as 1854, that the laboratory

experiments of a Frenchman, Deville, produced small quantities of pure aluminium

(Richards, 1896, p. 8). However, by 1883 a market for the new material had been

established, and Deville’s company was amongst several that were producing tens of

kilograms of metallic aluminium per year by a sodium reduction process (Richards,

1896, pp.32-40).

Between 1886 and 1889, two industrial chemists – Hall, an American, and Héroult,

from France – independently developed and patented similar methods of extracting

aluminium from its oxide, alumina, by electrolysis (Richards, 1896). At the same

time, in 1888, K. Bayer found an efficient method (Bayer, 1888) of obtaining alumina

from a common aluminium ore, Bauxite. With a combination of these technologies,

aluminium could be produced much more economically and, within a decade, the

cost of the metal fell by a factor of more than 30 (Richards, 1896, p. 35), making

aluminium an affordable material for many products.

In the early years of the twentieth century, buyers of aluminium could choose

alloys containing any one of more than a dozen different alloying metals (Pittsburgh

Reduction Co., 1904, pp. 69-101) but at this time, before the advent of curtain wall,

window frames were commonly made of wood or steel (e.g. International Casement

Co. Inc., 1913). Hydraulic extrusion presses had been used to create lead pipe since

1890 (Laue and Stenger, 1981, p. 2) and in the pre-war years firms around the world

were offering, to their wealthier clients, window and skylight frames extruded from

bronze (e.g. Henry Hope & Sons Ltd., 1911).

These windows were glazed, just as they are today, with soda-lime-silica glass.

Means of creating glass have been known for millennia, and for hundreds of years

flat, clear panes have been manufactured for use in windows. Plate glass, which is

made by polishing a cast sheet, has been available in England since 1772 (Powell,

1883, p. 142), and was still in production in the middle of the twentieth century.

Because its surfaces were polished, plate glass was optically superior to, but more

expensive than, the “crown” and “sheet” glass that was made flat at the furnace by

craftsmen using only hand tools. Crowns were created by spinning a viscous ball

of hot glass into a flat disk (Pilkington, 1969), and sheet was formed by blowing

a hollow cylinder, which was cut open and unrolled (Fowle, 1924, p. 31-42).

The notes above identify several of the industrial innovations that would, later,

make the construction of curtain walls feasible. These technologies could not have

continued to evolve without commercial demand. Without needs to satisfy, the

necessary economies of scale would not have been achieved. It is therefore relevant

to recall that, in the United States, this was a period of extraordinary demographic
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change. Large numbers of migrants were arriving at the eastern seaboard, many of

whom settled close to their port of entry. Between 1850 and 1900 the population of

New York grew more than sixfold, to 4.2 million, while the number of people in

Chicago increased by an even greater proportion (Chandler, 1987, pp. 24 & 567).

In the cities, with the rapid increase in land values, property developers were given

a commercial incentive to construct to greater heights. Much has been written about

this period’s prominent architectural firms and the “Chicago school” or style of the

early skyscrapers that they created (Miller, 1973). One of these famous practices,

Burnham and Root, designed the Monadnock building, which was constructed in

Chicago in 1891, and which is still in service today (Jones Lang Lasalle, 2009).

For its ostentatious staircases, elaborate balustrades were cast in aluminium, this

being the first time that the silvery new metal had been used inside a building.

At 16 stories tall, it’s height approached the practical limit for a load-bearing brick

structure (The Brick Industry Association, 2002): at ground level the walls are nearly

2 m thick, and so the door portals resemble short tunnels. The limitations of the

established masonry construction methods can therefore be seen in the very same

building in which the glamour of the lightweight new metal, aluminium, was first

celebrated.

To give landlords more leasable space in a building’s ground floor, where rental val-

ues are highest, engineers made greater use of beam-and-column frames (Birkmire,

1902). At the start of the twentieth century the walls surrounding these structural

skeletons were simply thinner versions of the old masonry walls but, in order to

build to greater heights, a lighter type of exterior enclosure system would need to

be found.

1.3.2 1914 to 1945: Two World Wars

In 1914, eleven years after Orville Wright’s famous first powered flight, only 29

aeroplanes – contraptions built mostly from wood and cloth – were available to the

United Kingdom’s forces, and in Germany the number was 46 (Holley, 1953, p. 29).

War spurred intense activity in the new aviation sector and, because aluminium is

a strong and lightweight material, there was great demand for the material. Trials

of the first all-aluminium plane, the Junkers J-7, were carried out in 1917 while,

at about that time, the German military was placing orders for 2,000 aircraft, of

different types, every month (Byers, 2008, pp. 14-15). A similar spurt in technological

development, an aircraft manufacturing boom and a corresponding spike in demand

for the metal occurred during the second world war.
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“The First World War more than doubled capacity in three years, the

second was even more spectacular providing 600% growth in under ten

years from a much high base. In both cases peacetime demand caught

up with the available capacity within five or six years. (Budd, 1999,

p. 23)”

After sixteen years of experimentation by Colburn and others in the United States,

in 1917 the Libbey-Owens Sheet Glass Company perfected a manufacturing process

in which glass is drawn vertically from a molten pool by mechanical rollers. Without

polishing, glass drawn in this way was flatter than glass produced by the crown

or sheet processes. The company quickly expanded and in 1924 the production

capacity of its plant in West Virginia – approximately 15 million m2 of flat glass

per year – was the largest in world (Fowle, 1924). There was a dramatic fall in the

cost of flat glass.

“At the end of the eighteenth century a square meter of carriage plate cost

the equivalent of about £ 10,000, the price of a present day automobile.

By the middle of the nineteenth century the cost of a good quality sheet

had dropped to 11p per square metre.” (Wigginton, 1996, p. 271)

In just a few years of intensive research to meet aviation’s needs, much was learned

about heat treatments and ternary alloys, in which two different alloying elements

are added to enhance the structural properties and workability of the parent metal

(Corson, 1922). By the start of the 1920s, alloys in the important Al-Mg-Si and

Al-Cu-Mg series were commercially available. In the United States, a technical

standards body, Aluminum Association, was formed in 1935.

During the interwar years, windows were becoming larger, and areas of glazed

curtain wall facade began to appear in innovative or experimental buildings. The

three stories of steel-framed glass enclosing the Bauhaus school in Dessau, Germany,

designed by Walter Gropius and built in 1926, received extensive attention in the

architectural press worldwide (Kentgens-Craig, 1998). It raised awareness of the

opportunity for, and the potential benefits of, a transparent exterior envelope,

and the project influenced the work of many other designers. The architectural

significance of the Bauhaus is such that it is now one of approximately 1,500 sites

on UNESCO’s World Heritage List.

By the early 1930s, windows with extruded aluminium frames had started to appear

in glazing companies’ sales catalogues (e.g. General Bronze Corp, 1932), although

the shapes of the profiles were simple in comparison with those that would follow.

Several architects including Jean Prouvé, took an interest in this corrosion resistant

metal. Prouvé’s Maison du Peuple, Clichy, which was built in France in 1938, and
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which is shown in Figure 1.1, featured an all-glass exterior supported by aluminium

mullions.

Although these early, experimental curtain walls exhibited a novel aesthetic that

appealed to architects, in many practical respects – water tightness, thermal perfor-

mance, fire containment and acoustic attenuation – their performance was poor.

© Victor Tsu. See Page 13.

Figure 1.1: Maison du Peuple, Clichy, France, designed by Jean Prouvé, with
others, and completed in 1938.

1.3.3 1945 to 1970: Development and Commercialisation Curtain Wall

When peace came, levels of prosperity rose and the opportunities offered by high-

rise construction, as well as those offered by glass facades, were pursued with

new enthusiasm. Fully glazed towers began to appear in the early 1950s. Two of

them, both of which were completed during 1952 in New York city, drew particular

attention from the commentators of the day and, since then, from architectural his-

torians. One, the 39 storey headquarters building of the United Nations Secretariat,

pictured in Figure 1.2, was designed by Niemeyer, Le Corbusier and Harrison. The

other, the 21 storey Lever House, was designed by the firm of Skidmore Owings

and Merrill. Curtain wall system diagrams are presented in Murray (2009, p. 31)

and Architectural Forum (1952, p. 110) respectively. Although many of today’s new

office buildings look similar to these early glazed skyscrapers, the designs of the

curtain walls at the UN Secretariat and Lever House are crude. In New York’s

summers the rate of heat gain through the uncoated monolithic glass would have

been high, and in winter condensation would have formed on the metal members.

Neither of the walls made use of rubber gaskets and there was no provision for

managing the water that would, inevitably, find its way through the joints. In less
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than a year, at both buildings, the putty at the perimeter of glass panes had become

unserviceable (Architectural Forum, 1955, p. 163). Today, both buildings are still in

use, but their original facades have been replaced.

© Abir Anwar. See Page 13. © Andrew Smith. See Page 13.

Figure 1.2: Original curtain wall (now replaced) at the United Nations
Secretariat Building, New York, designed by architects Niemeyer, Le Corbusier
and Harrison, and completed in 1952.

As building designers gained awareness of the thermal control difficulties that large

glazed facades could bring, greater use was made of insulated glass, which had

been introduced in the mid-1940s by the Libbey-Owens-Ford Glass company, and

which reduced the conduction of heat. Its Thermopane units were made up of two

panes of glass separated by an air gap and sealed only at their edges, and were

promoted for use in residential as well as commercial construction markets (Libbey

Owens Ford Glass Company, circa 1946).

The Kawneer Company was the first to market a wall system made up of panels

or units that could be pre-fabricated and glazed in a factory. Many of its features

are still found in modern curtain walls. The original patent, filed in 1956 (Pulling

et al., 1962), shows the extruded aluminium mullion formed by pairing male and

female shapes. At the glass edges and at movement joints, seals were created by

rubber gaskets held in extruded races. Horizontal members were fastened to the

mullions using self-tapping screws in extruded flutes. The system is described as

a curtain wall, however, this first version of the product, the bottom of one panel

could not be connected to the top of another, and so in current terminology it
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would be called a window wall. It appears that the design relied upon a single

face seal for its air- and water-tightness.

Commercial production of glass by Pilkington’s “float” method began in 1960

(Pilkington, 1969). In this continuous process, molten glass is poured at a steady

rate into one end of a long bath filled with liquid tin. The glass floats upon the metal

and, as it passes along the bath, it cools to form a solid sheet. The manufacturing

equipment is simpler than that needed to draw glass, and the product is more flat.

Today, architectural glass is produed on float lines.

The first generation of reflective coatings, thin films of metal oxide deposited

“pyrolytically” on one side of the of the glass in a high temperature process,

became common in new commercial buildings during the 1960s (Hill et al., 2007).

Such coatings reduced radiant heat transfer, and could be applied to glass for use

in monolithic or insulated glazing.

In 1965 a new type of all-glass wall system was introduced by PPG Industries

(ASTM C1401:2014). Its design was novel because the panes of face glass were

attached to their vertical supports, not by a mechanical fixing or metal capping

that projects to the exterior side of the facade, but by a flexible structural adhesive.

Designers of metal-framed glazing systems took an interest in this new product,

structural silicone sealant, and within a few years it was being used to bond glass

to aluminium. Caution prevailed and, initially, the panes used were monolithic

and held mechanically on two edges. The technology, structural silicone glazing, is

discussed in greater detail in Chapter 5.

By this time an aluminium facade industry was well established and curtain wall

could no longer be dismissed as an experiment or an architectural fad. During

every era there have been critics of the contemporary architectural style, and so

it was with the glass box, but in general glazed facades were accepted. A broad

consensus was summarised by Boyd (1965, p. 106), who saw the “anonymous curtain

wall” as a “universal backdrop”, and felt that the “acres of glass walls such as

occur nowadays in the financial district of any big city form an acceptably plain,

impersonal, workaday background . . . ”.

1.3.4 1970 to 2020: Curtain Wall Technology Advances

Although architectural glass manufacturers and facade contractors had developed

products that made curtain walled buildings less susceptible to overheating and

water leaks, architects were designing building skeletons and their glazed enclosures

in more ambitious configurations, and previously unrecognised structural limitations
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were being revealed. Not long after completion of The Pyramids, a group of 11-

storey buildings in Indianapolis, designed by Roche-Dinkeloo and Associates, the

inclined curtain wall’s structural members were found to be insufficiently rigid and,

after 2,000 panes of glass had broken, the facades had to be replaced (Loughran,

2003, pp. 115,116).

Serious problems were encountered also at the John Hancock Center, now known

as 875 North Michigan Avenue, a 100-storey tower in Chicago that was completed

in 1976. Ábalos and Herreros (2003, p. 116) provide drawings of the curtain wall

system. The architect was Cobb of I. M. Pei and Partners, who argued that it was

aesthetically important to enclose the tower with panes of reflective glass that,

measuring approximately 1.4 m by 3.5 m, were unusually large by the standards of

the time (Wiseman, 1990, p. 148,149). Soon after the curtain wall had been installed,

and after a thousands of breakages had occurred, the original Thermopane insulating

units were replaced with monolithic tempered glass. However, because of yet further

failures, transparent film had to be, for safety, bonded in situ to the interior sides

of the new monolithic panes (Madico, Inc., 2019).

The Hancock Center was only one of the towers in which insulated glass was

breaking. Investigations into the failures revealed various contributory factors and,

in light of the findings, design and manufacturing practices were changed. Structural

designers learnt the importance of controlling the building structure’s movement,

design codes were modified to take into account the higher wind pressures that

occur in the vicinity of corners (Schwartz, 2004), and manufacturers of insulated

glass ceased to join the edges of units with welded lead. Silicone sealants, which

are much more flexible, were first used between glass panes in two-sided structural

glazing around 1976, and within a few years they were being used in four-sided

structurally glazed applications (ASTM C1401:2014).

An office building in Ipswich, England, was designed by Foster Associates and

completed in 1975 for the firm of Willis, Faber and Dumas (pp. 110-115 Wigginton,

1996). The front facade, shown in Figure 1.3, is a continuous, three storey high,

tinted glass screen suspended only at the uppermost floor slab. Behind the flat face

glass, structural support is provided by vertical fins, which also are made of glass,

and adjacent glass pieces are connected to one another by discrete metal brackets.

Fifty years after the three floors of clear glazing at the Bauhaus school had created an

international stir, architectural commentators were again seduced by the appearance

of the Willis Building’s three floors of large, dark panes, which were without

visible framing to the exterior side. Quickly this office was recognised to be an

important architectural reference and, with record-breaking speed, it was added to
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the government’s list of historic buildings that must be preserved (Foster Associates,

2018). Its Grade I status indicates that it is of “exceptional interest”.

Later in this present thesis it will be argued that, in some cases, the mass of

aluminium in a curtain wall’s frame can be reduced if its face glass is permitted

to carry not just wind loads in the direction normal to the wall, but also in-plane

loads imposed by the mullions. The arrangement is inherently safe because, if a

pane breaks, the adjacent mullions are no longer restrained, but they no longer

carry wind load. The all-glass structure of the Willis Building’s facade is therefore

an interesting reference. It demonstrates that, provided the material’s properties are

understood and respected, glass can be subjected to complex combinations of load,

and that even facades made entirely of glass can be designed to be acceptably safe.

At the time of its completion in 1986, Fountain Place in Dallas, a 63-storey tower

designed by the firm of Pei Cobb Freed and Partners, was the tallest building to

have been glazed with panes held on all four sides by structural silicone sealant.

The building is pictured in Figure 1.4, and Murray (2009, p. 53) includes diagrams

of its unitised curtain wall system. The aluminium cross sections contain features

that would today be considered somewhat inelegant but, its structural materials, its

inter-panel connections and its pressure equalised design make it a recent forebear

of the unitised curtain wall systems that have been studied in this research and

that are now in widespread use worldwide.

By the 1980s the curtain wall industry had gained technical knowledge, and design

codes had evolved to apply to tall buildings. By following these design rules,

facade engineers could be assured that their designs would perform acceptably in

everyday conditions. However, significant failures continued to occur during severe,

© Sumit Surai. See Page 13.

Figure 1.3: The Willis Building in Ipswich, England, designed by Foster
Associates and completed in 1975.
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but nonetheless foreseeable, events. For example, in 1983, Hurricane Alicia caused

extensive glass breakage in the curtain walls of at least five high rise towers in

Houston’s business district. At the Allied Bank Plaza, now called the Wells Fargo

Plaza, a 71-storey office tower designed by the architectural practice of Skidmore,

Owings and Merrill, more than 3,000 panes of glass had to be replaced (Kareem

and Stevens, 1985). Also, as the popularity of curtain wall grew, problems caused

by deficiencies in execution occurred repeatedly when large projects were awarded

to inexperienced contractors. To the author’s knowledge, during the late 1990s and

early 2000s in Manila, the original unitised facades at seven newly-constructed

high-rise buildings were found to be defective, and in each case the glazing had to

be had to be removed. The problems were attributed to the inclusion of untested

materials or inadequate attention to quality control during installation.

According to one estimate (YCHL, 2011, p. 82), the size of the worldwide market

for unitised curtain wall more than doubled between 2005 and 2012. Walls of

this sort are widely specified for large commercial, residential and institutional

developments, and they enclose many of the best known contemporary buildings.

One example is the 163-storey Burj Khalifa in Dubai, which was designed by the

Skidmore, Owings and Merrill partnership. It was completed in 2009, and at the

time of writing it is still the world’s tallest building. Figure 1.5 shows the tower

and a close-up view of its unitised curtain wall.

© Forgemind ArchiMedia. © Mason Pelt. See Page 13.

Figure 1.4: Fountain Place, Dallas, Texas, formerly named the Allied Bank
Tower, designed by Pei and completed in 1986.
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Unitised curtain walls can be adapted to suit any climate. Complex facade geome-

tries, even including curved extrusions and curved coated glass, can be achieved.

Decorative and functional features such as sunshades can be incorporated, and the

varied available face materials include metal sheet, natural stone, ceramic tile and

precast concrete. With these options, curtain walled buildings can be fashioned in

virtually any architectural style, making it possible to please the few who still

find the appearance of an all-glass facade to be unacceptably modern. Sometimes,

however, designers are motivated not to appease but to spite their critics. When

plans for Europe’s tallest building – a 95-storey tower surrounded by transparent

curtain wall – were announced in 2002, they were opposed by architectural tradi-

tionalists. English Heritage Trust, a powerful conservation body, complained that

the proposed development would “tear through historic London like a shard of

glass”. The project’s Italian architect, Renzo Piano, viewed this evocative objection

as a badge of honor, and he named the building ”The Shard of Glass” or simply

”The Shard” (Construction History, 2019). Its picture, Figure 1, is the frontispiece

to this thesis.

© Nicolas Lannuzel. See Page 13. © Andrew Moore. See Page 13.

Figure 1.5: Burj Khalifa, Dubai, designed by the architectural firm Skidmore,
Owings & Merrill, and completed in 2009.
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1.4 Multi-Variable Optimisation

Optimisation is the process of finding a particular set of arguments or inputs to an

objective function, so that the value returned by that function is the most “desirable”

possible. The optimum that is sought is usually one of function’s extremes, either

its maximum or its minimum. The subject’s literature is extensive, and a large

number of different optimisation methods currently are in use. To give some idea

of scale, the Encyclopedia of Optimization (Floudas and Pardalos, 2009) devotes just

a few pages to the description of any one class of optimisation algorithm, but these

descriptions together make up a tome of much more than four thousand pages.

Shorter textbooks explaining the optimisation techniques most frequently used in

structural design have been published by, amongst others, the American Society of

Civil Engineers (Arora, 1997).

Using a simple I-shaped girder as an example, ASCE’s guide (Arora, 1997, pp. 13-16,

41-51) shows how an objective function for the beam’s mass, as well as a constraint

function defining the limiting design criteria, can be expressed in terms of the same

variables that control the shape of a parametrically-driven geometric model of the

girder’s cross section. In this present research, the same approach has been taken:

the mass of metal in a curtain wall panel, which is the quantity to be minimised,

and also the constraints – the criteria that must be satisfied if the components are

to be manufactured and if they are to be structurally viable – have been expressed

as functions of variables that control a parametric model of the panel’s mullion

profiles. The geometric model of the cross section, and the characteristics of the

objective and constraint functions, will be detailed in Chapter 2. It will be shown

that the mass of aluminium in a curtain wall system is affected by many variables or

design criteria. In the numerical studies described in Chapters 2 to 4 the geometric

model is controlled by several dozen independent parameters. To handle the sorts

of study that have been proposed in Sections 10.4.1 and 10.4.8, it is desirable to

select an optimisation algorithm that is capable of finding approximate solutions to

objective functions of, say, a few hundred independent variables.

Another attribute of the mathematical system studied in this research is that it is

constrained, meaning that there are combinations of inputs that are not permissible.

Further, it will be shown also that the relationship between metal content and any

one input is not necessarily linear or even continuous, and multiple, local-optimum

solutions may exist. These characteristics are of interest because they influence the

choice of optimisation algorithm.
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1.4.1 Elimination of Unsuitable Optimisation Methods

Because of the number and complexity of the mathematical expressions that make

up the objective and constraint functions, which are detailed on Pages 51 to 60, it

is not possible in practice to obtain a closed form analytical solution (Arora, 1997,

p. 9). A numerical method therefore must be chosen. The most obvious strategy, as

it is known that the input variables’ arguments can be restricted to a set of discrete

values, is to try each of the possible combinations of inputs to find those that will

give the lowest mass of aluminium in the curtain wall. This method, exhaustive

search, has the advantages that it is easy to program and that it is guaranteed to

find the global minimum, but the drawback is the computational cost. The model

described on Pages 53 and 62 allows 296 unique curtain wall designs and, if a

modern computer were to be used to evaluate each candidate solution in sequence,

even the sorts of time periods that are of interest to astrophysicists would be

inadequate to complete the task.

The so-called classical optimisation methods – those that rely upon calculus to find

gradients – are efficient only if the number of the objective function’s variables

is small (Foulds, 1981, p. 257). Miller (2000, pp. 171-174) noted that, to optimize

a function with 25 variables and 10 constraints would be “tiresome work, even

with modern computers”. Besides this, the classical methods are applicable only to

functions that vary smoothly and continuously, and they are therefore unsuitable for

solving this curtain wall design problem. The broad class of nonsmooth optimisation

or nondifferentiable optimisation algorithms (Fletcher, 1987, pp. 357-414; Elhedhli et al.,

2009, pp. 2584-2589) are also slope-following methods, but they are more robust than

the classical techniques because gradients are inferred without calculus. They are

nonetheless prone to fail if the number of variables is large, or if the objective

function is non-linear (Elbeltagi et al., 2005, p. 43).

If it is the nature of the objective function – the algebraic description of a mullion’s

structural behaviour – that makes it difficult to apply the more conventional math-

ematical optimisation methods, then it is logical to ask whether the optimisation

process could be carried out using a numerical model. Structural optimisation algo-

rithms for finite element models do exist. One, developed by Xie and Steven (1993),

is called Evolutionary Structural Optimisation (ESO) although its process of opera-

tion is quite different to the stochastic “evolutionary algorithms” that are discussed

below. The algorithm’s main steps, illustrated diagrammatically in Figure 1.6, are

simple. The structure modelled using a finite element mesh is, initially, a solid

block of material. Loads are applied to it, and then a small proportion of the mesh

elements – those in which the magnitude of stress is lowest – are removed. These
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steps are iterated until stresses in all parts of the structure reach the allowable

maximum.

Figure 1.6: Beginning with a finite element model of an oversized structural
component (A), shape optimisation progresses by iterative determination of
stresses and elimination of lightly loaded elements (B). The process continues
until further subtraction of material would cause stresses within the structure
to exceed the allowable limit, (C).

For the task at hand, however, the ESO method has three major shortcomings.

The first is that parts of the structural material that function as braces, carrying

little stress but contributing to stability, can be deleted by the algorithm when it

culls elements that are not “working hard”. Consequently the most efficient cross-

sectional shapes may not be found. Secondly, this algorithm aims to find an efficient

distribution of material to resist stress, but that distribution may not be optimal the

cases in which the design is governed by another constraint, such as a deflection

limit. Lastly, the sort of whole-member, non-linear finite element studies needed to

assess the buckling resistance of a split mullion are computationally intensive and,

for this application in which large numbers of design solutions must be obtained,

it is likey that ESO would be unaffordable.

1.4.2 Derivative-Free Optimisation Algorithms

More promising optimisation techniques include the group of serial random search

methods and evolutionary algorithms. These search routines treat the objective function

as a “black box” that simply returns an output for a given set of input values.

Optimisation proceeds without knowledge of the objective function’s mathematical

make up. All of the algorithms in this category operate by obtaining the value of

the function at two or more points in the search space, and then use those values

to compute a bias that, in turn, affects a stochastic process by which the next search

point is chosen.
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It is difficult to know which member of this group of search algorithms would be

most suitable for solving the curtain wall optimisation problem. Manikas and Cain

(1996), who were interested in minimising the number of interconnections between

components on a circuit board, compared results obtained using simulated annealing,

a form of serial random search, with results from a genetic algorithm (GA), which is a

type of evolutionary algorithm. They concluded that the GA’s solutions were supe-

rior, although they did not compare the computational costs of the two approaches.

Elbeltagi et al. (2005) applied five different evolutionary-based algorithms, includ-

ing a particle swarm optimisation (PSO) routine and a genetic algorithm, to solve

discrete optimisation problems with between 10 and 100 variables. They concluded

that the PSO was superior to the GA but, although it is known that evolutionary

algorithms and particularly genetic algorithms require tuning if good performance

is to be achieved (for example, Kobler, 2009, p. 955), tuning is not mentioned in the

paper. Similarly, Rios and Sahinidis (2013) used more than 500 different problems

to test the performance of 22 “derivative-free” optimisation algorithms, including a

GA. Although they did not rank the GA amongst the best over this range of tasks,

they found that “there is no single solver whose performance dominates that of all

others”. Again, in the description of these trials, there is no mention of tuning the

algorithms to improve performance.

1.4.3 Genetic Algorithms

The paragraphs below provide a short introduction to GA method and terminology,

and explain why a genetic algorithm was chosen for this research. Chapter 3 of

this report describes in more detail the mechanics of the search algorithm used to

optimise the shapes of curtain wall extrusions. The method employed is that set

out in the seminal book by the pioneer in this computational field, Holland (1992),

with refinements documented by his students, De Jong (1975), Goldberg (1989) and

Mitchell (1996). A concise description of the GA procedure is given by Judson

(2009).

The GA’s optimisation process is analogous to the process of natural selection in

living species, and many of the terms used to describe numerical evolution have

been borrowed from the biologist’s lexicon. Each one of the objective function’s

input variables is said to be a gene and, at least in this study’s implementation of

a GA, the numerical value assigned to a gene, its allele, is encoded as a binary

string. Genes are listed in a pre-defined sequence, and the complete set of genes

associated with an objective function is a chromosome. A binary digit’s position in

the chromosome is its locus. When a set of alleles is assigned to a chromosome,

then an individual – a member of the metaphorical species – has been created.
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The binary string created by the set of alleles is the individual’s genotype. These

arrangements of genetic data are shown diagrammatically in Figure 1.7.

Chromosome
︷ ︸︸ ︷

A1 A2 A3 A4 A5 A6 B1 B2 B3 B4 B5 B6 C1 C2 C3 C4 C5 C6 D1 D2 D3 D4 D5 D6

︸ ︷︷ ︸ ︸ ︷︷ ︸ ︸ ︷︷ ︸ ︸ ︷︷ ︸

Gene Gene Gene Gene

⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑
Genotype

︷ ︸︸ ︷

0 1 1 0 1 0 0 0 1 0 1 1 1 1 0 1 1 1 1 0 1 0 1 0

︸ ︷︷ ︸ ︸ ︷︷ ︸ ︸ ︷︷ ︸ ︸ ︷︷ ︸

Allele Allele Allele Allele

Figure 1.7: Terminology for, and arrangement of, a candidate solution’s data
within a genetic algorithm. The chromosome shown in this diagram is shorter
than that considered in Chapters 2 to 4. Arrows indicate the one-to-one
relationship between a chromosome’s loci and a genotype’s binary digits.

At the start of a search, a GA assigns random numerical values to alleles in order

to create a certain number of individuals, the population. Each individual – that is

to say, each potential design solution – is evaluated using the objective function

and, if it falls outside the constrained region then its fitness will be equal to zero:

otherwise, for this application, the greater the mass of metal in the design, the lower

the magnitude of the individual’s fitness. To create a new population, which is the

next generation, two individuals at a time are chosen to be parents. The parental

selection process is stochastic but biased so that fitter individuals are more likely to

be picked. The two parents exchange genetic information, in reproduction, to create

two children. In this study the method of reproduction is “single point crossover” at

a randomly chosen point on the chromosome. The process of crossover is explained

in Figure 1.8.

When a new population is created by iteration of the selection and reproduction

steps, its individuals posses fresh combinations of the genes that come, predomi-

nantly, from the fitter individuals of the previous generation. Elitism, a process by

which the population’s fittest individuals pass directly to the next generation, is

not implemented in this study’s version of a GA.

Before a new population of potential design solutions is evaluated, a small pro-

portion of the gene pool’s binary digits are selected at random and altered. By

this process, mutation, some degree of genetic diversity is maintained. If iteration
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of the algorithm has the effect that is intended then, because of the filtering that

occurs during selection, in each succeeding generation there will be an increase in

the concentration of genetic traits associated with higher levels of fitness. It is this

process, evolution, which leads to the discovery of better designs.

During the early stages of the optimisation process, even in comparison with other

derivative-free optimisation algorithms, the points at which a GA evaluates the

objective function are widely dispersed within the search space (shown graphically

by Rios and Sahinidis, 2013, p. 22). Because of this broad search field, and also

because the GA maintains a diverse population of possible solutions rather than

focusing only upon the best known prospect, it is more likely that a global optimum

will be detected in an objective function containing scattered local optima. In

the context of the present research, this is an attractive attribute. Evolutionary

algorithms, including GAs, are capable of finding answers that are in the vicinity

of an optimum, but they will not necessarily return the precise value of the best

possible solution. However, in the context of this engineering problem, solutions

that are well-optimised, rather than perfectly-optimised, are still valuable.

Parent Chromosomes

A1 A2 A3 A4 A5 A6 B1 B2 B3 B4 B5 B6 C1 C2 C3 C4 C5 C6

Crossover Location → m m m m m m m
a1 a2 a3 a4 a5 a6 b1 b2 b3 b4 b5 b6 c1 c2 c3 c4 c5 c6

Child Chromosomes

A1 A2 A3 A4 A5 A6 B1 B2 B3 B4 B5 b6 c1 c2 c3 c4 c5 c6

Crossover Location →
a1 a2 a3 a4 a5 a6 b1 b2 b3 b4 b5 B6 C1 C2 C3 C4 C5 C6

Figure 1.8: Within the genetic algorithm, the method of reproduction by
which children are created from parents, is single point crossover.
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1.4.4 Implementing an Optimisation Algorithm in Software

Before writing a new shape-optimisation program, existing software was surveyed,

but, as the design of curtain wall mullion profiles is of interest only to specialists,

no existing programs could be found for the task. Consideration was given to the

option of coding the algorithms in one of the languages used in technical computing

platforms such as Matlab (Mathworks, 2019), Mathematica (Wolfram Research Inc.,

2019) or GNU-Octave (Eaton et al., 2017), which make available a wide range of

computational functions, allow the entry of formulas in conventional mathematical

notation, and provide tools for shape visualisation. Using these resources, a program

might be developed more quickly than one written in a lower-level language.

However, algorithms implemented in this way would not run as quickly as those

compiled from, say, C or Fortran code (see Section 3.2), and it was unclear whether

any of the limited number of derivative-free optimisation routines (see Section 1.4

and Chapter 2) available within these programming environments would cope with

the multi-variable problems encountered in this research. Also, the commercial

software products’ licenses would restrict opportunities for simultaneous parallel

execution. Because of these concerns, new software, named ACWEDS, was written

in C++.

1.5 Renewable Energy and Recycling of Aluminium

Part of the rationale that justifies this research, the central motive for efficient use of

aluminium, is that the material is environmentally detrimental because it is energy-

intensive to produce. This argument contrasts with that advanced by manufacturers

of aluminium building products, who boast that the metal is green because it is

extracted from its ore using energy from renewable sources, and because it can be

reused perpetually.

“Aluminium, like all materials, cannot be manufactured without expen-

diture of energy and emissions. However, where aluminium differs from

other materials is in the ease with which it can be recycled. Recycling

rates of over 95% are achieved in transport and building. Aluminium can

be recycled repeatedly for only 5% of the original energy consumption

with no loss of quality. More than 60% of the worlds primary aluminium

is produced using hydroelectric power which is clean, carbon dioxide

free and renewable.” (Kalzip Ltd., 2012)

Both sets of claims – those that underpin this research, and those found in adver-

tisements for aluminium goods – are factual. To make it easier to judge which
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interpretation is appropriate, in the paragraphs that follow, the topic is viewed

from several different perspectives.

Hypothetically, if all accessible reserves of aluminium-bearing ore were to be mined

to exhaustion, any new aluminium product would need to be made from recycled

metal. In this situation it is reasonable to say that, in the computation of embodied

energy, the energy that was originally expended to extract the metal should be

amortised over multiple product cycles. Because the metal in a curtain wall can be

recycled efficiently, from one building to another over a period of centuries, this

method of accounting might show that the embodied energy in aluminium, per

building, is not greatly different to the embodied energy in other common building

materials. However, in reality, oxides of aluminium are so common in the earth’s

crust (see Section 1.3.1) that, at the current rate of extraction, to deplete them will

take a geological epoch or more.

Although the manufacturer’s quotation above notes correctly that a high proportion

of the aluminium used in a building is recovered and recycled, if all of the

aluminium supplied to industry is considered, only about a third has been recycled

(Hammond and Jones, 2011, p. 32). Also, overall demand for the metal is increasing

rapidly. Global production of primary aluminium more than doubled between 2005

and 2018 (International Aluminium Institute, 2019). The date in the future on which

primary aluminium production will fall to zero, and all new products will be made

from recycled metal, is certain to be many decades from now, and perhaps many

human lifetimes. In evaluating aluminium’s greenness, this is the first of the facts

that should be taken into consideration: the supply of recycled metal is sufficient

to satisfy only a small proportion of demand.

A second point is that freshly-extracted aluminium and recycled aluminium are

the same commodity. In practice the metal’s processing history does not affect its

properties or value, and material from different sources can be freely mixed, trans-

ported and traded. To use the economists’ term, aluminium is a fungible resource.

Therefore, even if supply chains were to be reconfigured to allow a particular

product to be manufactured using a greater proportion of recycled aluminium, the

consequence would be that other products must use more primary aluminium.

There would be no net change to the total quantity of primary aluminium that

must be produced. Expressed in another way, if a kilogram of aluminium can be

eliminated during the design of a new curtain wall, one less kilogram of primary

aluminium must be created.

A third point to be taken into consideration is that energy, too, is a fungible

resource. The hydroelectric power that currently is used to manufacture aluminium

could, if there were no need for new metal, be redirected to satisfy other needs. A
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fall in aluminium consumption therefore reduces the amount of power that must

be generated from fossil fuels.

During recent years consumption of renewable energy, as a proportion of total

worldwide consumption, has increased (World Bank, 2019) and it is plausible that,

during a future centuries, most energy will come from clean sources. If it is the

objective to avoid the release of greenhouse gas, it is logical to take measures to

delay the production of primary aluminium until a time when, unlike today, its

extraction will not affect consumption of fossil fuel. Without rationing or otherwise

withholding aluminium from society, unnecessary production can be avoided by

minimising waste, by maximising the proportion of metal that is recycled, and by

encouraging efficient design.

1.6 The Case for Banning Skyscrapers and Curtain Wall

The city of New York has published a set of strategies, collectively named OneNYC

2050, for the reduction of greenhouse gas emissions. In a metropolis famous for its

tall buildings, it was surprising that, at the scheme’s launch, the Mayor’s office said;

“We are going to ban the classic glass and steel skyscrapers which are incredibly

inefficient” (New York Post, 2019). The OneNYC policy document (de Blasio et al.,

2019, p. 16) says that, in addition to “codes that require new construction be built

to the latest energy efficiency standards . . . [t]he City will also pursue legislation

to further regulate glass-walled buildings”, and that these measures “will make

inefficient glass-heavy building designs a relic of the past”.

Skyscrapers are one of the more conspicuous manifestations of an industrialised

society, and it is therefore to be expected that some casual observers will imagine

them to be environmentally malevolent. However, green building regulations will be

most effective if they are based upon realistic models of energy use, and if they are

not influenced by preconceptions about particular materials or building techniques.

If the authors of construction codes will establish clear procedures for estimating

the amount of energy consumed during a building’s lifespan – the sum of energy

expended during the manufacture of materials, erection, operation and demolition

– and if they will mandate “energy budgets” that scale with a building’s floor area,

then architects and their consultants will search for the most economical ways to

satisfy the criteria. By placing a limit on the combined total of embodied energy and

operational energy, designers are encouraged to find rational compromises. A facade

specifier would, for example, have to weigh a sunshade’s thermal performance

benefits against its embodied energy cost. In this way, when a construction code
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sets only an energy performance goal, the collective ingenuity of an entire industry

can be harnessed to develop new design solutions and technologies.

Regulations that are prescriptive or proscriptive in nature will, on the other hand,

tend to inhibit the development of new technical ideas and will restrict architectural

expression. It is difficult for a regulatory committee to anticipate or measure a given

rule’s consequences, which can be complex. For example, per unit area of floor

space, a tower building’s embodied energy might be greater than that of a low-rise

building, but the embodied energy savings resulting from a move from high-rise

to low-rise buildings might be negated by the additional heat flow through the

increased expanse of roofing. There would be other externalities: cities would grow

in size, increasing demand for roads and street lighting. With a reduced population

density, journeys would become longer and public transport would become less

efficient. Similarly, if aluminium curtain wall were to be banned, builders would

turn to other materials to construct lightweight walls and window frames, and the

consequences – in terms of cost and whole-life energy expenditure – are difficult

to predict.

These arguments lead to the recommendations that, firstly, embodied energy and

thermal energy should be evaluated together and, secondly, that energy usage limits

should be the same for buildings with and without glazed walls. Green building

codes should establish procedures for predicting a building’s whole-life energy

needs, and regulators should simply set limits to the energy that can be expended.

1.7 Summary of Objectives and Research Methods

The commentary at the start of this chapter sets out good reasons – especially

the commercial and environmental motives – for seeking to minimise the use of

aluminium in building facades. However, it is inherently difficult to find design

solutions in which material is used efficiently, and, until now, little has been

published to guide the parties who have a say in the formulation of new wall

systems.

The programme of research described in this thesis has been undertaken with the

overarching aim of identifying the steps that the construction industry’s design

professionals can take to minimise the mass of aluminium in curtain wall facades.

Particular attention has been given to the unitised type of curtain wall – that which

is made up of discrete, prefabricated panels – as this is the dominant variety in

the global market. The objectives of each of the project’s constituent studies, and
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the methods used to obtain and evaluate elevant data, are summarised in Table 1.1

below.

Table 1.1: Summary of objectives and research methods.

Objective Information Sought Research Method

Investigate practical
aspects of algorithmic
design, and automate
the curtain wall
design process.
Determine whether
aluminium is used
efficiently in bespoke
curtain walls, and
guide extrusion
designers to
better-optimised
solutions.

What are the optimal
cross-sectional shapes
for extruded
aluminium structural
members in a given
building’s unitized
curtain wall facade?
How efficiently is
aluminium used in
existing curtain wall
facades?

• Develop a numerical
shape-optimisation process, and
encode it in software. (Chapter 2)

• Validate the computer program.
(Chapter 3)

• Quantify the mass of aluminium
in material-optimised curtain wall
designs for real buildings, using
the research software, and compare
the results which the actual mass
of metal in those buildings’
existing facades. (Chapter 2)

Determine how to
optimise architectural
layouts and facade
specifications.
Provide guidelines to
help architects and
specifiers to make
efficient use of
aluminium.

How to optimise the
architectural layouts
and technical
specifications of
curtain walls to
minimize the use of
aluminium?
How does the mass
of aluminium in a
curtain wall vary with
wind pressure,
mullion spacing,
transom spacing,
bracket location and
minimum allowable
metal thickness?

• Using the extrusion shape-finding
software mentioned above, create
material-optimised curtain wall
designs for a wide range of
different facade layouts and
performance cirteria. (Chapter 4)

• By identifying trends in the
optimized designs, create a set of
design heuristics for architects and
specifiers. (Chapter 4)
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Table 1.1: (continuation) Summary of objectives and research methods.

Objective Information Sought Research Method

Develop a new
approach to the
analysis of mullion
stability.
Provide the authors
of curtain wall
construction codes
with a better
analytical model of
lateral torsional
buckling in mullions,
and thus make it
possible to design
panel framing
extrusions that contain
less aluminium.

How best to model
the axial rotation and
lateral torsional
buckling of extruded
aluminium mullions
in curtain wall
facades?
Are the structural
stability predictions of
current codes reliable?
If not, how can the
analytical methods be
improved?

• Find or create mathematical
models to describe the structural
behaviour of those components –
the structural sealant and glass –
that are attached to the mullion
extrusions. (Chapters 5 and 6)

• Validate the mathematical models
using new data collected in the
laboratory. (Chapters 5 and 6)

• Create a new algebraic model of a
unitised mullion’s lateral
deflection, and check the model by
comparing it with the results of a
finite element study. (Chapter 7)

• By optimising designs to comply
with the new mathematical model
and their comparing metal content
with that in designs optimised to
the existing codes, investigate
whether the new lateral deflection
model makes it possible to design
curtain wall systems with less
aluminium. (Chapter 8)

Carry out laboratory
tests on full size
curtain wall panels
and, in this way,
investigate the extent
to which a wall
panel’s face glass or
infill material stiffens
the framing members.

When structural
adhesive is used to
bond a curtain wall
extrusion to glass,
does composite action
increase the stiffness
of the assembly? Is it
possible to make use
of this effect to
reduce the amount of
aluminium in the
flexural members?

Measure the strains and deflections
in the mullions of a full-size curtain
wall system, to determine the extent
of the composite action between
aluminium and glass. (Chapter 9)
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Automating the Curtain Wall Design

Process

If it can be shown that aluminium is used efficiently in existing curtain wall designs

then this research, which aims to find ways by which to reduce metal usage,

will achieve little. It is therefore of interest to study the curtain walls of existing

buildings and to assess whether they could have been designed, in accordance with

the project-specific performance criteria and with the structural design codes that

were in force at the time construction, using less aluminium.

In the published paper that follows (Lee et al., 2017b), the constituent parts of a uni-

tised curtain wall panel are introduced, and the numerical algorithms incorporated

in the ACWEDS computer program for optimisation of extrusion shapes, which has

been written for this study, are detailed. The amounts of aluminium in bespoke

curtain wall systems, developed for specific large buildings by experienced facade

designers, are compared with the amounts of metal in well-optimised designs cre-

ated using ACWEDS. The results indicate that there is considerable opportunity to

improve the efficiency with which aluminium is used, even in custom or bespoke

curtain walls.
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Abstract

Curtain walls are lightweight, weathertight, exterior facades. They are capable of resist-

ing wind loads, but provide no support for the building structures to which they are

attached. Although they are used to enclose many different types of modern building,

and although they may be designed to carry any of the outward-facing materials an

architect might wish to specify, the stereotypical curtain wall is a skyscraper’s fully-

glazed outer skin.

The materials used in these wall systems, particularly their structural aluminium frames,

are produced by energy intensive methods. Even though there is an environmental mo-

tive to reduce the embodied energy by minimizing aluminium content, and despite the

obvious commercial incentive, it is a difficult mathematical challenge to find optimal

extrusion shapes. The authors believe that because of the inherent complexity of the

optimization task, in the curtain walls of real buildings, metal is used inefficiently.

This paper describes the way in which near-optimal shapes for any particular build-

ing’s curtain wall extrusions may be found using a parametrically-controlled geometric

model in conjunction with a numerical search routine – in this case, a genetic algorithm.

When the curtain walls designed for large and recently-constructed buildings by ex-

perienced facade engineers are compared with designs developed using the algorith-

mic techniques described herein, it is consistently the numerically-optimized solutions

which are more efficient. The magnitude of the metal savings achieved by applying

∗Corresponding Author
Email addresses: adamlee@torstencalvi.com (Adam D. Lee), p.shepherd@bath.ac.uk (Paul

Shepherd), m.evernden@bath.ac.uk (Mark C. Evernden), david.metcalfe@cwct.co.uk (David Metcalfe)
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computational methods will vary from building to building, but this study suggests

that in many cases aluminium mass may be reduced by 20 % or more.

Keywords: curtain wall, facade design, structural optimization, genetic algorithm,

embodied energy, green building

1. Introduction

The most conspicuous features of a modern city’s business district – visible for miles

around – are the glass-faced, high-rise, office towers. These exterior envelopes are, usu-

ally, curtain walls – weathertight enclosures attached to, but providing no support for,

the internal structural frames of the buildings to which they are attached. A glance at

the metropolitan skyline in established hub cities such as Hong Kong and New York, or

a tour of the new commercial areas of Dubai or Shanghai, will confirm that the curtain

wall construction method has been popular, and that it remains so. By one estimate [1,

p. 82], worldwide spending on unitized curtain wall exceeds US $ 12 billion per year.

Examples of contemporary buildings enclosed by unitized curtain wall facades are pic-

tured in Figure 1. The parts of a typical unitized curtain wall panel, as well as the con-

nections between them, are shown in Figure 2.

c© “v mats” [2]. CC-BY-ND Licence [3].

Figure 1: Examples of glazed, unitized curtain walls enclosing buildings at the
Moscow International Business Center.
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Figure 2: Partially-exploded view of a unitized curtain wall. The extruded framing
members are interrupted so that their cross-sectional shapes can be seen. The back
pan and insulation normally present in the spandrel area have been omitted for
clarity.
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The structural frames of today’s curtain walls are, almost always, made of aluminium,

and a significant proportion of the cost of constructing a curtain wall is the cost of the

metal [4, pp. 87 & 93; 5, p. 88]. Because the methods by which aluminium is produced

are highly energy intensive, the embodied energy within a curtain wall is large. Even

when using an energy estimate that takes current recycling practices into consideration

[6, pp. 126-127], and ignoring any aluminium used in the wall system’s non-structural

components, around 2 GJ will be consumed in the manufacture of metal for one square

meter of curtain wall. The energy spent making a given area of insulated architectural

glass is less, but not much less, than the energy put into its extruded aluminium frame.

To help place these figures in context, the combined total energy expended in the man-

ufacture of aluminium and glass for a building’s curtain wall is of the same order of

magnitude as the energy required to heat the building, in the UK’s climate, for decades.

So, if ways can be found to reduce the weight of aluminium in curtain walls, humanity

will benefit: new buildings will be less expensive and, environmentally, more benign.

Since it is a costly material, it is obvious that curtain wall contractors have a financial

incentive to minimize the amount of aluminium in their products. At the same time, it

is common practice to create new, custom profiles for a specific building, and the ex-

trusion process gives designers a high level of control over the cross-section shapes of

their extrusions. Therefore, given that there is a strong commercial motive to find effi-

cient solutions, and that there are few technological barriers to the manufacture of new

designs, it is only logical to expect that any curtain wall facade of significant scale will

have been optimized to make best use of the metal that it contains. Often, in reality, this

is not the case. It is a difficult mathematical challenge to find cross-sectional shapes for

extruded members that meet a particular project’s performance requirements using the

minimum quantity of metal. Phrased another way, it is design complexity that stands

in the way of economy.

1.1. Modern Unitized Curtain Wall

The aluminium-framed curtain walls that first became popular in the 1970s were stick

systems assembled at the construction site from simple box-shaped extrusions. While

stick system walls are still being built today, the majority of modern facades now are

unitized designs [1, p. 82] made up of rectangular panels, each of which is prefabricated

and glazed in a workshop. The reasons usually given to explain the popularity of the

unitized approach are that the prefabricated panels can be installed rapidly at site and

that it is easier to control quality if parts are cut and assembled in a factory rather than in

situ [7 p. 4-5; 8 p. 86]. Other factors are that the joints between adjacent unitized panels

can be designed to include more sophisticated defences against water entry, and that

they have room for movements larger than those that can be accommodated by a stick

wall system [9, pt. 2, p. 23].
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Within this paper, the vertical, and only the vertical, structural framing extrusions are

referred to as mullions: other naming conventions may be in use within the facade in-

dustry. The horizontal, two-piece member created when the head (top) of one panel

engages with the sill (bottom) of the panel above, is the stack joint.

Often, the contractor engaged to supply a large area of curtain wall will develop a be-

spoke system using new variants of mullion profiles shaped like the letter “E”. Many

examples of these E-shaped male and female mullion shapes appear in industry pub-

lications [e.g. 9, p. 6-51; 4, p. 90; 10, p. 52]. For use in smaller facade areas, for which

custom-designed solutions would not be justified, contractors are able to purchase stan-

dard E-shaped unitized curtain wall extrusions sold, from stock, by glazing system

suppliers [e.g. 11 pp. 6-11; 12].

2. Automating the Curtain Wall Design Process

For this study, new software has been created to replace, or indeed improve upon, the

services of human designers and engineers whose expertise would otherwise be needed

to develop the shapes of extrusions for a bespoke curtain wall system. The decision to

write computer code was taken only after searching, unsuccessfully, for a satisfactory

alternative. While various industry-specific programs are used by facade fabricators

to quantify materials and to control the machining of extrusions, and while standard

structural modelling tools are available to predict stresses and deflections in structures

of pre-defined shape, the existing tools are not capable of creating a set of cross-sectional

shapes for curtain wall framing members to comply with a given set of codified struc-

tural design rules.

For ease of reference the new software has been given an acronym, ACWEDS, the Au-

tonomous Curtain Wall Extrusion Design System. It accepts, as its inputs, the architecturally-

defined facade layout, as well as structural performance specifications such as design

wind loads and allowable deflections. It then “designs” the cross-sectional shapes for a

new curtain wall system containing the minimum possible amount of aluminium. The

computational algorithms have to be able to create new shapes for aluminium profiles

that can be assembled to form a watertight framing system, that can be extruded, that

are compliant with the structural design codes, and that are optimally efficient in metal

usage.

2.1. Inputs to Design Software

When a bespoke curtain wall is created for a new building, its general form and the

details of its design are developed in two separate stages, by two different groups of
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design professionals. Performance criteria for the facade, as well as its layout – the hor-

izontal and vertical spacings between framing members – will be defined in drawings

and technical specifications prepared by the building’s architects and consultants. The

detailed cross-sectional shapes of the extrusions, however, will be developed later by

facade designers and engineers working for the curtain wall contractor. ACWEDS, is in-

tended to take the place of this second group of people, those appointed by the curtain

wall contractor.

A user of the design software, and the “user” may be another computer algorithm,

must provide the input data described below: -

(a) Curtain wall panel geometry: the panel’s width and height, the positions of hori-

zontal members, and the location of the mullion’s supporting bracket.

(b) Structural design criteria: the positive and negative design wind pressures, and

also the allowable limits for deflection of framing members.

(c) Manufacturing constraints: the values of the maximum and minimum allowable

metal thickness, as well as the allowable range for the width and depth of the

mullion.

2.2. Parametric Model

If the task of devising the shapes of aluminium extrusions for a new curtain wall were

to be assigned to a living person, rather than to software running on a computer, then it

is probable that this human designer would begin by looking at the profiles in an exist-

ing and proven curtain wall system. Checks would need to be carried out to determine

whether the existing cross-sections satisfy the new building’s criteria, and, if not, their

sizes or metal distributions would need to be adjusted. While modifying the shapes of

the sections, some dimensions might be changed to alter the structural properties of

a member, but other geometric relationships would need to be preserved so that in-

terconnected extrusions remain effective in their functions as air seals, water barriers,

movement joints, and so forth. The designer would need to repeat this process of eval-

uation and shape modification iteratively until an acceptable combination of extrusion

shapes had been found.

ACWEDS mimics some of the ways in which human designers work. It manipulates

extrusion shapes and then assesses the acceptability of the modified forms. One part

of the software, a module that handles parametric shape expression, holds a model of

an existing and proven curtain wall. Within this model the various webs and flanges

of a unitized split mullion’s male and female profiles are represented by rectangular

elements, as shown at the left hand side of Figure 3.
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The E-shaped male and female mullion profiles represented by the parametric model

can be open, boxed or double-boxed shapes. The overall size of the split mullion, and

the internal geometry of each profile, can be set to match the performance requirements

of just about any conceivable flat, unitized curtain wall facade.

The parametric model is controlled by a total of 21 parametric values. These set the

mullion’s depth, Pd, and width, Pw, as well as the series of dimensions labelled P1 to

P19. The optimization algorithm also can give an instruction to “switch on” one or more

of the web elements associated with dimensions P04, P09, and P18, or the group of el-

ements associated with dimensions P13, P14 and P15, to change an E-shaped profile’s

inner chamber, outer chamber, or both chambers, into a hollow rectangular box. The

set of dimensions labelled K1 to K6 controls the clearances between adjacent parts, and

have been assigned fixed values within ACWEDS. Throughout the optimization process

these dimensions are held constant to ensure that the mullion’s non-structural func-

tionality is preserved.

Within the parametrically controlled curtain wall system, the only influence that ACWEDS

has upon a panel’s horizontal members – its transom, shown at the right hand side of

Figure 3, and also its head and sill – is to control the lengths of the profiles’ webs. These

dimensions are adjusted so that the front-to-back depth of each horizontal extrusion

matches the depth of the mullion, Pd.

Figure 3: Parametrically-controlled model of unitized curtain wall mullion extru-
sions (left), and corresponding transom member (right).
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The axial lengths of the transom, the head and the sill are each equal to the panel width

minus the mullion width, Pw.

2.3. Structural Design of a Curtain Wall’s Aluminium Members

The principal structural elements in a conventional, flat, rectilinear curtain wall, are the

vertical members, or mullions, which span from floor to floor. Because a curtain wall,

by definition, provides no support for the structure to which it is attached, the signif-

icant stresses in the mullions are bending stresses induced by seismic accelerations or

by the action of wind upon the exterior of the facade. In this study, stresses resulting

from seismic motion are ignored because – at least for the range of conditions normally

encountered in practice – they are always smaller in magnitude than the stresses caused

by wind, and because it is reasonable to argue that extreme winds and seismic acceler-

ations will not occur simultaneously.

When a bespoke curtain wall is being designed for a building, an engineer will com-

pare the theoretical stresses and deflections in each element of each aluminium extru-

sion, determined using Euler-Bernoulli beam theory, with the limiting values defined in

technical specifications and construction codes. In the algorithms implemented in this

research study, the magnitudes of allowable stresses are calculated using the rules given

in the Aluminum Design Manual (ADM) [13], which is the primary standard for struc-

tural design of aluminium in the United States, and which is a widely used reference

within the curtain wall industry elsewhere. The Australian and New Zealand standard,

for example, is a rebranded issue of a past edition of the ADM. The ADM was chosen,

rather than one of the other established aluminium design codes, because it had been

the basis for each of the reference designs – sets of drawings and calculations for the

curtain walls of existing buildings – available to the authors. By programming ACWEDS

to look for optimized design solutions that comply with the ADM, the efficiency with

which metal is used in a new wall design obtained from the software can be compared

directly with the efficiency of an existing wall design created by humans.

The method by which ACWEDS carries out its structural analysis, and the assumptions

upon which the analysis method is based, are as follows: -

(a) The facade is made up of unitized curtain wall panels arranged in a regular, rect-

angular grid. A mullion at any one floor is connected, structurally, to the mullions

at the floor above, to form a continuous beam running vertically, spanning multi-

ple floors. The connections between the mullion and the building’s structure are

modelled as pin jointed supports, and the connections between adjacent mullions

are hinges.

(b) The load acting in the direction perpendicular to the plane of the wall is uniformly
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distributed over the length of the mullion. In other words, wind pressure is con-

sidered to act upon a tributary strip [4, p. 98; 14, Part VIII, p. 60].

(c) All lateral loads, such as those caused by pressurization of the internal cavities of a

“pressure-equalized” [15, 16] mullion, are ignored. Within the curtain wall indus-

try, this is the usual analytical approach: in fact, the lateral loads acting upon the

webs of a pressure-equalized split mullion are not even mentioned in the literature.

(d) Stresses caused by axial loads within the mullion profiles, due to the self weight of

the wall’s components, are small in comparison with the flexural stresses, and are

ignored.

(e) Once the cross-sectional properties of the mullions’ extrusions have been deter-

mined using standard structural formulae [17], the classical beam theory of Euler

[18; 19; 20, pp. 30-36] is used to estimate the magnitudes of stresses and deflec-

tions. For the mullions of a multi-floor facade, the patterns of shear force, bending

moment and deflection are shown in Figure 4.

(f) At every point along the length of a mullion, bending moment is divided between

the male and the female extrusions. The share of the total moment carried by a

particular profile is in proportion to that profile’s contribution to the total stiffness

of the split mullion.

(g) The structural profiles are extrusions made of 6063 alloy, also named AlMg0.7Si, of

T5 temper. This combination of alloy and temper is amongst the most commonly

used for the framing members of curtain wall systems [21, p. 19; 22, p. 11]. ACWEDS

is capable of handling the analysis of other alloys, but in this study only 6063-T5

has been considered.

(h) Calculations follow the Allowable Stress Design method described in Part IA of the

ADM’s 2005 [13] edition. The analytical expressions are closely comparable with,

although not quite identical, to those published in Part IA of the 1994 and 2000

editions, and in Part I of the 2010 ADM [23].

(i) Infill materials attached to the curtain wall, such as glass panes or metal sheet, do

not stiffen or restrain the aluminium extrusions. In other words, in the analysis of

bending about any axis, infill materials are ignored in the structural model. This is

the curtain wall industry’s usual premise [e.g. 24; 13, Part VIII, pp. 56-61].

(j) The magnitudes of the bending stresses at the outermost extremities of the male

and female profiles are checked to ensure that they do not exceed the allowable

maximum for yield-limited designs.
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(k) ACWEDS checks each side of the split mullion for resistance to lateral torsional

buckling, considering the horizontal framing elements in a curtain wall panel – the

head, the sill and the transom members – to be discrete torsional braces [14, Part 1,

Appendix 6, Section 6.3.2; 25, Section 12.10.2, p. 473]. For the purpose of stability

analysis, the mullion’s unsupported span is therefore taken as the shortest clear

vertical distance between one horizontal extrusion and its neighbour.

(l) For each of the rectangular elements in the geometric model of the mullion’s cross-

section, shown in Figure 3, a check is made to ensure that stresses do not exceed

the local buckling limits [13, Section VII, Table 2-23, Sections 3.3.15, 3.4.16 & 3.4.18].

(m) The mullion’s maximum out-of-plane deflection is checked to ensure that it is not

greater than the specified maximum allowable deflection.

2.4. Manufacturing Constraints

The results of this research will be meaningful only if the shapes of the aluminium

structural members considered in the analysis are shapes that could, in practice, be

extruded. With regard to metal thickness, the advice given by the Aluminum Extruders

Council [26, p. 11] is that:

“Extrusion allows you to put extra metal where it is needed – in high-stress

areas, for example – and still save material by using normal dimensions

elsewhere in the same piece. Adjacent-wall thickness ratios of less than two-

to-one are extruded without difficulty, but large differences between thick

and thin areas may create dimensional control problems during extrusion.

It is best to maintain near uniform metal thickness throughout a shape if

possible.”

However, in the authors’ experience, it is usually possible to go well beyond this two-

to-one thickness ratio limit, particularly if a taper or fillet radius is provided at the

transitions between thick and thin elements. So, within ACWEDS, the limiting ratio of

thick to thin parts in one cross-sectional shape has been set to four.

The minimum metal wall thickness that can be extruded varies with the diameter of

the extrusion’s circumscribing circle. For the 6060 and 6063 aluminium alloys, from

which curtain wall profiles commonly are made [21, p. 19; 22, p. 11], minimum thick-

ness guidelines published by the American Society for Metals [27, table 3.7, p. 133] and

by the European Aluminium Association [28, p. 7; 29, p 21] are shown graphically in

Figure 5 together with one extrusion firm’s recommendations [30, p. 8].

The profiles used to frame curtain wall panels generally have circumscribing circle di-

ameters equal to, or smaller than, 220 mm, and the rule that has been applied in the
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for boxed extrusions (below).
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algorithms described in Section 2, for open and for hollow sections, is that the mini-

mum metal thickness cannot be less than 3 mm.

2.5. The Multi-Variable Optimization Task

The task of finding the most efficient shapes for the extrusions is, in mathematical ter-

minology, a constrained, multi-variable optimization problem. For this research, the

problem is formulated as a set of algebraic expressions, each of which is a function of

the variable lengths in the parametric model of the curtain wall system’s mullion. So,

the weight of metal in a curtain wall panel, which is the quantity to be minimized, and

also the design constraints – for manufacturability, deflection, stress, and so on – have

been expressed as functions of the variables labelled P in Figure 3. This approach to the

optimization of structural shapes, or at least the simple cross-sections of steel members,

is already documented in the literature [e.g. 31, pp. 13-16, 41-51]. The characteristics

of the objective and constraint functions are described below because their nature has

influenced the selection of optimization technique.

Because a curtain wall’s extrusions must satisfy multiple criteria, each defined by a

different algebraic expression, it cannot be assumed that the surface bounding the per-

missible design space will be smooth. Sharp changes in gradient may be present in

those locations where one design constraint becomes dominant over another. Even in

the codified description of a single physical phenomenon, where piecewise algebraic

expressions may be used to describe the variation in some property, the transitions be-

tween the functions are not necessarily smooth or even continuous. For example, the

ADM uses three expressions to define allowable local buckling stresses over a range

of slenderness ratios [13, e.g. Part VII, Table 2-23, Section 3.4.11]. At the junction be-

tween one range and another, the stress function is discontinuous both in value and

in gradient. When such codes are used as their authors intended, by human analysts

who are able to exercise judgement, it is of little consequence if constraining curves are

not smooth or if they contain small jumps. These features may however interfere with

the operation of those classes of optimization algorithms that need to determine the

objective function’s gradient at such points.

Another characteristic of the design landscape is that it is likely to contain multiple local

minima. The parametric model of a curtain wall mullion, shown in Figure 3, allows the

optimization algorithm to create profiles in which the number of closed box elements

is zero, one or two. So, for a mullion pair – the male and female together – there are

sixteen different possible arrangements of rectangular elements, and for each of these

there will be at least one local optimum. Because more than one local minimum may

exist, and because discontinuities may be present, it follows that the objective function

is not necessarily convex and therefore “hill climbing” algorithms are unsuitable.
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Other requirements that have influenced the choice of optimization technique are the

number of independent variables (the dimensionality of the search), and the degree

to which an approximate solution is acceptable. In the context of this practical design

problem, knowledge of the exact value of the global minimum aluminium weight is not

a necessity: a facade engineer might well be content with a solution that is within a few

percent of the mathematical system’s absolute minimum. Since the design needs only to

be close to the exact optimum, the parameters controlling the shape of the model need

not be continuously variable. Allowable arguments for each parameter have therefore

been limited to a set of discrete values.

The final comment on the peculiarities of the search space is that, even if the allowable

lengths in the parametric model are limited to a set of discrete values, as described in

Section 2, the number of possible solutions – 296 – is far too large to search exhaus-

tively. The time that would elapse if each possible combination of input values were

to be evaluated in sequence, using a modern computer, would be several million times

the age of the universe. Even if the evaluations were to be carried out in parallel on a

supercomputer, the solution time would be impractically large.

2.6. Genetic Algorithms

The Genetic Algorithm (GA), a numerical optimization method, was pioneered by Hol-

land [32] and later refined by his students, De Jong [33], Goldberg [34] and Mitchell [35].

A concise description of the GA procedure may be found in a summary by Judson [36].

Although a GA will be not able to find a solution for every type of optimization prob-

lem [37, p. 50], the search method does not require an objective function that varies

smoothly or continuously, and so it can be said to be more robust than the classical,

calculus-based techniques [e.g. 34, p. 10]. It is to be expected that curtain wall designs

obtained using a GA will be only near-optimal, rather than mathematically precise so-

lutions. Nonetheless, for practical engineering purposes, approximate solutions are still

valuable. If in the future there were to be a requirement for greater accuracy then a clas-

sical, gradient-following algorithm could be programmed to begin its search from the

near-optimal location identified by the genetic algorithm.

The configuration of the GA used in this study is summarized in Table 1. Each of the

candidate curtain wall system designs is defined by a set of 25 numerical arguments,

21 of which control parametric dimensions, and 4 of which change the number of rect-

angular elements in the cross-section. These dimensions are encoded as binary strings,

and each parametric variable’s string length is shown in Table 2. In total, the number of

binary digits in the chromosome is 96.

A parameter that is controlled by a four-bit binary string will have sixteen possible
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discrete values. If the gene’s binary string is 0000 then the corresponding dimension in

the geometric model (Figure 3) will be set to its minimum allowable value. Conversely,

if the binary string is 1111 then the dimension will be set to the maximum allowable.

The parametric inputs numbered 22 to 25 in Table 2 are single bit switches. Each of these

four arguments is associated with one of the cavities in the mullion’s cross-section – the

interior and exterior chambers in the male and female profiles. Only if its value is 1 will

the extrusion profile form an enclosed tube or box around the cavity.

A genetic algorithm can be configured to allow the population’s best solutions to pass,

unaltered, into the succeeding generation. This practice, known as “elitism”, may re-

duce the computational effort required to arrive at a solution, but it is thought to be

detrimental to the algorithms ability to find a global optimum [33, pp. 101-102, 192].

Elitism is not implemented within ACWEDS.

Table 1: Details of the configuration of the genetic algorithm used to find optimal
curtain wall designs.

Genetic Algorithm Configuration
Feature Implementation

Genetic encoding: Binary string.
Fitness function: f (i) = (1000/{mal(i)})5 for compliant designs.

f (i) = 0 for non-compliant designs.
(For i, an individual design, mal(i) is mass of alu-
minium in kg per m2.)

Population size: N = 1000 individuals.
Initial population: Random string genotypes, tested for viability (for indi-

viduals i = 1 through N, the fitness functions f (i) 6= 0).
Mutation rate: 0.001 per bit per generation [34, p. 14].
Reproduction: Single-point crossover at randomly-selected locus, cre-

ating two “child” chromosomes.
Selection: The chance that any one individual will be chosen to

reproduce is equal to the selection probability,

Ps(i) = f (i)/{∑
N
i=1 f (i)}.

Crossover probability: Pc(i) = 1.
Genes per individual: 25. (See Table 2.)
Chromosome length: 96 bits. (For sequence and lengths of genes see Table 2.)
Termination: Search halts after evaluation of 10,000 generations.

2.7. Computer Programming & Algorithmic Efficiency

The numerical methods used by ACWEDS are computationally demanding. Therefore,

while developing the software, steps were taken to make the algorithms efficient, and

to implement them in fast running machine code. The choice of programming language

was influenced by research [38] showing that mathematically intensive computer pro-

grams execute most quickly if coded in C++. A software profiler [39] – a tool capable
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Table 2: Length and sequence of genes in chromosome of a curtain wall system.

Gene Parameter Description Length
(See Figure 3) (bits)

1 P1 Male mullion interior flange thickness. 4
2 P2 Male mullion interior air seal flange thickness. 4
3 P3 Male mullion interior web. 4
4 P4 Male mullion interior boxing web thickness. 4
5 P5 Male mullion intermediate flange thickness. 4
6 P6 Male mullion intermediate rain screen flange thickness. 4
7 P7 Not used in this model. 4
8 P8 Male mullion exterior flange thickness. 4
9 P9 Male mullion exterior boxing web thickness. 4

10 P10 Male mullion exterior flange thickness. 4
11 P11 Female mullion interior flange thickness. 4
12 P12 Female mullion interior web thickness. 4
13 P13 Female mullion innermost boxing flange thickness. 4
14 P14 Female mullion interior boxing web thickness. 4
15 P15 Female mullion intermediate boxing flange thickness. 4
16 P16 Female mullion intermediate web thickness. 4
17 P17 Female mullion exterior web thickness. 4
18 P18 Female mullion exterior boxing web thickness. 4
19 P19 Female mullion flange thickness. 4
20 Pd Front-to-back depth of mullion. 8
21 Pw Overall width of split mullion. 8
22 Pmi Web / no web at interior of male. 1
23 Pmo Web / no web at exterior of male. 1
24 Pf i Web / no web at interior of female. 1
25 Pf o Web / no web at exterior of female. 1

Total Chromosome Length 96 bits
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of monitoring a program, while running, to determine the time taken to execute each

line of code, and the number of occasions on which each line of code is called – was

used to gather information about ACWEDS’ internal processes, and the insights gained

in this way made it possible to improve the program’s logical flow. With care, non-ISO-

compliant compilation methods (such as GCC’s -ffast-math option [40, p. 144]) were

applied, resulting in a fourfold increase in computational throughput.

Using a modern but unremarkable desktop personal computer, and executing instruc-

tions in a single thread on a 2.7 GHz processor, approximately 31,000 prospective cur-

tain wall design solutions were evaluated each second. At this rate, the time taken to

find an optimized curtain wall design was just over five minutes.

3. Evaluating the Computer-Generated Designs

The effectiveness of the automated design process was appraised in the following ways:

-

(a) Human appraisal: the principal author has reviewed sample designs, created using

ACWEDS, to ensure that they are rational and practical. Attempts to use engineer-

ing judgment to create better designs – that is to say, to find acceptable solutions

using having less metal than the machine-generated solutions – were unsuccessful.

(b) Design repetition: the designs initially considered in a genetic search are generated

by random selection, and some of the choices made during the design evolution

procedure also are randomized. It is therefore possible that, when the same algo-

rithm is applied to solve a problem on more than one occasion, that the returned

solutions may differ from one another.

The automated design algorithm was tested by applying it repeatedly to the same

task – to find optimized cross-sectional shapes for the extruded aluminium fram-

ing members of the curtain wall panel shown in Figure 6, subject to design wind

pressures of +2.8 kPa and -3.5 kPa – and variability within the set of results was

measured. After a series of 150 design optimization trials, during which a total

of 1.5 billion candidate solutions had been evaluated, the best design contained

8.4095 kg of aluminium per square meter of facade. When the GA was configured

in the manner described in Table 1, the mean mass of metal in its designs was

found to be approximately 1 % more than in the best result. The worst of the de-

signs found using the GA was approximately 2.3 % heavier than the best.

The authors judged that the output from the GA is adequately consistent for this

engineering study.
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. .

Figure 6: Geometry of the unitized curtain wall considered in the numerical study
described in Section 3(b).
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(c) Comparative case studies: the mass of aluminium in two dozen existing curtain

wall systems – each one of them custom-designed for a different high-rise tower

building, by professional facade engineers – has been compared with the mass

of aluminium in curtain wall systems designed, to matching specifications, by

ACWEDS. Amongst the curtain wall systems with which ACWEDS’ output was

compared, some had been developed by curtain wall contractors, and some by

facade consultants working for the building owner. In every case, ACWEDS’ so-

lution was found to contain less metal, and generally much less metal, than the

existing designs created by experienced humans. In Figure 7, examples of the mul-

lion profiles conceived by the facade industry’s design professionals are shown,

side by side, with the shapes obtained algorithmically.

The facts set out here, in Section 3, support the claim that, in the development of be-

spoke curtain wall systems, it is complexity that stands in the way of efficient design.

Further, the observations above suggest that the mass of metal in a design obtained

using ACWEDS will be within a couple of percent of the global optimum, and that the

software’s solutions are consistently and often significantly superior – that is to say

lighter in weight – than the designs of professional facade engineers.

3.1. Mullion Shapes

A parametrically-driven and numerically-optimized geometric model, of the sort de-

scribed in this paper, is a powerful tool capable of finding efficient cross-sectional shapes

that might, at first, appear strange or irrational, even to an experienced curtain wall de-

signer. Some design features are more prevalent in the solutions obtained from ACWEDS

than in the extrusions developed by people, and humans might therefore abstract and

learn from the machine-generated solutions. Listed below are several examples of opti-

mization strategies that have been revealed during the numerical study, and that might

appear strange: -

(a) The internal features of a split mullion do not have to be symmetrical on the male

and female sides. Flange thicknesses and boxing arrangements need not necessar-

ily be uniform on the two sides.

(b) In some instances, when the governing structural design consideration is lateral

torsional buckling, it may be more efficient to thicken a profile’s webs, and hence

increase bending stiffness about the minor axis, rather than thicken the flanges.

(c) More efficient designs may be achieved if the designer has a good understanding,

and is prepared to make full use, of the extruder’s capacity to vary metal thickness

within a profile.
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. .

Figure 7: Cross-sections of unitized curtain wall mullions, drawn in idealized
form, without non-structural features such as gasket raceways. The split mullions
on the left hand side were designed, each for a specific building, by a curtain wall
contractor or specialist facade consultant, while the pairs of profiles on the right
are numerically-optimized solutions complying with the same performance crite-
ria. In each case the amount of metal in the machine-generated curtain wall system
is less than that in the professionally-designed solution. In the comparative stud-
ies presented at the top, middle and bottom of this figure, the magnitudes of the
savings are 27 %, 24 % and 14 % respectively.

Page 66



Chapter 2 Previously-Published Journal Paper

Figure 8 shows examples of each of the above points in one optimized split mullion

design, created using ACWEDS for a curtain wall system in which the vertical unbraced

span of the mullion is almost equal to the panel height.

Figure 8: Optimized male and female profiles, created using ACWEDS, for a curtain
wall in which the vertical unbraced span of the mullion is nearly equal to the panel
height.

4. Conclusions

If a bespoke curtain wall system is to be created for a particular building, then a set

of numerical tools – a parametrically-driven geometric model of the curtain wall, a

structural evaluation procedure, and a robust optimization algorithm – may be used

together, in combination, to find well-optimized cross-sectional shapes for the wall sys-

tem’s extruded framing members. For each one of 24 different building facades, existing

curtain wall designs conceived by professional facade engineers have been compared

with algorithmically-determined solutions. Consistently, the machine-generated extru-

sion profiles meet the specified performance criteria with less aluminium than the cor-

responding wall systems developed by experienced human designers. The magnitude

of the metal saving will vary from case to case, but in this survey it has been easy to find

instances in which computational shape optimization techniques can reduce a facade’s

metal mass by 20 % or more.

The approach to metal minimization adopted in this study does not affect the number

of extrusion profiles in a curtain wall system, nor does it increase the design’s com-

plexity in other ways. If a contractor intends to create a custom-designed wall system

for a particular building, then the additional cost associated with optimization of the

extrusion shapes is negligibly small: only a little computational time is required.
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The observations suggest that widespread adoption of numerical design methods within

the curtain wall industry would result in aluminium savings in the hundreds of mil-

lions of kilograms per year. Eliminating the need to manufacture this metal would

bring sizeable environmental benefits [6, p. 10]: the reduction in annual greenhouse gas

emissions, expressed as a mass of CO2, would be trillions of kilograms, and the annual

energy saving would be in tens of quadrillion (or, expressed another way, more than

1016) Joules.
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2.2 Technical Addenda

The following notes address technical issues relevant to the foregoing, published,

journal paper.

2.2.1 The European Style of Unitised Curtain Wall

The cross-sectional shapes of the extrusions in one manufacturer’s curtain wall will

differ from the shapes found in a wall system from another supplier. Nonetheless,

amongst unitised curtain wall systems, several different classes or design categories

can be identified. The designs considered in this chapter’s journal paper, and

elsewhere in this thesis, use split mullions made up of one male and one female

extrusion. Such curtain walls are used all over the world but, particularly in

Europe, another approach is often encountered. A split mullion in the European

style is symmetrical about its centreline, there being two female profiles joined by

rubber gaskets. An example of a simple female-female split mullion is outlined in

Figure 2.1.

This class of mullion profile contains at least one enclosed cavity, and in some

designs there are many. These profiles therefore contain multiple webs.

It is logical to anticipate that, if the facade industry will be encouraged to use

aluminium more efficiently, designers will make greater use of male-and-female

mullions, in which each cross section can contain just a single web, rather than the

multi-web configurations required in European-style solutions. For this reason, this

present research has focussed upon the male-and-female mullion type.
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INTERIOR

EXTERIOR

Figure 2.1: View, in plan, of a unitised curtain wall mullion in the European
style. One common profile is used on both sides of the panel. The exterior
wind pressure zone is shaded.
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2.2.2 LTB Analysis by Aluminum Design Manual and by EN 1999

The extrusion shape-optimisation routines described in the preceding journal paper

follow the structural design rules set out in the code that is used in America, the

Aluminum Design Manual. It is of interest to know whether different conclusions

would have been reached if the code used in Europe, EN 1999-1-1:2007, had been

the basis for the structural evaluations.

Comparison of the two documents shows that the EN’s bending analysis formulas,

in Annex I.1.2, are simply an algebraic rearrangement of the expressions in the

ADM. Therefore, although the there may be some difference in the scaling of

loads, the two procedures are otherwise closely comparable. It is to be expected

that a given change in design input parameters will have similar impact upon the

optimised curtain wall system’s metal mass, whether the wall system is designed

to meet the ADM or the EN code.
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Chapter 3

Practical Aspects of Algorithmic

Design

The topic of the published paper (Lee et al., 2017b) that has been reproduced in

Chapter 2 is an investigation into the efficiency with which aluminium is used in

the curtain walls of real buildings. In that paper, the functional principles of the

extrusion shape optimisation software, ACWEDS, are explained. This present chapter

elaborates upon the steps taken to control the genetic algorithm’s behaviour and

validate its performance. The information may be of interest to the authors of

computer programs who wish to make use of similar methods.

Section 3.1 explains how the algorithm has been tuned to balance, on the one

hand, the number of computational steps required to reach a solution, and, on the

other hand, the likelihood that the search will close in upon the global optimum.

The practicalities of implementing the algorithm in efficient computer code, and of

creating a fast-running binary executable, are discussed in Section 3.2.

3.1 Tuning the Genetic Algorithm for Efficient Execution

The performance of a GA is affected by the size of the population (De Jong,

1975, pp. 61-67) – that is, the number of different candidate solutions known to

the algorithm at any one time – and by the extent to which it is biased to select

fitter individuals for reproduction (Mitchell, 1996, p. 125: Goldberg, 1989, p. 111,

pp. 122-124). If the fitness function is adjusted so that the best individuals are

rewarded with more generous opportunities to reproduce, then the corollary is a

greater likelyhood that alleles that are not present in the fittest specimens will be

filtered from the genetic pool, resulting in an increase in the rate of evolution.
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Similarly, if the number of individuals is reduced, then fewer generational cycles

will be needed for an advantageous trait to propagate through the population,

making evolutionary change more rapid. The disadvantage of a smaller population

size or a more exclusive selection process is that the GA has less opportunity to

discover promising novel genetic combinations, and thus there is greater risk of

premature convergence at a suboptimal solution. The resources that the GA allocates

to “exploration”, the search for genetic traits that contribute to fitness, must be

balanced with the resources that it allocates to “exploitation”, the search for the best

combination of the features present in the population’s fittest individuals. Because

the balance between exploration and exploitation is influenced by population size,

N, and by the form of the fitness function, f (i), tests have been carried out to find

an appropriate combination for ACWEDS’ genetic optimisation algorithm.

For this performance tuning study, fifteen versions of the genetic algorithm were

created. Each version was programmed with a unique combination of fitness func-

tion and population size, and the GA variants were applied, in turn, to optimise

the design of a particular curtain wall. The specification of the wall system consid-

ered in this initial study is the same as the wall system considered the numerical

design investigations carried out in the subsequent phases of this research. A full

description, listing all of the design constraints, has been documented in Chapter 2.

The fitness function of each genome was calculated using the expression below:

f (i) ∝

(
1

mal(i)

)n

, (3.1)

where, f (i) is the fitness function of individual i ,

mal(i) is the mass of aluminium, kg/m2, in curtain wall design i, and,

n is an exponent that was held constant during each trial.

It can be seen that the fitness of an individual is a function of the reciprocal of

the mass of metal in its corresponding curtain wall design, mal(i) . In this way,

obviously, the lower the mass of metal in an acceptable curtain wall design, the

higher the value of the fitness score given to the corresponding genotype.

Three different population sizes – N = 100, 1,000 and 10,000 individuals – and five

different exponents for the fitness function in Equation 3.1 – n = 1, 3, 5, 9 and

14 – were investigated. For each of the fifteen possible combinations of values of

N and n, ACWEDS was executed ten times in search of the optimal solution to

the same design problem. In a set of ten trials, different pseudo-random number

strings were given to the algorithm’s stochastic functions, and therefore the searches

commenced with different initial populations. In each trial, the GA was allowed to
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evaluate 10 million individuals, and then the best individual solution found during

the search was recorded as ACWEDS’ solution. The ranges and means of the metal

mass distributions are set out in Table 3.1 below. This information also is shown

graphically in Figure 3.3.

Table 3.1: Mean and extreme values of aluminium per square meter, mal in
each set of 10 curtain wall trials carried out using ACWEDS. In each trial the
GA was allowed to evaluate a total of 10 million candidate design solutions.

Fitness Function Lowest mal After

(
10 × 106

N

)

Generations

(
kg

m2

)

Population, N = 100 Population, N = 1, 000 Population, N = 10, 000

Min Mean Max Min Mean Max Min Mean Max

f (i) =

(
1000

mal(i)

)

8.4451 8.5538 8.6702 8.4095 8.5682 8.8711 8.4698 8.5157 8.5968

f (i) =

(
1000

mal(i)

)3

8.4741 8.6938 9.1020 8.4371 8.5160 8.6749 8.4491 8.4709 8.5054

f (i) =

(
1000

mal(i)

)5

8.4119 8.6858 9.1815 8.4352 8.4968 8.6003 8.4464 8.4753 8.5082

f (i) =

(
1000

mal(i)

)9

8.5108 8.8484 9.4138 8.4696 8.5778 8.6941 8.4344 8.4734 8.5577

f (i) =

(
1000

mal(i)

)14

8.6028 8.9966 9.4503 8.4512 8.6206 8.9031 8.4432 8.5113 8.7779

Figure 3.1 charts the metal usage efficiency in the best designs found by ACWEDS

during the first 250 generations of the evolutionary search process. The graph shows

the performance of the three different GAs, each programmed with a different fitness

function. It can be seen that increasing the fitness function’s exponent, n, from 1

to 3, caused an increase in the rate of evolution – the rate of change in fitness

with respect to generation count – but at large values of n performance declined

significantly. These findings are consistent with the theory outlined in the first

paragraph of Section 3.1, that, up to a point, evolutionary performance will benefit

from greater selection bias in favour of fitter individuals, but, beyond that point,

further bias will limit diversity in the gene pool, which in turn will cause the

algorithm’s performance to decline.

The graph plotting the progress of genetic algorithms during their first 250 gener-

ations, Figure 3.1, is continued in Figure 3.2, which shows the changes occurring

up to the 10,000th generation of a GA with a population, N, of 1,000, and a fitness

function exponent, n, of 3. The rate of evolution initially is rapid – a better solution

is discovered every few generations – but, as the search continues, so too does the

of the length of the plateaus between design improvements. Generation numbers
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322 and 358 both bring design advances, but the next innovation does not occur

until generation 3,965, and then afterward, up to generation 10,000, there is no

further improvement.

Each of the distributions presented in Table 3.1 and Figure 3.3 shows the range

of curtain wall metal masses obtained from a set of ten independent optimisation

8.4

8.6

8.8

9

9.2

9.4

9.6

9.8

10

10.2

10.4

0 50 100 150 200 250

L
o

w
es

t
m

al
(i
)

(k
g

/
m

2
)

Generation (Dimensionless)

n = 1
n = 3

n = 14

Figure 3.1: Mass of aluminium mal(i) in the most efficient curtain wall
design found by the GA, plotted versus generation number. Further evolution,
occurring up to the 10,000th generation, is shown in Figure 3.2.
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Figure 3.2: Mass of aluminium mal(i) in the most efficient curtain wall design
known to the GA while generations up to number 10,000. Evolution occurring
during the initial 250 generations is shown in Figure 3.1
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trials. It can be seen that better results – metal mass distributions with narrower

ranges and lower mean values – are obtained when the GA makes use of a larger

population, and also when the fitness function’s exponent, n, is 5.

The shapes of all 150 mullion pairs generated by ACWEDS during this trial, are

shown in Table 3.2.
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Figure 3.3: The distributions of metal mass, mal , in design solutions created
by ACWEDS is shown by vertical bars. Each distribution shows the range of
results obtained from a set of ten trials with a given population size, N, and
fitness function exponent, n. Horizontal lines mark the minimum, mean and
maximum values recorded.
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Table 3.2: Design Solutions Found by 15 Different Test Versions of ACWEDS

n = 1 n = 3 n = 5 n = 9 n = 14

N = 100

N = 1, 000

N = 10, 000

Page 80



Chapter 3 Unpublished Research

3.2 Tuning the Computer Code for Efficient Execution

While the architecture of ACWEDS was being planned, before its source code had

been written, it was known its routines would be executed very many times. It was

estimated that some of the program’s functions would be run, literally, billions of

times. To give one example: the calculation to determine allowable stress must be

carried out sixteen times for each individual mullion design. The sixteen tests must

be repeated for each individual design in a population of a thousand candidates, ten

thousand generations of the population must be evaluated in order to optimise the

design of each one curtain wall and the number of curtain wall systems evaluated in

the course of the research reaches tens of thousands (see Chapter 4). For this reason,

as described below, efforts were made during the software development process,

firstly, to create a program that would run efficiently in a single computational

thread, and, secondly, to allow multiple instances of the program to run in parallel.

3.2.1 Creating a Fast-Running, Single Thread Program

The task of rendering ACWEDS in a reasonably efficient executable format was

approached in various different ways. It is not claimed that every possible perfor-

mance enhancement technique was identified, or that any of the methods were

pursued exhaustively – there was a need to balance the potential benefits of

faster-running software with the time required to identify and implement speed-

improvement schemes – but, nonetheless, the following strategies were used: -

(a) Several independent groups of researchers have reported that, while the rate

at which a computer program will run is affected to some degree by the

idiomatic style adopted by the programmer, by the choice of compiler and by

the compiler’s settings, in order to achieve the most efficient solution, attention

must be given to the language in which the program is written.

There appears to be a consensus that C and C++, then Fortran, are the fastest

languages. Aruoba and Fernández-Villaverde (2014), for example, implemented

a computationally intensive algorithm in C++, Fortran, Julia, Python, Matlab,

Mathematica and R. They compared the running times of these different ver-

sions of the program, and concluded that “C++ and Fortran are still considerably

faster than any other alternative. . . . C++ code runs slightly faster (5-7 percent)

than Fortran code.” The time needed to execute a program written in Matlab

was found to be, approximately, tenfold longer than the time needed to execute

an equivalent program written in C++. Code written in Python and run on the

standard interpreter, CPython, was slower than the equivalent C++ code by a
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factor of between 155 and 269. For these Python programs, execution efficiency

was improved by using PyPy, a just-in-time compiler system: executed in this

way, running times were about 44 times longer than the C++ code.

Because of the need to create a fast-running machine code executable, the

programming language chosen for this research was C++.

(b) Although a program written in C++ can store its data at memory addresses

that are verified and allocated dynamically during the execution of a program,

these features add to computational overhead and so they were not used in

ACWEDS. Instead, indexed data were stored in arrays which were accessed

without any run time checking of memory bounds.

(c) The program’s logical flow was structured so that the number of function calls,

each of which adds to execution time, was small. For this reason the sizes of

the functions – some of which had many hundreds of lines of code – exceed

by far the sort of length that programming style guides recommend: Google,

for instance, suggests that a function should be a candidate for subdivision if

it is longer than 40 lines (Weinberger et al., 2012, p. 15).

If there had been a requirement to comply with convention and create shorter

functions, then an alternative but less reliable means of eliminating the perfor-

mance overhead associated with function calls would have been to have been

to qualify each function’s definition with the inline keyword.

(d) Early versions of ACWEDS were studied using a software profiler (Graham

et al., 1982) and, with the insights obtained in this way, the program’s logical

flow was refined to improve computational efficiency.

Initially the ACWEDS source code was converted to a binary executable file using

the Linux operating systems’ standard compiler, GCC, in its default configuration.

Afterward, the program’s running time – the time taken to arrive at an optimised

design for one curtain wall system – was measured. New versions of the binary

executable were created after adjusting the compiler settings to take best advantage

of the host computer’s hardware (-mtune=native), and to seek the highest level of

standards-compliant performance optimisation (-O3). These changes to the compi-

lation method brought about a modest performance benefit, reducing the execution

time by approximately 23 %, after which the rate of analysis was measured to be

6,300 curtain wall designs per second on an modern but unremarkable desktop

personal computer with a 2.7 GHz processor. However, a large improvement in

speed – a fourfold increase in throughput – was achieved by using the compiler’s

-Ofast mode, which, in turn, activates -ffast-math. After these changes, the rate

of execution increased to just over 31,000 individuals per second.
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Having established that dramatic improvements in performance result from use of

the compiler’s -ffast-math option, its effects were evaluated with care because,

according to the documentation (Stallman, 2015, p. 144);

“This option . . . can result in incorrect output for programs that depend

on an exact implementation of IEEE or ISO rules/specifications for math

functions. It may, however, yield faster code for programs that do not

require the guarantee of these specifications.”

In light of this warning, checks was made to ensure that the -Ofast compiler setting

was influencing only the speed of operation, not the outcome of the calculations.

Two executable versions of the curtain wall design program were created from the

same source code using, in one case, the compiler’s default settings, and, in the

other case, enabling -Ofast. In each instance the “random” number generator used

by the genetic algorithm was set to provide the same sequence of values, and the

output from the two versions of the executable file were found to be identical.

Having verified that the calculation results are not affected by the compilation

method, the -Ofast setting was used throughout the research.

3.2.2 Computational Parallelisation

The curtain wall design software, ACWEDS, executes in a single thread, carrying out

its tasks in series on only one processor core. However, with the help of a Perl script

written by Tange (2011), multiple instances of ACWEDS were run simultaneously,

with each instance executing on a separate processor core, and each instance of the

program optimising a curtain wall to suit a different set a design criteria.

The numerical studies described in Chapter 2 were carried out using the Univerity

of Bath’s Balena High Performance Computing (HPC) cluster. When instances of

ACWEDS were running in parallel on 64 separate cores, candidate curtain wall

designs were evaluated at a rate of approximately 2 million per second, and

optimised curtain wall system designs were found at a rate of approximately 700

per hour.
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Chapter 4

Optimising Architectural Layouts

and Facade Specifications

The journal paper that has been reproduced in Chapter 2 examined the efficiency

with which aluminium is used in bespoke curtain wall systems developed by pro-

fessional facade designers. That study quantified the mass of metal in a selection of

bespoke curtain wall systems, each of which had been developed, by facade con-

tractors or specialist consultants, to meet the requirements of a particular building.

Reference designs, following the original architectural layouts and complying with

the original building-specific performance criteria, were created using a numerical

shape-optimisation procedure. In each case the mass of metal in the original, real

world wall system was compared with that in the new, theoretical solution. The

results suggested that, if the facade industry’s engineers were to apply numeri-

cal optimisation methods when designing the cross-sectional shapes of extrusions,

substantial metal savings could be realised.

The published journal paper (Lee et al., 2017a) that follows in this present chapter

looks into the influence that a curtain wall’s layout and performance requirements

– the criteria established by architects and by authors of technical specifications –

have upon the mass of metal in a curtain wall. The investigation makes use of the

same algorithmic design process that was detailed in Chapters 2 and 3. It examines

the effect that the facade geometry – the spacings between the horizontal and the

vertical framing members, and the locations of points of attachment to the building

structure – have upon aluminium content. Similarly, the way in which the amount

of metal in an optimised wall design varies with parameters such as wind pressure,

is explored. The trends apparent in the study’s findings are summarised in a set

of guidelines that have been presented in a format suitable for use by building

designers and specifiers.

Page 85



Chapter 4 Previously-Published Journal Paper

4.1 Statement of Authorship

This declaration concerns the article entitled:

Optimizing the Architectural Layouts and Technical Specifications of Curtain Walls
to Minimize the Use of Aluminium.

Publication

status:

Draft

manuscript

Submitted In

review

Accepted Published X

Publication

details:

(Lee et al., 2017a)

Copyright

status:

I hold the copyright for
this material

X Copyright is retained by the pub-
lisher, but I have been given permis-
sion to replicate the material here

Candidate’s

contribution

to the

paper:

Throughout the investigation that is described in the following journal
paper, I received sound advice from experienced supervisors. Aside from
these inputs, and aside from the support noted in the list below, I myself
carried out the research.

• Formulation of ideas: 90%.

• Design of methodology: 90%.

• Experimental work: 100%.

I wrote the software myself, using standard C++ without any links
to library code by others. On my own, I ran each of the optimisation
studies.

• Presentation of data in journal format: 90%.

My hand-drawn figures were converted to CAD drawings by others.

Statement

from

Candidate:

This paper reports on original research I conducted during the period of
my Higher Degree by Research candidature.

Signed:

AFL  

 

 

I\ Set-1AX L 

AJ. 

Date: February 2020

Page 86



Chapter 4 Previously-Published Journal Paper

Optimizing the Architectural Layouts and Technical
Specifications of Curtain Walls to Minimize Use of Aluminium

Adam D. Leea,b,∗, Paul Shepherda, Mark C. Everndena, David Metcalfec

aDepartment of Architecture and Civil Engineering, University of Bath, Claverton Down, Bath, BA2 7AY, U.K.

bPTCC Facade Design, Telecom Plaza, 316 Senator Gil Puyat Ave., Makati City, Metro Manila, 1200, Philippines.

cCentre for Window and Cladding Technology (CWCT), The Studio, Entry Hill, Bath, BA2 5LY, U.K.

Abstract

During recent decades it has become common to enclose large buildings with lightweight,

weathertight walls that hang, like curtains, from the floor edges. The frames of these

curtain walls are, usually, extruded aluminium – a material whose production is highly

energy-intensive. Although means of enhancing the thermal performance of building

envelopes have been scrutinized, comparatively little attention has been given to the

cost and embodied energy savings that can be achieved through efficient structural

design. No guidelines for efficient use of aluminium in a curtain wall have been pub-

lished, and architects therefore have not known the impact that their decisions have

upon the facade’s material content.

In this study more than 1,000 unique curtain wall systems have been optimized numer-

ically, each one to a different set of design criteria, and the results show the extent to

which aluminium content is influenced by floor height, locations of supports, number

of horizontal members per panel, width of the extrusions, spacing between mullions,

design wind pressure, and the minimum allowable thickness of aluminium. The con-

ditions in which the amount of metal required to construct a window wall (glazing

spanning between two floors) might be less than that required for a curtain wall (an

uninterrupted, multi-floor shroud), also have been explored. The results show that sub-

stantial metal savings – reductions of 40 % or more – can be realized by making modest

changes to the layout geometries and specifications that are in common use. The value

of the corresponding construction cost reductions is significant: in the worldwide con-

struction market, the potential savings are in billions of dollars per year.

The practical steps that an architect and specifier should take in order to reduce metal

content in a curtain wall are set out in a list. These savings are separate from, and

∗Corresponding Author
Email addresses: adamlee@torstencalvi.com (Adam D. Lee), p.shepherd@bath.ac.uk (Paul

Shepherd), m.evernden@bath.ac.uk (Mark C. Evernden), david.metcalfe@cwct.co.uk (David Metcalfe)
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in addition to, any that might be attained by optimizing the cross-sectional shapes of

extrusion profiles.

Unlike improvements in a facade’s thermal performance, which usually require cap-

ital investment in insulating materials for returns that accrue over decades, material-

efficient design methods are free to apply, and the benefits can be enjoyed immediately.

Keywords: curtain wall, facade design, structural optimization, layout optimization,

topology optimization, embodied energy, green building

1. Introduction

At the start of the last century, when the world’s tallest skyscraper was not much more

than 100 m high [1], it was still common to design tower buildings with thick masonry

walls that served not only to protect occupants from the weather, but also to support the

weight of the floors and to resist lateral forces [2]. There is however a practical limit [3]

to the height of these load-bearing walls. To create taller towers, another construction

technique evolved in two cities – New York and Chicago – which were already the

largest in America, and which were still growing rapidly [4, p. 492,504]. There, it became

the norm to construct a freestanding structural frame made up of beams and columns,

and then use that frame to carry the floors and walls. By moving away from masonry

enclosures, it was possible to build to much greater heights and, partly for this reason,

by the mid-1920s New York had become the world’s most populous city [4, p. 505]. In

the process, a market had been established for lightweight exterior walls that could be

suspended, like curtains, from the edges of a tower’s floors [5].

In the earliest of these curtain walls, the main structural component – the vertical mem-

ber, or mullion, spanning from floor to floor – was a simple steel section. At those lo-

cations where windows were needed, the glass was carried by a separate metal frame

fixed mechanically to the mullion [6, p. 108]. For decades this was the dominant de-

sign approach and, in the late 1950s, it was the method used to create the facades of

the first fully-glazed towers. It was however in these early “glass box” buildings that

the limitations of a curtain wall made up of window frames supported by steel ver-

ticals, particularly difficulties in achieving an effective weather barrier, were revealed

[7, p. 17]. Higher performance standards were attained as facade engineers exploited

the freedom afforded by the aluminium extrusion process to create mullions with more

complex cross-sectional shapes. Conventional structural forms – I-sections, T-sections

and boxes – were combined with features such as gasket keyways, so that a separate

frame for glass was no longer required [e.g. 6, p. 111; 8].

During the ensuing period of innovation there emerged a new type or variety of curtain

wall, the unitized systems, the first of which was patented in America in 1962 [9]. Fa-
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cades of this type are made up of discrete panels, each one being, typically, one floor in

height, prefabricated and preglazed away from the building site. The anatomy of such

a panel is shown in Figure 1. Because of the advantages conferred by factory fabrication

[10 p. 4-5; 11 p. 86], today the majority of the world’s new curtain wall is unitized [12,

p. 82].

Figure 1: Parts of a unitized curtain wall panel for a flat facade, viewed from the
side facing the interior of the building. For clarity, cosmetic trims, insulation, and
barriers preventing the spread of fire and smoke, are omitted from this diagram.

When two unitized panels are brought together, side by side at the exterior of a build-

ing [13, in photos, p. 69], their extruded aluminium frames engage to create a two-piece

mullion – the split-mullion – within which the joints are weatherproofed by rubber gas-

kets. Each of the two profiles in a modern split mullion is, usually, shaped like the letter

E, and many extrusions of this sort may be found in the industry’s technical literature

[e.g. 14, p. 6-51; 15, p. 90; 16, p. 52; 17 pp. 6-11; 18]. In the particular example shown in

Figure 2, the base shape of both the male and female profile is E-shaped, but an addi-

tional web has been added to create a box in the exterior part of the female side.

In this paper, curtain wall has been introduced in its historical context in order to em-

phasize that, by the standards of the construction industry, the technology is still young.

It was only in the 1980s that unitized building techniques entered the mainstream [14,

p. 2-4]. The first structurally-glazed tower facade – using sealant to secure the glass to

the aluminium frame, as shown in Figure 2 and discussed in Section 3.9 – was com-

pleted as recently as 1986 [13, p. 53]. Design know-how has had to propagate rapidly
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between contractors, especially during the period between 2005 and 2012, when the

global market for unitized curtain wall doubled in value, to around US $ 12 billion per

year [12, p. 82]. It would therefore be unsurprising to find that opportunities for further

technical refinement exist within this relatively new field.

The authors of this paper have previously examined the efficiency with which alu-

minium is used in bespoke curtain walls conceived, by respected specialists, for real fa-

cades [19]. The mass of aluminium in twenty-four existing unitized wall systems, each

one custom-designed for a specific building, was compared with the mass of metal in a

numerically optimized design complying with the same performance criteria. The so-

lutions obtained numerically were found to be consistently superior to those conceived

by experienced facade designers. It proved to be easy to identify cases in which metal

savings of 20 % or more could have been achieved through better optimization of the

extrusion shapes. This finding is of interest for at least two reasons. One, most obvi-

ously, is that material savings bring cost savings. The other is that, of all the materials

used in significant quantity in construction, aluminium has the highest embodied en-

ergy per unit mass (approximately 80 times that of reinforced concrete [20]), so there is

an environmental incentive to use this metal sparingly.

This past investigation demonstrated that the task usually undertaken by a curtain wall

contractor’s designers – finding the most efficient cross-sectional shapes for extruded

framing members capable of satisfying a given set of performance requirements – can

be handled effectively, or more effectively, by computational algorithms. The research

Figure 2: The male and female extrusions (Left), together, form a unitized curtain
wall’s split mullion. In the idealized model of the mullion extrusions (Right), the
P series of dimensions can be modified parametrically. Other input parameters
control whether the elements labelled P04 , P09 , and P18 , as well as the group of
elements labelled P13 , P14 , and P15 , are included in the model.
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described in this present paper goes further: it investigates the effects that decisions

made by architects and their consultants – regarding the facades’ layout, and its perfor-

mance criteria – have upon the mass of metal in a building’s curtain wall.

The method of investigation has been to consider, initially, the geometric layout and

specifications for an archetypal curtain wall – a wall typical of the sort used to enclose

large numbers of modern buildings – and then, by varying one design constraint at a

time, it has been possible to quantify the extent to which each of the variables influences

the mass of metal in the wall system.

In this paper, the specifications for a total of more than 1,000 unique curtain walls have

been considered. In each case, the wall system’s extrusion shapes have been optimized

using numerical algorithms implemented in the software whose workings are outlined,

briefly, in Sections 1.1, 1.2 and 1.3. Results are set out in Section 2: these show the extent

to which the mass of aluminium is affected by changes in floor-to-floor height, mullion

bracket location, number of transoms, mullion width, mullion spacing, and also by the

magnitude of the design wind pressure. The implications of these results, which are

presented in Section 3, are formulated as a set of simple guidelines. By following these

recommended design strategies, practising architects and facade engineers, who will

not have access to the sort of numerical optimization tools that have been used in this

research, will be able to make more efficient use of aluminium in their buildings’ curtain

walls.

1.1. ACWEDS Software for Curtain Wall Optimization

For each unique combination of facade layout and performance specification, the shapes

of the extrusions in an optimized curtain wall system have been found numerically. The

optimization software, named ACWEDS, was written for this purpose. The program’s

features and complexities – it is made up of 5,000 lines of C++ code – are not detailed

here, but a description of its workings has been published separately [19]. Its four main

operative parts are:

(a) A parameterized geometric model of a unitized curtain wall system’s extrusions.

(b) A set of procedures by which to evaluate whether proposed extrusions are struc-

turally viable, and whether they can in practice be manufactured. One of the veri-

fications made during these analyses ensures that the magnitude of the mullion’s

deflection is not greater than the specified allowable. Also, stresses are computed

in each inter-transom span, for each of the panel’s mullion profiles, for each speci-

fied wind load condition: these values are checked, using the algebraic rules given

in the Aluminum Design Manual (ADM) [21], to ensure that they do not exceed
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the allowable proportion of the extrusion’s yield strength or local buckling limit or

lateral torsional buckling limit.

(c) A numerical search function, a genetic algorithm (GA), programmed to look for

that set of dimensions that, when applied to the parametric model, produces a

curtain wall design satisfying the constraints using the minimum possible quantity

of aluminium.

(d) Computer code capable of converting the program’s data into human-readable for-

mat. Output includes structural calculation reports, drawings of optimized extru-

sions, and statistics with which to track the search algorithm’s progress.

The software’s efficacy has been assessed by comparing its extrusion designs with those

developed by experienced practitioners. Also, the algorithm’s robustness – its ability to

reject local optima – has been investigated by executing it repeatedly, each time starting

at different points within the search space. The results of these tests suggest that the

mass of metal in the machine-generated solutions is consistently within a few percent

of the global minimum, and that this level aluminium usage efficiency is considerably

better than that achieved by human designers [21].

1.2. Structural Design of Glass

In order to admit light to a building, and in order to allow the occupants to see out-

side, it is usual that the sheet material used to cover a large proportion of a curtain

wall’s surface area – sometimes the entire surface area – will be glass. Although the

central goal of this research is to find effective means by which to minimize the mass of

aluminium in a curtain wall, it is desirable to understand also the way in which those

strategies influence the thickness of the glass. This information is of interest because

the amount of energy required to create architectural glass, by melting silica sand and

subsequently heat treating the cut panes, is energy intensive. The finished material’s

embodied energy, and hence its cost, is significant, although in a typical curtain wall

glass contributes less than aluminium to the total embodied energy and total cost. So

that these contributions may be assessed, ACWEDS has been programmed to select –

from amongst the six standard thicknesses of architectural glass between 6 mm and

19 mm – the minimum allowable thickness for each pane in the curtain wall panels that

it analyzes.

The spandrel glass and vision glass shown in Figure 1 are separate rectangular panes,

each of which is simply supported along its four sides. The load resistance of these

panes is determined using a closed-form algebraic expression deduced from the British

Standard for glazing in buildings [22]. Glass deflections, on the other hand, are com-

puted by the algebraic method set out in of ASTM E1300 [23, Appendix X1]. The rea-

Page 92



Chapter 4 Previously-Published Journal Paper

son for mixing the design rules published in two different countries is simply that the

British standard does not provide a method for finding deflections, and the ASTM’s

procedure for estimating load resistance relies on graphs whose data are not read-

ily incorporated within a computer program. The glass thicknesses determined using

ACWEDS therefore might not comply precisely with either the British or the American

design conventions.

1.3. Material Cost and Embodied Energy

For the purpose of estimating the combined cost of glass and aluminium in a given

curtain wall design, the price of extruded and painted aluminium has been taken to be

US $ 3 per kg. The cost of tinted, heat strengthened, monolithic glass with a single coat-

ing of metal oxide, has been assumed to vary linearly with the thickness of the pane.

Based on a review of current “factory gate” prices – that is to say, without transporta-

tion fees, taxes or duties – for high-volume glass purchases [24, 25], the authors have

developed the following algebraic expression to describe glass costs: -

cgl = 4 + 3100 · tgl (1)

where, cgl is the cost of glass in US $ per m2, and,

tgl is the thickness of the pane, in m.

In reality, glass cutting wastage, and hence cost, will be influenced by the sizes of the

panes in a production batch. Also, individual glass fabricators and aluminium extrud-

ers frequently adjust their pricing policies, and so the material costs presented in this

study should be considered indicative, not exact.

The embodied energy in extruded aluminium and tempered glass is taken to be 154

MJ/kg [20, p. 74] and 36 MJ/kg [mean value, 20, p. 16] respectively.

2. Numerical Optimization Studies

Throughout the history of the “glass box” architectural style, critics have complained

that the curtain wall facades of many of the world’s large buildings are similar to one

another in appearance. There is some truth in this allegation. Because of practical con-

straints, different architects arrive at similar design solutions: floor-to-floor heights vary

only within a narrow range; a rectilinear grid is the most practical arrangement for the

facade’s skeletal frame; transportation logistics limit the sizes of curtain wall panels;

the building’s occupants will expect to see out of windows positioned at eye level; and

so on. In the context of this study, it is an interesting observation that so many curtain
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walls are alike: metal optimization heuristics revealed by studying one building’s cur-

tain wall are likely to be effective when applied to the large numbers of walls having

similar geometric layouts and performance requirements. The layout configurations of

a selection of common curtain walls in the real world, and their performance specifica-

tions, have been examined, and popular values for dimensions and design constraints

have been determined. A reference layout, following the popular dimensions, is shown

in Figure 4, and the reference set of performance targets is given in Table 1. The shapes

of a set of weight-minimized curtain wall extrusion profiles for a curtain wall system

having this grid geometry, and designed to these performance criteria, was determined

using ACWEDS. The optimized mullion profiles are shown in Figure 3.

Figure 3: Shapes of the mullion profiles optimized to meet the performance criteria
set out in Table 1, and the facade layout geometry shown in Figure 4. Dimensions
are in millimeters.

Having established this benchmark, one design constraint at a time was selected – ini-

tially, the distance between the top of the curtain wall panel and its attachment bracket

– and the value of the constraint was varied in discreet steps through a wide range. The

effect that these changes have upon the optimized wall system’s aluminium content

were observed. The same process was repeated to investigate the effect of changing
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. .

Figure 4: Dimensioned elevation and section views showing the layout of the
normative reference curtain wall considered in the numerical optimization studies.
The vertical distance between the fulcrum of the bracket and the fulcrum of the
stack joint, dC, is the “stack-height”.
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Table 1: Layout dimensions, alloy type and performance criteria for the normative
standard curtain wall system considered in the numerical analysis.

Constraint Value Comment

Extruded metal thickness: 3 mm ≤ Pi ≤ 12 mm. [19, Fig. 5]
Front-to-back mullion depth: 60 mm ≤ Pd ≤ 240 mm. See Figure 2.
Mullion width: 60 mm ≤ Pw ≤ 120 mm. See Figure 2.
Interior flange separation: K02 = 10 mm. See Figure 2.
Gasket clearance: K04 = 1.5 mm. See Figure 2.
Exterior flange separation: K05 = 14 mm. See Figure 2.
Outer face to rainscreen: K06 = 46 mm. See Figure 2.
Sum of transom web thicknesses: 15 mm. ∗See note below.
Total area of reference transoms: 4965 mm2. ∗See note below.
Reference transom depth: 150 mm. ∗See note below.
Panel width: dM = 1,500 mm. See Figure 4.
Bracket to bottom of panel: dA = 3,300 mm. See Figure 4.
Vertical distance between brackets: dB = 0 mm. (Only one

bracket per floor.)
See Figure 4.

Stack height: dC = 400 mm. See Figure 4.
Top of vision span to top of panel: dG = 1,040 mm. See Figure 4.
Height of unbraced vision span: dH = 2,630 mm. See Figure 4.
Top of spandrel to top of panel: dK = 100 mm. See Figure 4.
Height of spandrel: dL = 860 mm. See Figure 4.
Maximum deflection: min{20 mm, Span/175}.
Wind pressure: +2.8 kPa and -3.5 kPa.
Aluminium alloy: 6063-T5.
∗A selection of different existing unitized curtain wall systems have been examined, and the
mass of metal in a typical set of horizontal structural members has been determined for the case
in which the front-to-back depth of the sections – Pd in Figure 2 – is 150 mm. In order to estimate
the mass of metal in the horizontal profiles in other conditions, it has been assumed that the only
the lengths of their webs change, so that the depth of the horizontal member matches the depth
of the mullion.
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other design constraints, and the results are described in the following sub-sections.

In plots of data points, some of the noise or scatter is attributable to the stochastic nature

of the genetic algorithm: the best solutions identified during successive curtain wall

optimization runs are not necessarily uniformly close to the global optimum. The extent

of the spread could be reduced by, say, running ACWEDS more than once for each set

of design criteria, and then presenting the best of the solutions found. Alternatively

it would be possible to allow evolution to occur in a larger population, or for more

generations. Such strategies would however be more costly in terms of computational

resources. The authors have taken the view that, as all of the algorithmically-found

designs are known to comply with the structural code, results that are nearly optimal,

rather than perfectly optimized, are still useful for practical engineering purposes.

2.1. Floor Height

If the design of the reference curtain wall is modified to suit a new floor-to-floor height,

then the amount of metal in the facade will change as shown in Figure 5. The plot

shows the variation in mass of metal per unit area of facade. When quantifying the

consequence of an increase in floor height, it should be remembered that not only will

the mass per area rise, but also, assuming that the number of building floors remains

constant, the total facade area will increase.
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Figure 5: Influence of floor-to-floor height upon the mass of metal per unit area of
optimized curtain wall.

From these results it can be seen that changes in floor-to-floor span affect strongly the

facade’s aluminium content. If the number of floors in the building remains constant

and the height of each floor is increased by 10 % – from 3700 mm to 4070 mm – then the
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total mass of metal in the structurally-optimzied facade will rise by 19.3 %. An architec-

tural team wishing to use material efficiently should therefore ensure that floor-to-floor

spans are no larger than necessary.

2.2. Stack Height

Figure 6 plots the mass of metal in the members of a family of curtain walls. The geo-

metric arrangement of these walls is matched to that shown in Figure 4 except that, in

each member of the group, the distance between the top of the panel and the attachment

bracket, the “stack height”, is different. Figure 6 shows that, if the bracket connection

point is not at the very top of the panel, which is the location often chosen by architects,

but is moved down by approximately 17 % of panel height, then the mass of metal in

the curtain wall can be reduced by more than 25 %. The importance of this observation

is worth emphasizing: simply by moving the mullion’s support bracket away from the

very top of the panel, the magnitude of bending moment in the main span is lessened

[bending moment shown in 19, Figure 4], and the mass of aluminium in the facade may

be reduced by one quarter.
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2.3. Unbraced Length & Mullion Width

The cross-sectional shapes of mullions optimized for the different curtain wall panels in

Figure 7, having between one and four transoms, are presented in Figure 8. The graph

in Figure 7 shows that, if the number of transoms is two or more, then in the common

range of unitized mullion widths – between, say, 75 mm and 105 mm – changes in the

width of the mullion have little effect upon the system’s aluminium content. If the num-

ber of transoms in the panel is increased above two, each extra transom increases the

metal mass by approximately 0.8 kg/m2.

If the panel has only one transom, and if the mullion is narrow, then the governing

structural design consideration is the stability of the slender vertical members. In this

situation the amount of metal needed to make the slender mullions resistant to buckling

is greater than the amount of metal needed to reduce the mullion’s unbraced span by

introducing an additional transom.

2.4. Minimum Extruded Thickness

Figure 9 shows the effect that the value of the specified minimum metal thickness has

upon the mass of aluminium in this study’s reference curtain wall system. The shapes

of four different pairs of optimized mullion profiles, created by ACWEDS to meet min-

imum metal thickness requirements of 1, 2, 3 and 4 mm, are shown. All of the profiles

meet the structural design criteria – for resistance to local buckling, lateral torsional

buckling and so on – and they are drawn to the same scale. It can be seen that the

optimal depth of the profiles decreases as the specified minimum extrusion thickness

increases, and at the same time the mass of metal in the wall system rises. Based on

this analysis it appears that a change in minimum thickness from 3.2 mm (or 1/8 inch),

a figure that is frequently found in the technical specifications for facades of build-

ings in North America, to 2.2 mm, causes the overall mass of aluminium in the curtain

wall system to fall by approximately 18 %. Therefore, the specifier’s choice of minimum

thickness will have a significant effect upon the amount of metal in the optimized de-

sign. Although it is currently impractical to extrude or to handle curtain wall extrusions

with webs or flanges as thin as 1 mm, the data from this study show that if new tech-

nologies were to be developed – for example, lightweight composite framing members

created by bonding thin aluminium sheets to a low-modulus filler material – then more

efficient designs could be realized.

2.5. Mullion Spacing

Figure 10 shows the influence that the curtain wall’s module width – the horizontal

distance between mullions – has upon metal content.
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Figure 7: Plot (bottom) shows variation in mass of aluminium with mullion width,
for four different curtain wall panel configurations (above). Other than the number
of their transoms, panels are the same as those shown in Figure 4. The solid line on
the graph is a moving mean mass of metal for panels with one transom, in which
the mullion is slender and lateral torsional buckling is the governing structural
design consideration. At high slenderness ratios, the mullion cross-sections are in-
efficient: if mullion width is narrower than 80 mm then a panel with two transoms
requires less aluminium than in a panel with one transom.
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The plot shows panels of up to 3.5 m in width but, in practice, because of transportation

and handling constraints, panels this wide are uncommon.

As panel width increases, so the mass of aluminium in the wall falls. At the same time

however, if the panel is glazed, then the thickness of glass must increase. The combined

cost of aluminium and glass, as well as the combined embodied energy, are shown in

Figure 10. Both cost and embodied energy are at a minimum when one of the common

architectural glass thicknesses – 6 mm or 8 mm – is chosen, and when the separation

between mullions is as wide as is possible without causing excessive stress or deflection

in the glass.

2.6. Wind Pressure

The forces resulting from the action of wind upon a building’s facades may be predicted

by testing a scale model in an atmospheric wind tunnel. This method has been widely

used for many decades, and its fundamental technical aspects are well documented

[26, 27, 28]. Most of the world’s building codes allow a facade’s design wind loads to

be determined either by wind tunnel testing or, alternatively, using formulas that take

account of the building’s location, its shape and the topography of its surroundings.

Architects and their consultants usually are advised that the costs associated with a

wind tunnel study are outweighed by the resulting material savings [29, pp. 88-89; 26,

p. 4]. This assertion, that wind tunnel testing results in cost savings, appears often in

the marketing materials of wind engineering firms. To quote phrases used on the inter-

net by three of these firms: there are “massive cost-saving implications”; wind tunnel

testing “generally results in significant savings in the cost of the facade”; and there may

be “a cost to benefit ratio of 1:30 in carrying out a cladding pressure study”.

Figure 8: Mullions optimized for four different curtain wall panels – those shown
in the upper diagram of Figure 7 – each with a different number of transoms. Di-
mensions are in millimeters. The slight gaps in between rectangular elements in
the male profile’s flanges and, in the case of the three-transom mullion, the small
area of overlap between adjacent elements, are consequences of the geometric sim-
plifications made during the design of the parametric model.
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While various authors, [e.g. 28], have compared the magnitudes of the design pressures

obtained by wind tunnel modelling with those calculated using the construction codes,

until now little information has been available to describe the relationship between

a facade’s design pressure and its material content. It has therefore been difficult for

architects and building owners, the parties who commission wind tunnel studies, to

evaluate the sort of cost-saving claims made in the quotations above.

Figure 11 shows, for a range of different design wind pressures, the minimum mass of

metal required to construct this study’s reference curtain wall system. It is usually the

case that the magnitude of the positive, or inward-acting, pressure is less than that of

the negative, or outward-acting, pressure. So, for each of the cases considered in this

design pressure study, the magnitude of the positive wind load has been maintained

at 80 % of the magnitude of negative wind load. These results may be used to estimate

the metal savings associated with a given reduction in design wind pressure, assuming

that the structural design of each wall panel is optimized to match its nominal design

pressure. In practice however, as discussed in Section 3.6, if a wind tunnel study results

in a pressure zoning scheme that is more complex than that which would have been

obtained from a construction code, then it may be impractical to create different curtain

wall panels for each of the design pressure conditions. Consequently, the magnitude of

the metal saving indicated in Figure 11 should be considered to be an upper bound.

2.7. Comparison Between Curtain Wall & Window Wall

Amongst other popular types of exterior envelope system, an architect might choose a

curtain wall – a continuous multi-storey envelope mounted outside the building struc-

ture – or a window wall, which spans only from the upper side of one floor slab to the

underside of the floor above [30, p. 32]. The sections in Figure 12 show these two differ-

ent types of construction.

While it might at first seem that, since a curtain wall must cover a greater area it will

contain more material than a window wall, this argument neglects a difference in the

bending moment distribution in the mullions of the two systems. The vertical members

of the curtain wall behave as continuous beams spanning multiple storeys [19, Fig. 4],

while vertical members of the window wall are simply supported at the head and sill.

The result is that the magnitude of the moments in mullions, and hence also the re-

quired mass of aluminium, may be greater in a window wall than in a curtain wall.

ACWEDS was used to create a family of unitized window wall designs, each of a dif-

ferent vertical span, and each optimized for minimum metal mass. The frames of the

window wall panels were simple rectangles without any transom between the head

and sill members, and the vertical height of the panels varied between 2.1 and 3.7 m.

The front-to-back depth of each panel’s horizontal members was set to match the depth
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Figure 11: Upper graph shows the effect that variation in design wind load has
upon mass of aluminium and thickness of glass in an optimized curtain wall sys-
tem. Lower graph shows the effect upon and material cost and embodied energy.
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of its mullion: for a mullion depth 150 mm the sum total cross-sectional area of the sub-

head, head, head clip, sill and sub-sill, as shown in Figure 13, is 4865 mm2. Other aspects

of the specification of the window wall were set to match the curtain wall specification

summarized in Table 1. Figure 13 shows the cross-sectional form of a window wall’s

head and sill. The system shown in these diagrams has extruded caps at the perimeter

of the glass, but, as for the previous studies of curtain walls, such caps are ignored in

the computation of metal mass.

Figure 14 shows the way in which metal mass varies with the height of the window

wall. Also marked on this graph are the masses of metal in two curtain wall systems de-

signed to the same performance specifications: one is the reference curtain wall shown

in Figure 4, and the other is similar but with a distance of 640 mm between stack joint

and bracket. These two curtain wall layouts have been chosen for comparison because

they are the common and geometrically optimized geometries that an architect might

reasonably consider as alternatives to the window wall facade.

The results indicate that, for this set of design criteria, if the height of an optimized

window wall is greater than approximately 80%̇ of the vertical distance between floors,

then it will contain more aluminium than an optimized curtain wall, even though the

curtain wall covers a greater area.

In order to make a fair comparison between the two different types of wall system,

the material used to create those parts of a facade that exist between the horizontal

bands of window wall also should be taken into consideration. If construction costs

Figure 12: Elevation and section views of a curtain wall (left), and a window wall
(right). In the elevation views, panel sizes are indicated with a heavy, broken line.
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are to be compared, then it should be noted that the window wall requires site-applied

waterproofing and coordination between trades. For all of these reasons a window wall

is unlikely to be more economical than a curtain wall unless its span is considerably less

than 80 % of the floor-to-floor height.

3. Research-Based Heuristics for Efficient Curtain Wall Design

Metal-saving strategies that might be used by the different members of a building’s fa-

cade design team – the architect, the specialist consultant and the facade contractor – are

presented below. These recommendations follow from the numerical studies described

in this paper.

3.1. Floor Height

As a building’s floor-to-floor height rises, the mullions in its facade must be made

stronger and stiffer in order to span a greater distance, and so the mass of metal per

unit area of facade will increase. If the number of floors remains constant then, because

the building becomes taller, the total area of facade also will increase.

The data presented in Figure 5 shows that a 10 % increase in floor-to-floor height –

from 3700 mm to 4070 mm – adds 19.3 % to the total mass of metal in the facade. For

this reason the vertical distance between a building’s floors should be no larger than

necessary.

Figure 13: Cross-sectional form of horizontal members in a window wall: the sub-
head and head (left), and the sill and sub-sill (right). An outline of the vertical
mullion is shown above the sill.
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Figure 14: Relationship between mass of aluminium and height of window wall.
The mass of metal in this study’s reference curtain wall system (Figure 4) is shown
for comparison. Also shown is the mass of metal in a modified version of the ref-
erence wall, in which the mullion’s support bracket is positioned at the optimal
distance from the top of the panel.

3.2. Location of Mullion Brackets

It has been shown in Section 2.2 that, when deciding upon the layout for a unitized cur-

tain wall, considerable metal savings can be achieved if each mullion’s support bracket

is moved downward, away from the end of the mullion – that is to say, away from the

top of the panel. In the results presented in Figure 6, the optimum distance between

bracket and stack joint is approximately 17 % of floor-to-floor span.

If, as is commonly the case, mullion brackets are attached to the building’s structure

at the upper side of the floor slab, as shown in the left hand side of Figure 15, then the

structurally optimal position for the stack joint will be close to knee height. On the other

hand, if an architect wishes to align the bottom of the curtain wall’s panels with the top

of the floor, then in order to achieve the optimal stack-to-bracket distance, the mullion

bracket will need to be positioned at the underside of the floor slab, or at the face of

the beam below. While the placement of brackets below floor level might be consid-

ered to be unconventional, the lead author has designed under-slab and under-beam

attachments, similar to the sort shown at the right hand side of Figure 15, which have

been used successfully in high-rise building facades. The curtain wall contractors who

have used these designs report that any additional costs associated with the installation

process are by far outweighed by the aluminium savings.

Changing the design so that the stack joint is not immediately above the bracket has

a secondary benefit. Not only does the required mullion strength diminish, but also,
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because the magnitude of the shear force between the bottom of one panel and the top

of another is lower, so the amount of metal in the stack joint profiles can be reduced as

well.

3.3. Number of Transoms

In order to minimize the extent to which a curtain wall’s structural lattice interferes

with the building’s occupants’ view of the world outside, an architect might have a

preference for designs in which the size and number of framing elements is kept to a

minimum. Panels might be designed with a single pane of glass spanning from floor to

ceiling, and mullions might be made as narrow as possible. However, such an approach

is likely to result in inefficient use of aluminium. If the structural analysis of mullions

is carried out in accordance with the curtain wall industry’s current guidelines for best

practice [for example 31], ignoring any lateral support provided by glass or other infill

materials then, as shown in Figure 7, an optimized curtain wall panel with floor-to-

ceiling glass and mullions narrower than about 80 mm will contain more metal than

an optimized design in which the vision glass is divided by one additional horizontal

member.

Efficient designs can be achieved in panels with floor-to-ceiling glass, providing the

mullion is not too slender. For the curtain wall layout studied here, in which the floor

Figure 15: A top-of-slab mullion bracket (left), double bracket (centre) and under-
side bracket (right).
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height is 3700,mm, the use of split mullions of around 100 mm in width was found to

minimize the mass of metal in the facade.

3.4. Minimum Metal Thickness

The model specifications and design commentaries prepared by the curtain wall indus-

try’s technical bodies [32, 14, 30] place no restrictions upon the thickness of aluminium

in extruded structural profiles, except of course that the metal thickness should be suf-

ficient to ensure satisfactory structural performance. However, many technical specifi-

cations for the construction projects of governments and private developers stipulate

that extrusions in which the thickness of metal is less than a certain minimum are either

forbidden or that they require special approval [e.g. 33, p. 16-9]. A specifier might, for

instance, insist that in all structural extrusions the thickness of metal is not less than

3 mm or 3.2 mm. Section 2.4 of this this present study shows that the overall size of

an optimized framing member increases as the minimum allowable metal thickness is

decreased. However, even if the profiles become larger, the total mass of metal in the

wall system can be reduced. The results presented in Figure 9 indicate that simply by

changing the allowable minimum metal thickness from 3.2 mm to 2.2 mm, the curtain

wall’s metal content falls by 18 %.

The recommendation arising from these findings is that architectural teams should

question whether it is really necessary to stipulate a minimum metal thickness. Instead,

metal can be saved if curtain wall contractors are allowed to develop their extrusion

profiles without geometric restrictions, other than that the shapes must be shown to

comply with the prevailing structural design rules.

Specifiers may, hypothetically, have been imposing minimum metal thicknesses as an

indirect means of controlling another aspect of a curtain wall’s performance. It might

be that a requirement for thicker metal has been introduced to tighten dimensional

control during the extrusion process, or to increase a curtain wall’s capacity to attenuate

noise. Perhaps specifiers believe that an extrusion will be weak if its plate elements are

thin, even if the profile complies with prescriptions of the structural design codes. The

authors of this paper argue however that it is preferable to specify the desired criteria

directly. In the case of these examples, rather than use metal thickness as a proxy, it

would be better to set geometric tolerance limits, or to indicate the required standard

of acoustic performance.

3.5. Horizontal Distance Between Mullions

It has been shown, in Section 2.5, that as a curtain wall system’s mullions are moved

apart, so the mass of metal in the optimized facade will decrease, but at the same time
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the mass of glass will increase. Some guideline is needed to achieve an efficient com-

promise. Whether it is the objective to minimize embodied energy or to minimize cost

of metal and glass, and whether the curtain wall is to be glazed with monolithic or in-

sulated glass, Figure 10 suggests a reasonable optimization strategy. First, one of the

common architectural glass ply thicknesses, 6 mm or 8 mm, should be chosen; next,

the horizontal spacing between mullions should be set to the maximum at which the

chosen glass is structurally adequate. Also a check should be made to ensure that the

facade’s typical panes can be cut from “jumbo” sheets, which are approximately 3 m by

6 m [34, p. 226], without excessive wastage.

If a wall’s design wind loads are determined using a code, rather than by wind tunnel

testing, then a large facade will, typically, be divided into a small number of simple

rectangular zones, and each zone will have a different wind pressure. Because the opti-

mal mullion spacing depends upon the design load, in order to make the most efficient

use of material, an architect might, for example, choose a wider mullion spacing in the

central part of a facade, where the magnitude of the design load is lower, and a closer

spacing in the proximity of corners, where the magnitude of wind pressure is greater.

Maximizing the horizontal separation between mullions not only lowers the mass of

metal in the curtain wall, but also benefits thermal performance because less heat passes

through insulated glass than through the frame [35, p. 32].

3.6. Wind Tunnel Testing

If a building’s design loads are calculated using the rules given in a code, then each of its

facades will be divided into a small number of simple, rectangular zones, and a different

design wind pressure will be assigned to each zone [26, p. 11]. If, on the other hand,

facade wind loads are determined by wind tunnel testing, although the results may, on

average, be lower than those found using construction codes [e.g. 28, 26], it is likely

that the facade pressure maps will be geometrically more complex [26, pp. 24 & 29] and

that they will span a greater pressure range than the codified predictions. The cost of

additional work in the design of the facade, and well as the expenses associated with an

increase in logistical complexity – in procurement, fabrication and installation – should

therefore be taken into consideration when evaluating the net cost impact of a wind

tunnel test.

Aside from the pursuit of savings, there may be sound reasons for carrying out a fa-

cade pressure study in a wind tunnel. Not least of these is that routine project-specific

wind tunnel testing helps to train and support wind engineers whose specialists tech-

nical knowledge is of certain benefit to the building design community. It is for each

building’s design team to weigh the pros and cons of a wind tunnel study, and the only
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advice given here is that the cost benefits indicated in wind laboratories’ marketing lit-

erature, such as those quoted in Section 2.6, should be treated in the same way as any

other business’ advertising claims: with some measure of caution. The data in Figure 11

may help architects and their consultants to estimate the upper bound to the cost saving

associated with a given reduction in design wind pressure.

3.7. Curtain Wall or Window Wall?

The study presented in Section 2.7 suggests that, for facades of conventional geome-

try and performance, a window wall design will require less metal than an optimized

curtain wall only if the window wall’s vertical span, as a proportion of floor-to-floor

height, is 80 % or less. After taking into consideration all of the practicalities of window

wall construction, such as the need to provide extended floor slabs and the cost of co-

ordinating between trades, it is likely that a window wall will be the more economical

option only when its vertical span is much less than 80 % of floor height.

3.8. Transom Depth

In many curtain wall systems, horizontal members are sized to match the mullions.

This configuration is shown at the left hand side of Figure 16. In comparison with

the mullions, usually a facade’s transoms will have shorter spans and will carry less

bending moment, and so it is possible to make the transoms smaller in size, as at the

right hand side of Figure 16. If the curtain wall contractor is permitted to size transoms

and mullions independently then more efficient designs, containing less metal, may be

achieved.

3.9. Glazing Caps

Glass may be secured to a curtain wall panel’s metal frame in one of two ways. Either

the perimeter of the pane can be bonded to the metal using a structural adhesive or,

alternatively, the glass edge can be retained mechanically using an extruded metal cap.

These design options are shown in Figure 17.

If glass is attached using a structural sealant then the width of the joint, or bite – marked

‘b’ in Figure 17 – must be of a certain minimum size. The minimum bite dimension is a

function of the glass pane’s width and the design wind pressure [36].

If an architect were to choose to change from a capped mullion to a structurally glazed

mullion, then the width of the member might need to increase in order to provide space

for the structural silicone bite. Using the results presented in Figure 7, it is possible to

assess the effect that such a change would have upon metal content. Within the range

of common split mullion widths, from about 70 mm and 110 mm, if the unbraced spans
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Figure 16: Two unitized curtain walls viewed from the interior side. In one (left),
mullions and transoms are of uniform size, in the other (right) transoms are re-
cessed. Aesthetically, the difference between the two designs is minor. Suspended
ceilings, spandrel insulation and fire barriers have been omitted from the drawing
for clarity.

. .
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between transoms are sufficiently small that structural design is not governed by buck-

ling, the mass of aluminium in an optimized curtain wall is not sensitive to changes in

mullion width. It follows that, providing the mullion is not slender, the mass of metal

in a curtain wall with capped glazing can be reduced by removing the caps and, if

necessary, making the mullions wider in order to accommodate structural sealant.

Changes to the shapes and locations of glazing caps can have a marked effect upon the

exterior appearance of a facade, and hence upon the character of a building. The choice

of glass retention method therefore has an aesthetic impact that should be evaluated

for each specific building project, but this study indicates that a structurally optimized

curtain wall system with seamless structural silicone glazing will use less metal than

an optimized curtain wall with glazing caps.

Figure 17: A split mullion with seamless, structural silicone glazing (left), and with
capped glazing (right).

4. Further Metal-Saving Strategies

The rules of thumb set out above, in Section 3, follow directly from the numerical stud-

ies described in Section 2. The list below contains further suggestions that are not based

upon the research results, but may nonetheless be of help to those building designers

and code committees who have an interest in minimizing the mass of aluminium in

curtain wall facades.

4.1. Choice of Alloy and Temper

If the structural design of a particular curtain wall is governed by the yield strength

of the aluminium, then an optimized solution containing less metal can be found if a

higher strength alloy or temper is selected. So, metal savings might be associated with

a change from 6063-T5 to 6063-T6. The change in material type will bring no benefit
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however if the dominant constraint is deflection or if the members are so slender that

lateral torsional buckling is possible. This point is illustrated in Figure 18, which shows

how the allowable stress in a flexural member varies with its slenderness [21].
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Figure 18: Maximum allowable bending stress, determined by the method set out
in the Aluminum Design Manual [21], plotted with respect to slenderness.

4.2. Additional Safety Factors

If a curtain wall’s technical specification requires that structural analysis be carried out

in a way that is more conservative than the methods described in the design codes

then, naturally, those directives will increase the amount of metal needed to construct

the facade.

A building design team seeking to make efficient use of material should check whether

its specifications make structural performance demands that are over and above those

found in the structural design standards. The costs and the benefits associated with any

increased factor of safety should be evaluated critically.

4.3. Transom Webs

By convention, transoms are box sections having two webs, as shown on the left hand

side of Figure 19. In those locations where a transom is wholly or partially concealed –

typically at the ceiling line or within a spandrel area – a curtain wall’s designer might

save metal by creating a profile with only one web, as shown at the right of Figure 19.

By eliminating transom webs in the spandrel zone, the mass of aluminium in the panel

might be reduced by two or three percent.
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Figure 19: The unitized curtain wall head and transom members on the left are
conventional, boxed designs. Those on the right are open sections, requiring less
metal.
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4.4. Whole-Facade Optimization Strategy

The numerical studies described in this paper have considered curtain walls made up

of panels that are regular in size, and that are subjected to uniform wind load. Even in

this case, when the applied pressure and the floor-to-floor span is constant, the mul-

lions of the panels located at the lowermost and uppermost floors of the building will

experience bending moments that are substantially greater than those occurring in the

wall’s central region [19, Figure 4]. Other factors may cause structural conditions to

vary within the facades of a real building. For example, floor spans may vary, and wall

areas may be divided into zones, each zone having its own design pressure. To min-

imize metal mass in a facade within which different mullions must be designed for

different bending moments, the following strategies are rational.

A curtain wall design should be developed and optimized for the facade’s most com-

mon design load and floor span – the conditions which apply to the greatest area of

facade. In buildings of conventional geometry it is invariably the most economic solu-

tion to use only one bracket per mullion, as shown in the right or left hand diagrams in

Figure 15.

For aesthetic reasons it will usually be necessary to maintain, throughout the facade,

the same external dimensions for framing members, and in this case one set of com-

mon horizontal profiles can be used throughout. If the area of an atypical wind load

zone, or area spanning a floor of atypical height, is sufficiently large then it becomes

economically rational to create a pair of atypical mullion extrusions specifically for that

facade zone. The atypical mullion can be of the same width and depth as the typical

mullion, but its internal form is adjusted to satisfy the atypical design criteria.

To cope with “hotspots” – small areas that must be designed to withstand a greater

wind load – the wall can be strengthened locally by placing a metal stiffener inside the

standard mullion extrusions or, alternatively, the standard mullions can be supported

by two brackets, as shown in the centre of Figure 15.

4.5. Coordinating Building Structure with the Facade

Some of the factors influencing the quantity of material in a curtain wall, such as the

locations of its attachment brackets, are affected by the design of the building’s struc-

tural frame. If there is cooperative interaction between the designers of the facade and

the designers of the building’s structure, there is more opportunity to develop efficient

solutions [37]. For this reason, if economical design solutions are to be found, then con-

sideration should be given to the timing of the appointment of a project’s curtain wall

contractor.
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4.6. Energy-Efficiency Codes

Amongst the existing design codes written with the intention of improving efficiency

in the usage of energy – be it embodied energy or thermal energy – performance targets

most commonly scale with the area of facade [e.g. 35]. When goals are formulated in this

way, developers and their architects are given no incentive to create buildings that are

inherently efficient in shape. The facades of different buildings might achieve a uniform

energy performance rating, but it would be the building with the smallest ratio of wall

to floor area that would serve its occupants’ needs with the lowest energy expenditure.

Greater benefit might be obtained if construction codes were to be formulated so that

allowable limits for a facade’s thermal or embodied energy scale with the area of the

building’s floor, rather than the area of the facade itself.

4.7. Architectural Guidelines

A study of the world’s towers taller than 300 m [38] found that the “vanity component”

– the proportion of a building, by height, that is decorative rather than functional –

correlated with the date and the location of construction. The more recent buildings

have higher vanity components. In one country, amongst 19 of these tall buildings, the

mean vanity component was 19 %.

An oversized facade, used to exaggerate the apparent size of one building, may influ-

ence the design of future buildings in the locality, and a trend or architectural fashion

may emerge. The use of curtain wall for purely decorative purpose is, viewed from the

standpoint of material usage, wasteful. Officials with a say in construction planning, as

well as the authors of architectural guidelines, might therefore aim to limit the extent

to which material is used for purely artistic effect.

5. Quantifying Material Optimization’s Benefits

This study has shown that, just by moving the mullion’s support point away from the

top of the panel (Sections 2.2 and 3.2) and relaxing the allowable minimum metal thick-

ness (Sections 2.4 and 3.4), the mass of metal in a unitized curtain wall may be reduced

by more than 40 %. Other small deviations from current common practice, such as ad-

justment of the spacings between members (Sections 2.3, 2.5, 3.3 and 3.5) and modifica-

tion of transom profiles (Section 4.3), can result in yet further savings. These techniques

may be applied together, in combination, to greater benefit.

Because the embodied energy per unit mass of extruded aluminium – 154 MJ/kg [20,

p. 10] – is greater than that in any other construction material used in bulk, there is

good reason to seek the savings that design optimization can bring. The figures that

Page 118



Chapter 4 Previously-Published Journal Paper

follow place the potential energy savings from facade optimization in the context of a

building’s total embodied energy.

If all of the materials and processes needed to put up a new building are considered, the

total embodied energy in a typical, newly-built, mid-rise office tower is in the region of

6 GJ per square meter of floor area [39]. Wall-to-floor area ratios easily can be estimated

by looking at the shapes of existing buildings, and values around 0.4 are common.

Therefore, if this paper’s guidelines for the creation of efficient architectural layouts

and specifications will reduce the mass of aluminium in facades by 40 %, from 12.0 to

7.2 kg/m2, the corresponding embodied energy saving will be 744 MJ/m2 of facade, or

298 MJ/m2 of floor, so the total embodied energy in new buildings will fall by about

5 %. Further, if extrusion shape optimization techniques [19] are applied in addition,

then the total of all embodied energy in newly constructed office buildings could be cut

by 8 %.

Using published statistics it is possible to estimate, albeit crudely, the magnitude of the

commercial returns that can be realized by applying material optimization strategies

during the design of unitized curtain walls. The global construction industry’s demand

for extruded aluminium exceeds 8 billion kg per year [40, p. 64] and, extrapolating from

American usage data [41], about a quarter, or 2 billion kg per year, is for curtain walls

and storefronts. Of this metal, approximately 60 %, or 1.2 billion kg per year, will go

into unitized curtain walls [12, p. 82]. If efficient designs can reduce this total by 40 %,

saving US $ 3 per kg [25], then the annual worldwide reward will be US $ 1.44 billion.

6. Conclusions

In the course of this study, the designs of more than 1,000 curtain wall facades have been

optimized numerically, using a cluster of high-performance computers. Analysis of the

results has revealed that the criteria defined by an architectural team – for example, the

distances between framing members, the positioning of attachment brackets, and any

requirement for a minimum thickness of metal in extrusions – have a marked influence

upon the quantity of aluminium in a unitized curtain wall. It has been demonstrated

that, just by making small changes to the popular panel geometry (Sections 2.2 and 3.2)

and specification (Sections 2.4 and 3.4), the mass of metal in a unitized curtain wall may

be reduced by more than 40 %. In many cases it will be possible to obtain still greater

savings by applying all of the practical guidelines set out in Sections 3 and 4, and it is

known [19] that metal mass can be reduced yet further, typically by 20 % or more, if

facade contractors optimize the shapes of their extrusion profiles for each individual

building.
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There are sound environmental reasons [42] and economic motives [43] for every coun-

try to curb its energy consumption. The results of this present research are therefore

important because they highlight an energy-reduction opportunity that has, to date,

been overlooked. National governments and energy policy bodies have emphasized

the need to improve the thermal performance of building envelopes [e.g. 35], they have

developed thermal analysis tools for facade designers [e.g. 44], and in building codes

they have mandated minimum standards of thermal performance for exterior walls,

but almost no attention has been given to the possibility of reducing embodied energy

by modifying the design of wall systems so that material is used more efficiently.

In this document it has been shown that, by optimizing curtain wall designs to use less

aluminium, the total embodied energy in a new building can be lowered by as much

as 8 % (Section 5). This embodied energy reduction is of the same order of magnitude

as the operational energy saving that an architectural team might obtain, over the lifes-

pan of the building, by enhancing the thermal performance of the exterior envelope.

While the pursuit of thermal improvements is not to be discouraged, thermal energy

savings can, usually, be enjoyed only after making an initial capital expenditure and

embodied energy investment in shading or insulating material, and the returns accrue

slowly, during future decades. The cost of material optimization, on the other hand, is

negligible – it requires little more than the design team’s awareness – and the payoff, in

terms of both cost and greenhouse gas emissions, is immediate.

References

[1] Council on Tall Buildings and Urban Habitat. Tall Buildings in Numbers. The
Tallest Buildings in the World: Past, Present & Future. CTBUH Journal 2008;(2).
URL: http://www.ctbuh.org/LinkClick.aspx?fileticket=M7nXrLx8g0M%3d.

[2] Korom JJ. The American Skyscraper, 1850-1940: a Celebration of Height. Bran-
den Books; 2008. ISBN 0-8238-2188-4. URL: http://brandenbooks.com/product_
info.php?products_id=366.

[3] The Brick Industry Association. Technical Notes 24 – The Contemporary Bear-
ing Wall; 2002. URL: http://www.gobrick.com/portals/25/docs/technical%
20notes/tn24.pdf.

[4] Chandler T. Four Thousand Years of Urban Growth: An Historical Census. The
Edwin Mellen Press; 1987. ISBN 0-88946-207-0. URL: http://mellenpress.com/.

[5] Yeomans D. The pre-history of the curtain wall 1998;14:59–82. URL:
http://www.arct.cam.ac.uk/Downloads/chs/final-chs-vol.14/chs-vol.

14-pp.59-to-82.pdf.
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Chapter 5

Structural Sealant’s Influence on

Mullion Stability

The research described in the preceding chapters has examined the designs of real

buildings’ curtain wall facades to determine whether the architectural layouts and

technical performance criteria could have been achieved using lighter extrusions.

Also, the ways in which metal content is affected by changes in facade geometry,

and by changes in technical specification, have been explored. Up to this point,

all of the new design solutions that have been put forward have been analysed

in accordance with the facade industry’s established procedures. However, in the

structural design of mullion extrusions for modern unitised curtain wall systems,

lateral torsional buckling is often the governing design consideration, and it is

therefore relevant to assess whether the conventional stability models are reliable

when applied to a curtain wall’s mullion.

In order to predict the extent to which a real mullion profile will move laterally, in

the plane of the wall, a number of different phenomena must be considered. One

is a moment, acting about the profile’s axis of extrusion, imparted to the exterior

flange by the low-modulus structural adhesive that bonds the perimeter of the glass

to the aluminium. These components have been drawn in the left hand diagram

on Page 114. The relationship between glass deflection and axial moment in the

structural sealant joint is not given in the literature. Therefore, in the journal paper

that follows (Lee et al., 2018), a new analytical method is proposed then validated

by experimentation.
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Abstract

Structural silicone sealants are synthetic rubber adhesives used in the construction in-

dustry to bond glass and other sheet infill materials to the frames of windows and cur-

tain walls. In this paper, two different algebraic expressions are proposed to describe the

way in which the rotational stiffness of the adhesive connection – resistance to moments

acting about the axis of the joint – varies with the sealant’s cross-sectional dimensions

and elastic modulus. Laboratory testing of DC-983, a two-component structural sili-

cone sealant used widely in factory prefabricated glazing applications, has, with some

caveats, validated the mathematical models.

Keywords: facade design, structural silicone sealant, structural glazing, elastic

modulus, curtain wall, mullion,

1. Introduction

In the middle of last century there began to emerge, hand in hand with the glass box

architectural style, a new method of constructing tall buildings. First, a frame made up

of columns and beams was erected, to support the floors; then, to keep out the weather,

the freestanding structure was enclosed with a lightweight, metal framed, skin [1, 2, 3].

Since that time, designers of these exterior “curtain walls” have been using the same

set of assumptions when modelling the forces that are transferred from the sheet mate-

rial covering the facade, which is often glass, to the members in the supporting frame.

These structural idealizations are illustrated in Figure 1, in four cross-sections through

extruded aluminium “mullion” profiles, which are those that span vertically from one

floor to another.

∗Corresponding Author
Email addresses: adamlee@torstencalvi.com (Adam D. Lee), p.shepherd@bath.ac.uk (Paul

Shepherd), m.evernden@bath.ac.uk (Mark C. Evernden), david.metcalfe@cwct.co.uk (David Metcalfe)
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The first of the mullions, Figure 1-A, is a simple box section. Aluminium curtain wall

profiles of this sort, which must be cut and assembled at the construction site, became

popular in the 1960s [e.g. 2] and, for some applications, are still in use today. Glass is

retained at the face of the wall system using a mechanical clamp. Rubber gaskets permit

relative movement, in the plane of the wall, between the glass and the metal frame. So,

the glass does not prevent the aluminium members from moving laterally. Also, the

mechanical clamp at the edge of the glass permits rotation, as shown in Figure 1-A, so

glass deflections do not cause the framing member to twist about its longitudinal axis.

Another means of securing glass to its frame is to use an adhesive. This approach,

known as “structural glazing” and shown in Figure 1-B, is relatively new. The first

high-rise tower with a structurally glazed curtain wall was completed as recently as

1986 [4, p. 53]. Since then, architects have embraced the new aesthetic, using the tech-

nology to create large, flat facades, without any metal components to the exterior of

the glass. Structural glazing has become a common and conspicuous feature of large

buildings around the world. Current structural design methods and usage guidelines

for the adhesives – structural silicone sealants – are detailed in ASTM C1401 [5]. The

reasons for inclusion of the “glazing tape” shown in Figures 1-B and 1-D, and the effect

that this tape has upon structural performance, are explained in Section 7.3.

Figure 1-B shows the E-shaped male and female extrusions that together form the split

A B C D

Figure 1: Cross-sectional shapes of vertical mullions. In detail “A”, glass is held
mechanically to a simple box section. Structural sealant, in detail “B”, bonds glass
to the male and female profiles of a unitized wall’s split mullion: this design’s
structural idealization is shown in “C”, although “D” may be a better represent
the wall’s actual behaviour when subjected to wind load.
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mullion of a modern unitized curtain wall. In such designs, the facade is made up of

discrete panels that can be prefabricated. Because of this, and other, practical advan-

tages [6 p. 4-5; 7 p. 86], the great majority of the world’s new curtain wall is of this type

[8, p. 82]. From a structural standpoint however, the split mullion’s narrow profiles are,

in torsion, less rigid than the box sections they replace (Figure 1-A). Consequently, it

is frequently the case that prevention of buckling is the dominant concern for today’s

facade engineers.

Lateral torsional buckling (LTB) is the mode of structural failure caused and charac-

terized by extreme axial rotation of a flexural member’s cross section. At the onset of

failure by LTB, a glazing system’s profiles deflect in the manner shown in part D of

Figure 1. The analysis of LTB is complex [e.g. 9, Chapter 5], and is affected by parame-

ters aside from bending moment distribution, material properties, cross-sectional shape

and distance between supports. Other significant particulars are the member’s initial

straightness, and also the load eccentricities, which may themselves be functions of the

profile’s rotation.

If one of a member’s flanges is restrained to prevent it from rotating about its long

axis, then LTB can be prevented. The moments that are transferred to such braces can

be estimated analytically [e.g. 9, Equation 12.10], and the magnitude of the required

torsional resistance is small. In a typical, unitized curtain wall system, the panes of glass

or other sheet infill materials that are connected to the mullion’s outer flanges have

ample structural capacity to serve a torsional braces. However, current design guides

advise that, even in structurally glazed systems, glass and infill materials should not

be considered to be restraints [e.g. 10]. Consequently, in structural analysis, mullions

are modelled [as in 11, Part VIII, pp. 56-61] with the assumption that no moment is

imparted to them by the glass. The structural idealization of the glass support is a hinge,

as shown in Figure 1-C.

In reality, because the structural sealant joint has stiffness, Figure 1-D might better de-

scribe a unitized mullion’s mid-span condition under wind load. In this diagram, pos-

itive wind pressure causes the glass to deflect toward the interior of the building and,

as a consequence, moment is transferred through the structural silicone sealant to the

mullion profiles, whose inner flanges move toward each other. The onset of LTB in the

mullion profiles will, therefore, be affected by the moment resistance of the sealant joint.

Facade engineers are interested in improving current methods of predicting LTB [12, 13]

because, with continuing advances in the sizes of the panes that can be processed by

glass fabricators, the structural members in exterior wall systems are becoming in-

creasingly slender [10]. Research by others [e.g. 14] suggests that a structural silicone

joint may provide sufficient support to prevent LTB in some cases, but a recent survey

[12] showed that facade design professionals have insufficient information to assess
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whether an attachment to a glazing system’s frame will be effective as an LTB restraint.

The analytical steps proposed in this present paper might therefore be incorporated

in a more comprehensive model, to predict the angle through which a framing extru-

sion will rotate when full design load is applied, and thus demonstrate that the frame’s

resistance to LTB is adequate.

Intuitively, it might seem dangerous to create structures using metal flexural members

that remain stable only because they are supported by restraints made of glass. Glass is,

after all, a brittle material, and building facades must be designed with the expectation

that occasional breakages will occur. It is therefore worth explaining that the governing

design loads acting upon a building’s facade are usually wind pressures. So, if breakage

destroys a pane, it is true that its frame will no longer be restrained by the glass but,

at the same time, the frame will no longer receive wind load. Therefore, failure of the

glass will not cause a failure of the metal structure that it restrains.

With greater understanding of the joint’s behaviour and with a more sophisticated

structural model, it may be possible to reduce the mass of metal required to construct

a curtain wall. The opportunity for metal savings exists because, in the design of mod-

ern mullion extrusion shapes, it is common that stability – in particular, resistance to

lateral torsional buckling – is the governing structural design consideration. If struc-

tural sealant joints can be shown to provide effective lateral or torsional restraint for

their frames, then facade engineers will be able to make use of lighter profiles [e.g. 14].

The pursuit of efficient curtain wall design solutions is worthwhile, not only because

of the cost savings that can be attained by reducing material usage, but also because,

amongst common building materials, the embodied energy in aluminium is unusually

high [15, p. 74] and so significant environmental benefit can be achieved by controlling

metal content [16].

The manner in which a mullion profile might be caused to rotate about its lengthwise

axis is illustrated in Figure 1-D. When the magnitude of this rotation is sufficiently

large then, aside from any structural consequences, other functions of the wall can be

affected. For example, it is possible that the interior flanges of the male and female

profiles will disengage, breaching the weather seal. Curtain wall system failures of this

sort, caused by excessive rotation of a member about its extrusion axis, could be pre-

dicted during the design process if facade engineers were provided with a model of the

relationship between moment and rotation in a structural silicone joint. For these two

reasons – firstly to help curtain wall designers determine whether a particular struc-

tural sealant connection can provide torsional bracing for a mullion, and secondly to

quantify the axial moment transmitted – the objective of the research described in this

paper has been to develop a simple algebraic method to describe the rotational stiffness

of a structural sealant joint, and to collect experimental data with which to validate the
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mathematical model.

The terms “elastic modulus”, “Young’s modulus” and “modulus of elasticity” are equiv-

alent, and may be used interchangeably. For a sealant, the published value of this prop-

erty is usually that measured 14 days [e.g. 17] or 21 days [18] after creation of the sam-

ple. Research [17, p. 967] has, however, revealed that the Young’s modulus of a partic-

ular structural silicone sealant, DC-995, can rise dramatically during the 100 days fol-

lowing the assessment on day 14. In that single-component sealant – one that does not

need to be mixed with a separate catalyst prior to application – the increase in elastic

modulus “was in the range of 850-950 %”. If the results of this study are to be applied in

practice then there is a need to understand the changes in Young’s modulus that occur

as a sealant ages. Therefore, the rotational stiffness of a two-component sealant, DC-983

– a type that is commonly used when structurally glazed curtain wall panels are pre-

fabricated in a factory – has been assessed at 14, 114 and 214 days. Also, each sample’s

indentation hardness was measured at 214 days.

Apart from the rubber pads used in vibration-absorbing mountings, elastomeric mate-

rials are rarely encountered in building structures, and it may therefore be helpful to

summarize their special properties. Structural silicone sealants are viscoelastic, mean-

ing that an applied load causes damped elastic deflection, and so the magnitude of

stress depends not just upon the magnitude of strain, but also upon the rate of change

in strain. Figure 2, shows the relationship between tensile stress and strain [19, Table 1]

for the particular sealant that has been tested in this study, DC-983. It can be seen that,

even when strain is increased at a constant rate, in accordance with ASTM C1135 [18],

the material’s behaviour is not linear-elastic. If, however, the product is used within the

allowable range defined by the manufacturer, so that strain does not exceed 25 %, then

a linear-elastic idealization results in a maximum error of less than 9 %.

While considering the precision with which a sealant’s elasticity can be modelled, it

should be noted that the expected level of variability in laboratory measurements is

high. If a sealant’s stress is measured twice, at 10 % tensile strain, using the ASTM C1135

method, there is 95 % probability that the two measurements will differ by less than

0.041 MPa (6 lbf/in2) if the tests are carried out in the same laboratory, or by 0.090 MPa

(13 lbf/in2) if carried out in different laboratories [18, Table 1]. For the DC-983 sealant

tested in this present study, these 95 % probability ranges are, respectively, equivalent

to 20.7 % and 44.8 % of the published value of stress at 10 % strain, which is 0.2 MPa

[20].
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2. Algebraic Model of Moment Resistance

In the model that is commonly used by practising facade engineers to assess the load

capacity of a structural sealant joint [5, Section 30], it is assumed that the glass remains

flat when wind pressure is applied, and that the sealant experiences only tensile or

only compressive stress. Several researchers [e.g. 21] have carried out sealant analyses

that take glass deflection and the sealant’s shear stresses into account. In these more

sophisticated studies, solutions for particular design conditions have been obtained

numerically, using finite difference or finite element techniques. While the results ob-

tained in this way are comprehensive – the entire stress field is revealed – the process

of preparing numerical models is time consuming, making it impractical to use this ap-

proach to investigate the many and varied design cases that might be encountered in

a real building’s facade. It has therefore been this present study’s aim to find, and to

validate experimentally, a set of simple, closed-form algebraic expressions that may, in

the future, be incorporated in a design code.

For the sake of simplicity, here the assumption will be made that structural sealants

obey Hooke’s law. The validity of this approach is discussed later, in Section 7.1. Adopt-

ing a linear-elastic model makes it possible to consider separately the different compo-

nents of load, and to sum their effects using superposition. The application of a pure

moment causes a unit length of sealant joint to deform elastically from its original rect-

angular cross section into a trapezoid, as shown in Figure 3, then the force in the equiv-

alent couple, F, can be expressed in terms of the sealant’s Young’s modulus, Ess. Con-
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Figure 2: Stress with respect to strain in DC-983 structural sealant, measured by
the ASTM C1135 laboratory method [18]. Also plotted is a linear idealization, for
the useable range defined by the sealant manufacturer, in which strain is limited
to 25 %.
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sidering either side of the sealant joint – the area in compression or the area in tension –

the mean stress is half of the extreme fiber stress. Also, recalling that the force required

to extend a linear-elastic material is the product of cross sectional area, strain and elastic

modulus:

F =
B∆gEss

4g
, (1)

where B is the “bite” or width of the adhesive plane, g is the “glueline” or sealant thick-

ness, and ∆g is the maximum distance through which the sealant extends. Similarly,

the sum total moment per unit length of sealant joint, M, can be obtained by integrat-

ing torque over the width of the triangular compression and tension zones that have

been shaded in Figure 3:

M =
2Ess

g

∫ B
2

x=0

2x2
∆g

B
dx, (2)

if the x-axis is horizontal in the right hand diagram of Figure 3. Hence:

M =
B2

∆gEss

6g
. (3)

If the eccentricity of F from the joint’s centreline is Q then M = 2FQ. Substituting for

F and M from Equations 1 and 3 gives the value of Q, which is B/3. This is, plainly,

the standard result for a triangular load zone, in which the amplitude of force varies

linearly with distance.

Figure 3: The edges of a glass pane rotate (Left) under the action of wind pressure.
A section through the loaded structural sealant joint (Right) shows its trapezoidal
shape.

If the angle through which the glass edge rotates is α then, from Figure 3, tan α = 2∆g/B.

These rotations are small – usually only a few degrees – and so α is a close approxima-

tion to tan α, when α is measured in radians. This small angle assumption is reasonable

while α is less than 0.176 radians (10 degrees). In this range, α = 2∆g/B, and Equation 3
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can be rewritten:

M = α

B3Ess

12g
. (4)

3. A More Sophisticated Model of Moment Resistance

Wolf and Cleland-Host [22] used a polynomial expressions to describe relationship be-

tween stress and strain in two-part structural silicone sealants. Their coefficients, below,

were chosen to fit the experimentally determined responses of two commercial prod-

ucts, A and B, that had been tested at 22◦C after one year of aging. For a given strain, ε,

the corresponding stress, f , was found to be:

fA(ε) = 0.87244ε
5
− 1.74222ε

4 + 1.59336ε
3
− 1.17958ε

2 + 1.01308ε (5)

fB(ε) = 3.80874ε
5
− 7.37014ε

4 + 4.44015ε
3
− 1.02037ε

2 + 0.93614ε (6)

These two stress-strain curves are plotted in Figure 4.
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Figure 4: Curves chosen by Wolf and Cleland-Host [22, Table 2] to fit experimen-
tal measurements of stress and strain in two different two-part structural silicone
sealants.

The market names of the sealant products tested by Wolf and Cleland-Host were not

revealed, and so it cannot be assumed that their elastic properties will match those of

the sealant tested in this study, or those of the sealant used in a given glazing system.

However, in Figure 4 it can be seen that the sealants’ elastic moduli are greater in com-

pression than they are in tension, and in this discussion the presumption is that such

asymmetry is typical amongst all structural silicone sealants. A further supposition is

that the stress-strain curve for any particular structural glazing sealant, or a reasonable

approximation to it, can be obtained by applying a constant scaling factor to the stress
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function in Equation 5 or 6. Expressed another way, for a sealant Z:

fZ(ε) ≃ kZ fA(ε), (7)

where kZ is a constant.

While formulating the previous rotational stiffness model, described in Section 2, the

stress-strain curve from a tensile test was examined, and it was argued that, within

the range between zero and 25 % strain, a linear-elastic approximation is sufficiently

accurate for engineering design purposes. A constant value of Young’s modulus was

then assumed to apply in the sealant joint’s tension zone, and also in the compression

zone. Because of its simplicity, that previous model still may be of interest to engineers,

but, in reality, Young’s modulus is a function of strain, and is greater in compression

than in tension. Therefore, when a pure moment is applied about the axis of a sealant

joint, it will deflect in the manner sketched in Figure 5.

Figure 5: Cross section through structural sealant deflecting solely because of a
moment about the joint’s axis, with asymmetric tension and compression zones (cf.
Figure 3). The positions of equivalent concentrated forces are based on the premise
that Young’s modulus is constant in the tension zone and constant in the compres-
sion zone.

In order to determine the joint’s rotational stiffness, a first step is to develop an expres-

sion for the width of the tension zone, l. Because the joint is in static equilibrium, the

total tensile force is equal to the total compressive force, so:

0 =
∫ l

x=−(B−l)
f

(

x

l

∆g

g

)

dx. (8)

The result may be used to determine l, and then the total moment for a given ∆g can be
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found by integration:

M =
∫ l

x=−(B−l)
x f

(

x

l

∆g

g

)

dx. (9)

When the sealant’s stress-strain curve is given in polynomial form, as in Equation 5,

mathematical integration is easy. However, the results cannot readily be reduced to a

simple closed-form algebraic formula relating rotation to moment. What is needed is an

approximation that can be expressed simply, and which is, at the same time, less crude

than the model proposed in Section 2.

In the analysis that follows, it is assumed that a constant modulus of elasticity, Ess,

applies throughout the tension zone, and that its value is independent of strain. It is

also assumed that the modulus of elasticity within the region that is in compression, EC,

is constant for any given angle of joint rotation, but it’s value increases with rotation.

The applicability of this set of assumptions is discussed in Section 7.1.

Applying these new premises to the sealant joint shown in Figure 5, the equivalent

concentrated force in the triangular tension zone, FT, and in the triangular compression

zone, FC, can be found in the same way that they were found for Equation 1. Static

equilibrium is achieved when FT + FC = 0, hence:

l

2

∆g

g
Ess +

−(B − l)

2

(B − l)

l

∆g

g
EC = 0, (10)

which reduces to:
Ess

EC
=

(B − l)2

l2
. (11)

By definition, if ε is a tensile strain, and if f is a stress function similar to Equation 5 or

6:

Ess =
f (ε)

ε

. (12)

The strains on the compression side are smaller in magnitude than those on the tension

side, and ε is a tensile strain, so:

EC =
− f

(

(B−l)
l ε

)

(B−l)
l ε

. (13)

Substituting the above two expressions, for Ess and EC in Equation 11, and simplifying:

f (ε) = − f

(

−(B − l)

l
ε

)

(B − l)

l
. (14)

The way in which the width of the tensile zone varies with strain has been determined

numerically, using Equation 14, and the results are presented in Figure 6. The graph

shows that, at the limit of allowable strain, when ∆g/g = 0.25, which is the condition

that will be of greatest interest to designers, (B − l)/l ≃ 0.78, which is to say that l ≃
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Figure 6: Width of the compression zone, as a proportion of the width of the ten-
sion zone, in a structural sealant joint subject to axial moment. Using the variable
names shown in Figure 5, this is (B − l)/l.

The modified versions of Equations 1 and 3, for force and moment, are:

FT = −FC =
l

2

∆g

g
Ess (15)

and,

M =
Bl

3

∆g

g
Ess. (16)

When the glass edge rotation is α then, from Figure 5, α = ∆g/l, where α is less than

0.176 radians. Equation 16 now can be rewritten:

M = α

Bl2Ess

3g
. (17)

4. Experimental Method & Results

Three identical samples of structural silicone sealant were prepared specifically for this

study. In each sample, DC-983 sealant was applied between two painted aluminium

extrusions, to create a joint in which the thickness of the joint or “glueline”, g, was

6 mm. The sealant joint was orientated with its axis perpendicular to the axis of the

extrusions, as shown in Figure 7: the width of the contact surface between the sealant

and the painted metal substrate or “bite”, B, was 24.2 mm, and the joint’s length was

110 mm. The glazing tape, seen in Figure 7, was not removed: it remained in place

throughout the test process.
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The thickness of the metal in the extruded aluminium box sections was sufficiently

great – approximately 7 mm – that the magnitude of deflections occurring within the

metal parts during testing was negligible.

Figure 7: Experimental apparatus used to measure rotation of structural sealant
joint with respect to applied moment. The box section on the left is rigidly fixed,
while that on the right is supported only by the structural sealant sample. Load F

is applied to the free side, while deflection is measured using dial gauges.

DC-983 is available in two colors, gray and black, and the two varieties have different

physical properties [20]. The samples used in this study were black.

After the sealant samples had been created, and during the periods between tests, they

were stored in a covered outdoor location where they were not exposed to rain or direct

sunlight. There, the ambient temperature varied between 20◦C and 36◦C, and the rela-

tive humidity ranged from 65 % to 85 %. Commentary in Section 6 considers the effect

that environmental conditions have upon the sealant’s physical properties.

For each test, one of the sample’s two extrusions was clamped to a rigid support as in-

dicated in Figure 7. A counterbalance was positioned so that the axis of the suspended

extrusion, which was supported only by the structural silicone joint, was also horizon-
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tal. The load, which varied as a function of time, was applied to the suspended extru-

sion, at a distance of 100 mm from the sealant joint’s centreline. Force was increased by

3.2 N every 30 seconds until the free beam’s deflection was near to the maximum that

the instruments could measure, or until the strain in the sealant was near to the 25 %

limit established by the sealant’s manufacturer [20]. Thereafter, force was removed in-

crementally, at the same rate as it had been applied. Immediately prior to each change

in load, the position of the moving side of the sample was measured using dial gauges,

graduated in hundredths of a millimeter, located as shown in Figure 7.

Each of the three sealant specimens was held and loaded, in sequence, in four different

orientations, as shown in Table 1. Therefore, on each of the occasions that the samples’

properties were measured – after 14, 114 and 214 days – the test procedure described

above was carried out twelve times in total.

Figure 8 shows the magnitude of rotation about the axis of the sealant joint, plotted

against applied moment, for two example sets of data – test numbers 9 and 10. The

readings presented are those recorded while the load was being increased and while

the load was being reduced. The hysteresis patterns are typical of those seen in the

other test results.

The measurements plotted in Figure 9-A are similar – rotation with respect to moment

– but records of all 12 tests carried out on the fourteenth day are presented. For clarity,

the part of each sample’s response that has been plotted is that recorded during the

initial phase of the test, while the applied load was increasing. Figure 9-B is the mean

tensile stress, averaged over the sealant joint’s contact area, caused by the applied load

together with the dead load of the suspended part of the test sample and its counter-

balance. At any given test load, the magnitude of this direct stress is much less than the

stress caused by the applied moment. The graph showing direct stress, Figure 9-B, has

been provided beneath the rotation-moment plot so that the description of stresses is

complete. This information may be of interest because, even though this paper’s mod-

els presume that the relationship between stress and strain is linear, it is known [22]

that the elasticity of a structural sealant does, in reality, vary with stress.

When the sample’s fixed beam was positioned below its free beam, which was the case

during tests 1, 4, 5, 7, 9 and 11 (see Table 1), the counterbalance was not of the same

length and mass as that used during the other tests. Hence, the absolute magnitudes of

mean tensile or compressive stresses in the sealant during tests 1, 4, 5, 7, 9 and 11 were

lower than those during other tests.

The sequence of tests was repeated one hundred days later, on day 114, and then re-

peated again after a further one hundred days, on day 214. These two sets of rota-

tion measurements, plotted against applied moment, are shown in Figures 10-A and
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Simulating
positive wind
pressure. Sample 1, Test 1 Sample 1, Test 4

Sample 2, Test 5 Sample 2, Test 7

Sample 3, Test 9 Sample 3, Test 11

Simulating
negative wind
pressure. Sample 1, Test 2 Sample 1, Test 3

Sample 2, Test 6 Sample 2, Test 8

Sample 3, Test 10 Sample 3, Test 12

Table 1: In a series of twelve tests, each of the three sealant specimens was tested
in four different orientations. To make it easier to differentiate the two box sections,
one has been drawn with shading. The enlarged views show the position of glazing
tape in the joint.
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Figure 8: Rotation, as a function of the moment applied during tests 9 and 10,
fourteen days after creation of the sealant samples.
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Figure 9: (Graph A) Rotation with respect to applied moment, measured 14 days
after creation of the sealant joint, for each of the twelve test cases. (Graph B) Mean
direct stress, averaged over the sealant-to-substrate surface area.
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11-A respectively. For completeness, the corresponding direct stresses are given in Fig-

ures 10-B and 11-B.
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Figure 10: (Graph A) Rotation with respect to applied moment, measured 114 days
after creation of the sealant joint, for each of the twelve test cases. (Graph B) Mean
stress, averaged over the sealant-to-substrate surface area.

In summary, the torsional resistance of sealant joints has been measured in the labo-

ratory. Each of three specimens was tested in four different orientations, as shown in
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Figure 11: (Graph A) Rotation with respect to applied moment, measured 214 days
after creation of the sealant joint, for each of the twelve test cases. (Graph B) Mean
stress, averaged over the sealant-to-substrate surface area.
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Table 1, after 14, 114 and 214 days. All 36 measured rotational stiffness are presented,

in the form of a histogram, in Figure 12.
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Figure 12: The torsional resistances of three structural silicone sealant specimens,
were measured in four different orientations (Table 1), after 14, 114 and 214 days.
The experimental results are presented in this histogram. Rotational stiffnesses are
the gradients of straight lines fitted to the test results shown in Figures 9, 10 and
11, and the units are degrees of rotation per N.mm of applied moment, per mm of
axial length of sealant joint.

5. Young’s Modulus of Structural Silicone Sealant

After rotational resistance had been measured for the third time, on day 214, each spec-

imen was partially disassembled by separating the sealant from one of its metal sub-

strates using a sharp blade. At the newly-exposed surfaces of sealant and glazing tape,

hardness was found using a Shore A indentation tester [23, 24]. For each of the three

specimens, sealant hardness measurements were taken at six locations. For specimens 1

and 2, glazing tape hardness measurements were taken at six locations. As the glazing

tape in specimen 3 had been damaged when it was separated from its substrate, it was

possible to measure its hardness in only one location. Minimum, mean and maximum

values are shown in Table 2. Because the thickness of material tested was equal to the

sealant joint’s glueline, 6 mm, it was not necessary to apply any correction to the gauge

readings [25, Figure 3]. As the glazing tape is narrow – only 6 mm in width – the cen-

tre of the tip of the indentation tester could not be positioned more than 3 mm from

the tape’s edge. The close proximity of the indenter to the edge is likely to have influ-

enced the measurements but, as discussed in Section 7.3, the tape’s properties are not
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considered in this paper’s algebraic models of sealant joint behaviour.

Material Tested Specimen Number Shore A Hardness

Min. Mean Max.

Structural sealant. 1 34 35.3 38

Structural sealant. 2 32 33.2 34

Structural sealant. 3 34 34.5 36

Glazing tape. 1 30 31.2 35

Glazing tape. 2 21 25.3 28

Glazing tape. 3 32 32.0 32

Table 2: Hardness of the DC-983 structural sealant samples, as well as the hardness
of the glazing tape, measured with a Shore A indentation gauge 214 days after
creating the specimens.

The behaviour of an elastic material under the tip of a hardness instrument’s inden-

ter was considered by Gent [26], who proposed the following theoretical relationship

between Young’s modulus, E, and Shore A hardness, S;

E =
0.0981(56 + 7.62336S)

0.137505(254 − 2.54S)
. (18)

In various studies documented in the existing literature, for a wide range of different

materials, values of Young’s modulus determined by tensile testing have been com-

pared with values based on indentation hardness measurements. Regression analysis

of the laboratory data [e.g. 27] has shown that, away from the extreme ends of the

hardness scale, the relationship between Young’s modulus and Shore A hardness is in

close agreement with that predicted by Gent (Equation 18). There is however signifi-

cant scatter in the experimental data, and for this reason values of Young’s modulus

derived from individual indentation hardness measurements should be considered to

be indicative rather than precise.

According to the manufacturer’s technical data sheet [20], the hardness of the sealant

used in this study, DC-983, should be in the range between 35 and 45 on the Shore A

scale. Gent’s conversion method, Equation 18, implies that the Young’s modulus will

be in the range between 1.39 and 2.03 MPa.

The different estimated values for the Young’s modulus of the DC-983 sealant samples

tested in this study, obtained by the methods outlined in this section, are summarized

in Table 3.
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Basis for Estimate Age Shore A Hardness Implied Young’s Modulus

Min. Mean Max. Min. Mean Max.

Days N/mm2 N/mm2 N/mm2

Sealant manufacturer’s
published Shore A range [20],
converted to Young’s modulus
using Equation 18.

7 35 - 45 1.39 1.71 2.03

Young’s modulus implied by
sealant manufacturer’s
published stress at 10 % strain
[20].

21 - - - - 2.00 -

Linear elastic model based on
laboratory tension
measurements [19] at up to 25 %
strain (Figure 2).

21 - - - - 1.60 -

Mean measured joint stiffness
(Figures 9, 10 & 11) converted to
Young’s modulus using
Equation 4.

14 - - - 2.31 3.49 5.77

114 - - - 1.94 3.21 5.79

214 - - - 2.22 3.48 5.49

Mean measured joint stiffness
(Figures 9, 10 & 11) converted to
Young’s modulus using
Equation 17.

14 - - - 1.83 2.76 4.56

114 - - - 1.54 2.54 4.57

214 - - - 1.75 2.75 4.34

Measured Shore A hardness
(mean of values in Table 2)
converted to Young’s modulus
using Equation 18.

214 32 34.3 38 1.24 1.36 1.57

Table 3: Different estimated values of Young’s modulus for the DC-983 structural
silicone samples tested in this study.
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6. Discussion of Experimental Findings

It is known that the apparent elasticity of a viscoelastic material varies with the magni-

tude of strain, strain rate and the direction of loading [for structural sealant, see 22], and

it is therefore to be expected that any quantification of Young’s modulus will be influ-

enced by the manner in which measurement is made. In Table 3, the values of Young’s

modulus in the second and third rows have been obtained from tensile tests, those in

the first and last rows are based on indentation hardness measurements, while the esti-

mates in the fourth and fifth rows are those implied by the rotational stiffness equations

that were developed in Sections 2 and 3. Therefore it is true that, here, apples have not

been compared with apples. However, the following observations can be made:

(a) The behavioural model that underlies the estimates in the fourth row of Table 3,

that is the basis for Equations 3 and 4, assumes that the relationship between stress

and strain is the same whether the sealant is in tension or compression. The result

of this simplification – that is to say, ignoring the increase in elastic modulus that

occurs when the sealant is in compression – is an increase in the sealant’s apparent

elastic modulus in tension.

(b) Taking laboratory measurements of rotation with respect to moment, and finding

the elastic moduli that are implied by the asymmetric tension-compression model

that is the basis for Equation 16, leads to the values shown in the fifth row. The

mean of these implied elastic moduli is 2.68 N/mm2, which is, in comparison to

the elastic moduli obtained using Equations 3 and 4, closer to the value published

by sealant manufacturer (2.00 N/mm2, in the second row of Table 3).

As noted previously, the sealant samples were cured, stored, and tested in conditions

ranging between 20◦C and 36◦C, and 65 % to 85 % relative humidity. This environment

was therefore warmer and more humid than the reference conditions – a constant 25◦C

and 50 % relative humidity – in which the sealant manufacturer’s own test specimens

cured [20]. The manufacturer indicates [also 20] that elevated temperatures do increase

the rate of curing, but published test results [28, Table 1] suggest that the impact of

the non-standard storage temperature and humidity upon the modulus of elasticity

of this particular sealant, DC-983, is small. Also, it should be remembered that any

deviation from the ideal laboratory conditions has been modest in comparison with the

extremes that are experienced by structural sealants in service, where facade surface

temperatures of -20◦C through +80◦C can be encountered.

Page 148



Chapter 5 Previously-Published Journal Paper

7. Validity of the Mathematical Model

The rotation of an idealized structural sealant joint can be predicted using Equation 3.

In this model, the relationship between stress and strain in the sealant is linear, and the

glazing tape, shown in Figures 1-B, 1-D and 7, does not affect the moment resistance. It

is worth revisiting these two premises in the light of the experimental findings.

7.1. Variability of the Sealant’s Apparent Modulus of Elasticity

The algebraic model presented in Section 2 is based upon the assumption that structural

sealant obeys Hooke’s law. However, it has been noted already that actual stresses,

measured in conditions of steadily increasing strain, differ from the linear-elastic ideal

by around 9 % in the range of strain between zero and 25 %. Further deviation from

the theoretical model is to be expected in service, where, in wind storms, the rate of

change in pressure or the duration of load application might differ greatly from this

study’s conditions. In addition, the material’s elastic modulus may be influenced by

its cyclic loading history [29]. In short, a structural designer should be aware that the

effective value of a structural sealant’s Young’s modulus may vary with factors such as

age, temperature and loading history, and the range may be a large proportion of the

mean. This is not to say, however, that a structural sealant cannot function effectively

as a restraint for the metal member to which it is bonded.

The mathematical representations of rotational resistance are based upon premises that

are not perfectly consistent with each other. For example, in Section 3, the modulus of

elasticity on the compressed side of joint is assumed to vary with glass rotation but,

at the same time, it is assumed that elasticity at any given angle of rotation is constant

within the triangular compression zone, even though strain varies in that region. There

is therefore an element of arbitrariness in the formulation of the models. Rather than

try to correct the inconsistencies or to create a more realistic and more complex model,

a more practical approach might be to use an empirical constant to adjust the crude

relationships, such as Equation 3, offered in Section2.

7.2. Influence of Sealant Joint’s Cross Sectional Aspect Ratio

Normally, when a piece of incompressible or partially compressible solid is stretched

in one direction, there is a reduction in the area of its cross section in the perpendic-

ular plane. This, of course, is Poisson’s effect. However, when sealant is bonded to a

rigid substrate then, in the material adjacent to the contact surface, Poisson’s stresses

are resisted by the adhesive connection. Because changes in cross-sectional shape are

inhibited in this way, in vicinity of the substrate, the sealant’s effective elasticity is re-

duced. Changing the shape of a sealant joint therefore effects the material’s apparent
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rigidity, Er. As the ratio of bite to glueline or, using the variable names shown in Fig-

ures 3 and 5, B/g, increases, so the sealant’s apparent rigidity will increase.

The value of a sealant’s elastic modulus that is published by the product’s manufac-

turer is, commonly, determined by the ASTM C1135 method [18], using sealant spec-

imens with a bite to glueline ratio of 1:1. Laboratory tests have shown [30, p. 42] that

changing the joint’s aspect ratio from 1:1 to 2:1 “more than doubles” the apparent mod-

ulus of elasticity in a tensile test. Recently Descamps, Hayez and Chabih [31] studied

the influence that aspect ratio has upon the rigidity of a particular, two-part, structural

silicone sealant, DC-993, and they concluded that the relationship is described by the

second order polynomial below;

Er =

[

0.1506

(

B

g

)2

+ 0.3409
B

g
+ 1.0852

]

E. (19)

The expressions for a sealant joint’s moment resistance, which were developed in Sec-

tions 2 and 3, can be modified to model the significance of joint shape by replacing

Young’s modulus, E, with the effective rigidity of the sealant, Er, from Equation 19.

The modulus of elasticity of the structural sealant used in this present study’s labo-

ratory tests, DC-983, is similar to that of the product considered by Descamps et al.

According to the technical data published by the manufacturer [32], the Shore A hard-

ness of DC-993, measured after 7 days at 25◦C and 50 % relative humidity, is 40, while

that of the DC-983 [20] tested in this investigation is in the range between 35 and 45.

It might appear, therefore, that Equation 19 could be applied to this current analysis.

However, if the sealant’s modulus of elasticity is in the range between 1.36 and 2.0 MPa

(see Table 3), then the modulus of rigidity of the joints tested in the laboratory (Sec-

tion 4) will, from Equation 19, be in the range from 6.68 to 9.8 MPa. This range is well

above the mean apparent value implied by the rotational stiffness test measurements,

which is less than 3.5 MPa (Table 3, row 4).

It remains reasonable to argue that the apparent modulus of elasticity based on tor-

sional rigidity measurement is greater than the modulus of elasticity inferred from in-

dentation hardness measurements because the sealant joint samples have a high bite to

glueline ratio. However, Equation 19 was developed by Descamps and coauthors for

the analysis of structural sealant joints in tension, and it appears to overestimate the

rigidity of joint in which, as in this instance, the predominant load is torsion.

7.3. The Influence of Glazing Tape

The “glazing tape” adjacent to the sealant in the test specimens (see Figures 1-D & 7) is

an open-cell foam spacer, square in cross-section, with acrylic adhesive on the two sides
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in contact with the substrates. Its purpose is to maintain the required distance between

the bonding surfaces while the sealant is being applied and while it is curing but, as is

the usual practice in glazing systems, the tape was not subsequently removed from the

joint.

In the proposed mathematical models for the joint’s rotational stiffness, established in

Sections 2 and 3, the glazing tape has been ignored. When the load applied to the test

specimens caused tension in the sealant beside the glazing tape – during tests 3, 8 and 12

(see diagram in Table 1) – it was obvious from inspection that the tape’s adhesive held

it to only one side of the joint, and the tape therefore played no part in the transfer of

moment. This condition is outlined in the left hand diagram of Figure 13. Conversely,

Figure 13: Glazing tape separates from one of its substrates when the adjacent
sealant is in tension (Left). However, when the adjacent sealant is compressed
(Right), the glazing tape also is placed in compression.

during tests 4, 7 and 11, the glazing tape was placed in compression, in the manner

shown in the right side of Figure 13. However, the test results do not show a consistent

increase in the joint’s rotational stiffness. The experimental data therefore support the

assumption that the contribution of glazing tape can be ignored in analysis of moment

resistance.

In some glazing systems, the material used to separate the metal and glass may be much

harder than the glazing tape that has been used in this study. When such a separator

is placed in compression, the deflected shape of the sealant joint will be similar to that

shown in right hand diagram of Figure 13, except that the fulcrum for glass rotation

might be at, or near to, the upper right hand corner of the sealant’s initial, unloaded

cross section. Here, all of the sealant is in placed in tension, and the joint’s theoreti-

cal moment resistance can be determined using the expression below, which has been

derived in the same way as Equation 4:

Ess =
3gM

αB3
. (20)
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8. Quantifying Axial Moment in Framing Members

When a rectangular pane of glass is simply supported at its perimeter and subjected to

a uniform pressure acting normal to its plane, the deflected shape of its surface, mea-

sured along any line parallel to an edge, is similar to one half period of a sinusoid [33,

Equation 36] if the sides of the pane are not greatly different in length. It is to be noted

that this approach will under-estimate edge rotations away from the centre of the sides

of plates with higher aspect ratios [34, Figures 56-71]. This point is best explained with

reference to Figure 14, which shows the actual deflected shape of a rectangular plate

with aspect ratio of three, and that shape’s deviation from the sinusoidal idealization.

At any point along the centreline parallel to the long sides, other than at the plate’s

geometric centre, the actual deflection exceeds the sinusoidal model’s prediction.
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Figure 14: The graph’s heavy line shows the deflected shape of an initially-flat
rectangular plate with aspect ratio b/a = 3, measured at the centreline parallel to
the long sides, when a uniform pressure is applied to the plate’s surface [traced
from 34, Figure 56].

Even though the actual rotations at both the long and the short edges of a rectangular

plate will, if the plate’s edges are disparate in size, be larger than those predicted by the

sinusoidal surface model, the model is still useful because its mathematical description

is simple. If the lengths of a panes’ short and long sides are, respectively, a in the x di-

rection and b in the y direction, if wc is the central deflection, and if wx,y is the deflection

at point (x, y), then an expression for the sinusoidal surface is;

wx,y = wcsin
(

πx

a

)

sin
(

πy

b

)

. (21)

The gradient in the x-direction is obtained by differentiating partially;

∂wx,y

∂x
=

πwc

a
cos

(

πx

a

)

sin
(

πy

b

)

. (22)
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so, at the middle of the pane’s longer side, where x = 0 and y = b/2;

∂wx,y

∂x
=

πwc

a
. (23)

As is evident in the diagram at the right hand side of Figure 3, the gradient of the glass

surface at the sealant joint is 2∆g/B. Substituting for gradient in Equation 23 gives;

∆g =
πBwc

2a
. (24)

In reality, when wind pressure acts upon a structurally glazed pane, the sealant at its

perimeter experiences both a direct force and a moment. However, it is easiest to convey

the relative importance of these two components of load if the force is considered to act,

as shown in Figure 15, through an imaginary lever attached to the frame, at a distance

e from the centreline of the sealant joint. The significance of a given eccentricity will be

immediately apparent to curtain wall designers, who are accustomed to seeing similar

lever arms in the shapes of brackets used to connect mullions to a building’s primary

structure.

F F

Figure 15: The current analytical convention is that loads transferred from glass
to mullion are considered to act through the centre of the structural sealant (Left),
but in reality, because rotation occurs at the glass edge (Right), there is an effective
eccentricity, e, between the force and the sealant joint.

In a structurally optimized design, the width of the sealant bite will be minimized so

that the actual tensile stress is equal to the maximum allowable stress, Ft. So, consider-
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ing a unit length of sealant joint and substituting for M in Equation 3;

FtBe =
B2

∆gEss

6g
, (25)

then substituting for ∆g from Equation 24, and simplifying;

e =
πB2Esswc

12Ftag
. (26)

In practice, the maximum allowable glass deflection is often specified as a proportion

of the length of the pane’s shorter side. A limit commonly found in design codes and

technical specifications for glazing – for example, the Australian design code for glass

in buildings [35, Section 3.3.3] – is wc = a/60. At this deflection condition, Equation 26

becomes;

e =
πB2Ess

720Ftg
. (27)

Typical numerical values can be assigned to the variables in Equation 27 in order to

assess whether the magnitude of the turning moment – that imparted by the glass,

through the structural sealant, to the glazing system’s metal frame – is of practical sig-

nificance. Assuming that the structural sealant industry’s standard tensile stress limit

is observed, Ft = 139 kPa [5, Section 27.5], and that the geometry and elastic modulus of

the joint are similar to those in the samples that were tested in this study, with glueline

g = 6 mm, bite B = 22.5 mm, and Ess = 4.0 MPa (see Table 3), then the eccentricity of the

load, e, measured from the joint’s centreline, is 10.6 mm. The effect of the moment upon

the glazing frame will of course depend upon the cross-sectional shape and span of

the mullion profile, but it is probable that, in most cases, an eccentricity of this magni-

tude could safely be neglected by the framing designer. However, if the sealant’s elastic

modulus were to be at the upper end of the range that has been observed in one-part

structural silicones, say Ess = 20.0 MPa [e.g. 17, Figure 6], then the value of e would

be 53.0 mm. Such a large eccentricity certainly would concern the designer of a typical

unitized curtain wall system with open, E-shaped mullion extrusions.

9. Conclusions

When wind load causes the glass or other sheet infill material at the face of a structurally

glazed curtain wall to deflect, moments are induced about the longitudinal axes of the

framing members.

Using the analytical methods proposed in this paper, facade engineers can incorporate

mathematical expressions – for a sealant joint’s rotational stiffness and, hence, for axial

moment – in their structural models of curtain wall mullions. There are at least two
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practical incentives to do so. Firstly, it will be possible to identify, during the design

process, cases in which excessive axial rotation of a proposed mullion extrusion would

impair its non-structural functions, such as the effectiveness of its air seals. Secondly,

if analysis shows that the torsional restraint provided by a sealant-to-glass connection

is sufficient to prevent lateral torsional buckling, then there will be an opportunity to

create framing members containing less aluminium than would be needed if the es-

tablished structural design conventions were to be observed. For this second applica-

tion, however, further research into the stability of structurally glazed members will be

needed to demonstrate that they can be reliably restrained by structural sealant in the

all of the conditions that might be experienced by the facades of real buildings.

Data sets have been obtained by physical testing and the results show that, for any one

sample sealant joint, the relationship between rotation and applied moment is practi-

cally linear. The variation between one sample and another is, however, considerable:

in a population of sealant joints, one standard deviation is approximately one third of

the mean value. So, when estimating the magnitude of the moment transferred to the

frame of a structurally glazed pane, a pragmatic approach will be to consider a range of

values for the sealant joint’s stiffness. When establishing that range, it should be kept

in mind that the variability in rotational stiffness of structural sealant joints in a real

building’s curtain wall panels will, because of normal batch-to-batch inconsistencies in

the sealant properties, dimensional tolerances, differences in loading history and other

factors, be greater than that observed in these tests, which have been carried out in

relatively tightly controlled conditions.

The hardness of this study’s sealant samples, measured by the indentation method (Ta-

ble 3, last row), was found to lie within the range published by the sealant manufacturer

(Table 3, first row). However, the mean value of this study’s laboratory measurements

of rotational stiffness, when used with the simple mathematical model proposed in Sec-

tion 2, suggests that the elastic modulus of the sealant samples (Table 3, fourth row) is

approximately 70 % greater than the value published by the sealant manufacturer (Ta-

ble 3, second row). The more refined behavioural model, laid out in Section 3, which

acknowledges a difference between the sealant’s properties in tension and compres-

sion, also leads to a value of Young’s modulus that is an apparent overestimate: the

computed value (Table 3, fifth row) is about 34 % greater than that indicated by the

sealant manufacturer (Table 3, second row). Nonetheless, even if predictions of rota-

tional stiffness based upon this paper’s algebraic models are not in precise agreement

with the laboratory results, the models are still useful to facade designers. Providing the

analysis of an adhesive joint’s rotational stiffness will take into consideration a suitably

wide range of possible values for the structural sealant’s elastic modulus, some degree

of inaccuracy in the predictive model will not be of consequence.
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Others [17] have recorded a manyfold increase in the Young’s modulus of single-part

structural silicone sealant, occurring during the months after the initial fortnight of

curing. The DC-983 two-part sealant specimens prepared for this investigation were

tested at 14, 114 and 214 days, but no significant change in modulus was observed.

This observation shows that, at 14 days, the cross-linking of polymer chains within the

sealant – the curing process – was complete or substantially complete.

Using the formulae that have been presented in this paper, designers of curtain wall sys-

tems will be able to estimate quickly, without a requirement for numerical modelling,

load eccentricities that are ignored in standard structural analyses. The information will

be of greatest interest when the metal framing members to which structural glazing is

to be applied are susceptible to rotation about their longitudinal axes – for example, if

unsupported spans are long, and if the profiles have low torsional rigidity.
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Chapter 6

Analysis of Thin Plates Attached to

Mullions

When the established methods are used to analyse the structural performance of a

curtain wall’s extrusions, not all of the loads acting on the aluminium profiles are

taken into consideration. For example, the moments examined in Chapter 5 – those

acting about the axis of extrusion, which are transferred to a mullion’s outer flange

by the structural sealant – are not considered in the industry’s standard models.

In Chapter 7, the significance of this axial moment will be quantified. To do so,

however, it is first necessary to find a means of predicting the deflected shape

of the glass, or other sheet material, that is attached to the curtain wall panels’

extruded frame.

The infill materials that are visible at the exterior of a curtain wall – which are often

glass panes or solid aluminium sheets – are usually simple, thin, rectangular plates

of uniform thickness. When the full design wind pressure acts upon such a plate in

a building’s facade, its central deflection will, typically, be many times greater than

its thickness. In these conditions, the use of a linear deflection model, which ignores

membrane stresses, is inappropriate. While it might be anticipated that methods of

determining a face sheet’s deflected shape would be readily at hand, this present

chapter reveals complications in the application of existing large-deflection models.

The pitfalls, as well as the results of new laboratory tests, are documented in the

following technical paper, which has been submitted to an academic journal for

publication. It is hoped that the new observations will be of assistance not just in

the immediate context of this curtain wall mullion study, but also, more generally,

to the designers of plate structures.

Page 159



Chapter 6 Manuscript of Journal Paper for Publication

6.1 Statement of Authorship

This declaration concerns the article entitled:

Large Deflections in Thin Rectangular Plates Subjected to Uniform Load: Pitfalls in
the Application of Analytical Methods.

Publication

status:

Draft

manuscript

Submitted X In

review

Accepted Published

Publication

details:

Not yet published

Copyright

status:

I hold the copyright for
this material

X Copyright is retained by the pub-
lisher, but I have been given permis-
sion to replicate the material here

Candidate’s

contribution

to the

paper:

Throughout the investigation that is described in the following journal
paper, I received sound advice from experienced supervisors. Aside from
these inputs, and aside from the support noted in the list below, I myself
carried out the research.

• Formulation of ideas: 90%.

• Design of methodology: 90%.

• Experimental work: 90%.

The pressure chamber used during this investigation was constructed by
others. In the laboratory, while operating the equipment and collecting
data, I was helped by two assistants.

• Presentation of data in journal format: 90%.

Engineers Warren Tan and Jenalynn Nolasco of PTCC Facade Design
reviewed an early draft of this paper and made helpful comments. My
own hand-drawn figures were converted to CAD drawings by others.

Statement

from

Candidate:

This paper reports on original research I conducted during the period of
my Higher Degree by Research candidature.

Signed:

AFL  

 

 

I\ Set-1AX L 

AJ. 

Date: February 2020

Page 160



Chapter 6 Manuscript of Journal Paper for Publication

Large Deflections in Thin Rectangular Plates Subjected to
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Abstract

Thin, rectangular structural plates are used in a wide range of applications, includ-

ing architectural sheet metal claddings, in which the magnitude of lateral deflection

is much larger the material’s thickness. This study compares new experimental data

with established algebraic models and assesses the influence of practicalities such as

geometric tolerances and partial fixity of connections.

Errors and anomalies are identified in existing analytical formulas. Also, it is shown

that standardised test methods measure only part of an imperfectly-flat plate’s lateral

movement, and that the actual displacement of plates in real structures can be several

times greater than that inferred by a naive application of non-linear plate theory.

Findings are presented as set of guidelines to help practising engineers create econom-

ical structures that will not deflect excessively when load is applied.

Keywords: large deflection, facade engineering, cladding, sheet metal, Föppl

membrane, von Kármán plate

1. Introduction

Thin, flat, rectangular sheets of metal, and other materials, are so widely used to re-

sist uniform pressure acting in the direction normal to the plane – in windows, stor-

age tanks, floors, decks and so forth – that it is only to be expected that their struc-

tural behaviour is well understood. Indeed, a mathematical model, first published by

Föppl [1] and later by von Kármán [2, p. 350], is well known and is generally accepted

to be reliable. In this model, however, the plate’s stress field and deflection are de-

scribed by a pair of differential equations, which are renowned because their solution

∗Corresponding Author
Email addresses: adam.lee@ptcc.design (Adam D. Lee), p.shepherd@bath.ac.uk (Paul Shepherd),

m.evernden@bath.ac.uk (Mark C. Evernden)
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is a formidable mathematical challenge. Precise deflection solutions – algebraic descrip-

tions of a plate’s displaced shape – have been found for only a small number of combi-

nations of edge support condition and load distribution. Nonetheless, approximate al-

gebraic solutions, sufficiently accurate for many engineering purposes, have been doc-

umented by various parties, including Scholes [3], who surveyed the seminal papers,

and Szilard [4, Part. IV], who lists modern methods.

To a mathematician working in the field of solid mechanics, any thin, flat body is a

“plate”, but in practical settings, the term “sheet” is often used. According to ASTM

A480 [5], to be classified as plate, the material must be at least 5 mm in thickness. If the

Aluminum Association’s guidelines [6, p. 87] are followed then the minimum thickness

is 1/4 inch (6.4 mm). In this paper the two terms, sheet and plate, are used interchange-

ably.

At its outset, the aim of this study was simply to identify one of the existing algebraic

models – preferably a short, closed form expression – with which to predict, approx-

imately, the deflections that occur when uniform wind pressure acts upon the sheet

materials that are used as architectural claddings for building facades. The topic had

attracted attention because the authors had observed that, when a sheet metal com-

ponent is analyzed by more than one professional facade designer, the individuals’

contrasting modelling assumptions can lead to widely differing deflection predictions.

Further, an initial comparison of the literature’s non-linear analysis formulas revealed,

for a given plate configuration, apparent inconsistencies between the various theoret-

ical deflections. The large disparities could not be attributed solely to the methods’

inherent approximate nature.

Various different plate deflection models are introduced in this paper’s Section 2. In

order to see which approach best portrays the behaviour of plates that are attached to

their frames by fixing methods that are commonly used in construction, in Section 5.7

new laboratory test results have been plotted alongside the theoretical predictions. The

findings are discussed in Section 4, with comments on the extent to which a plate’s de-

flection is affected by changes in its edge support conditions, Poisson’s ratio, thickness

and initial flatness. It is hoped that the conclusions, summarised in Section 5, will help

practising designers of plate structures – not just those working in the architectural

facade industry – to make appropriate modelling assumptions, to avoid published for-

mulas containing errors, and hence to obtain realistic deflection estimates. It is impor-

tant that deflection estimates are realistic because, on the one hand, if a plate’s move-

ment is excessive then it may damage adjacent connections and seals, while, on the

other hand, if inaccurate analysis produces unnecessarily stiff plates, then the resulting

designs will be uneconomical.

Page 162



Chapter 6 Manuscript of Journal Paper for Publication

2. Mathematical Models

A simple mathematical formula with which to estimate deflections in edge-supported

rectangular plates subject to uniform out-of-plane pressure – a method that does not

rely upon computationally intensive numerical methods – is of value to structural de-

signers working in many different engineering fields. For greatest practical utility, the

algebraic model needs to address not just cases in which deflection is small in compar-

ison with the thickness of the plate, when bending stresses predominate, but also the

larger deflection situations in which membrane effects become significant. Nonethe-

less, the linear, small-deflection formula is included below, so that it is possible to see

the conditions to which it applies. The other particular techniques presented below

have been selected from the greater set of known large deflection analysis methods,

primarily because of their relative simplicity.

Within these published papers, individual authors used their own terms to describe

the various types of plate edge support. Those terms, and the corresponding support

idealisations, are listed in Table 1.

Table 1: Idealisation of plate edge support conditions. The material drawn with a
speckled hatch pattern is inelastic.

Case Terms Used
in Original
Literature

Diagrammatic
Representation

Description

A Fixed.
Clamped.

Resists moments acting about
the axis of the plate’s edge, as
well as forces in and out of the
plane of the plate.

B Restrained.
Held.

Resists forces in and out of the
plane of the plate, but not mo-
ments about the axis of the
plate’s edge.

C Simply sup-
ported.
Knife-edge.
Stress free.

Resists only forces normal to the
plane of the plate.

D Straight. As for Case C, above. In addi-
tion, the plate is constrained so
that its edge remains straight.

For the sake of consistency within this paper, some of the variable names used in the
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original publications have been modified so that, now, t is the thickness of the plate, a

and b are the lengths of the plate’s short and long sides respectively, q is the applied out-

of-plane pressure, and wc is the out-of-plane deflection at the plate’s centre. The plate’s

orientation in Cartesian space is shown in Figure 1. Some of the published formulas

have been rearranged and, in order to obtain expressions for deflection, roots of several

of the original functions have been determined.

Figure 1: Coordinate axes and parameterised dimensions used in the analysis of
thin rectangular plate subjected to uniformly distributed load.

2.1. Linear, Small Deflection Analysis

When uniform pressure acts on a rectangular plate that is simply supported at its edges,

as indicated in Case C of Table 1, then, while deflection is small in comparison with the

thickness of the plate [7, p. 502; 8, Equations 3 & 141, Table 8];

wc =
−αqa4

Et3
, (1)

where E is Young’s modulus, and α varies with the plate’s side length ratio, b/a, as

shown in the graph on the left hand side of Figure 2. Equation 1 applies to materials

with a Poisson’s ratio of 0.3. The influence that Poisson’s ratio has upon deflection is

discussed in Section 4.5.

The curves in Figure 2 are splines, constructed to fit known points marked by crosses.

These points, and the expressions with which they were determined, are provided by

Timoshenko [8, Ch. 5].

For small deflections in plates whose edges are fixed in the manner shown in Case A of

Table 1, Equation 1 is still applicable, but the value of α varies with the relative length

of the plate’s sides as shown on the right hand side of Figure 2 [7, p. 508; 8, Equation 3

& 141, Table 35].
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2.2. Hooke: Plates with Clamped Edges

A method of obtaining an approximate solution to the large deflection model of Föppl [1]

and von Kármán [2, p. 350] has been provided by Hooke [9] for plates that are fully

fixed on all four edges to resist forces both in and out of plane, and to resist moment,

as in Case A of Table 1. The expressions below, which have been found by combining

Hooke’s equations [9, Equations 2, 5 and 16] and then solving for wc, apply only to

a material with a Poisson’s ratio of 1/3. The method’s applicability to materials with

other values of Poisson’s ratio is discussed in Section 4.5. The values of α1 and α3 can

be obtained from the graphs in Figure 3.

wc =
α1t2

12α3k
−

1

3
k , (2)

where;

k =
3

√

√

√

√

1

2

√

α
3
1t6

16α
3
3

+
9a8q2

4E2
α

2
3t2

−

3a4q

4Eα3t
. (3)

Hooke investigated the accuracy of the above expressions, with the finding that, for a

plate that is infinitely long in one direction, the above method gives an exact solution.

Also, the theoretical “predictions were in good agreement” [9, p. 262] with laboratory

measurements of deflection in mild steel plates whose side length ratios ranged be-

tween 1 and 3, and whose thicknesses ranged between a/50 and a/160, where a is the

plate’s short span [10].
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Figure 2: Values of α, used with Equation 1 to calculate the central deflection of
rectangular plates.
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2.3. Wang & El-Sheikh: Simply Supported Plates

For plates whose edges are simply supported as in Case C of Table 1, an approximate

solution to the differential equations of Föppl [1] and von Kármán [2, p. 350] has been

provided by Wang and El-Sheikh [11, Equation 35]. After solving for deflection, the

published formulation can be shown to be equivalent to the following expressions:

wc =
−4a4t2

− 8a2b2t2
− 4b4t2 + k2

1

(

−a4
ν

2 + a4
− b4

ν
2 + b4

)

3k1 (a4
ν

2
− a4 + b4

ν
2
− b4)

, (4)

where;

k1 =
2

π
2

3

√

√

√

√

√

−

432a4b4q

Ea4t + Eb4t
+

√

√

√

√

−

π
12t6 (a4 + 2a2b2 + b4)

3

(a4
ν

2
− a4 + b4

ν
2
− b4)

3
+

186624a8b8q2

E2t2 (a4 + b4)
2

. (5)

Wang and El-Sheikh validated their own method [11, p. 817] by using it to compute a

square plate’s deflection. The result was compared with a known, exact solution [12],

and the error was found to be 4.7 %.

Those interested in applying Wang and El-Sheikh’s method of analyzing plates with

simply supported edges should first read the comments in Sections 4.9 and 5.
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Figure 3: Spline curves constructed to fit numerical values of α1 and α3 determined
by Hooke [9, Tables 1 & 3, Figure 2], for use in Equations 2 and 3
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2.4. Wang & El-Sheikh: Plates with Held Edges

For a plate whose four edges are held, as in Case B of Table 1, an expression provided

by Wang and El-Sheikh [11, Equation 38] can be solved for deflection and rewritten as:

wc =

3
√

2

(

8k6t2
− k5

3
√

2
(

ν
2
− 1

) (

2k4 +
√

k2 + k3

)
2
3

)

6k5 (ν2
− 1)

3

√

2k4 +
√

k2 + k3

, (6)

where ν is Poisson’s ratio and where;

k2 =
51.69a8b8q2

(

ν
2
− 1

)2

E2k2
5t2

, (7)

k3 =
256k3

6t6

k3
5 (ν

2
− 1)3

, (8)

k4 =
3456a4b4q

(

ν
2
− 1

)

π
6Ek5t

, (9)

k5 = −a4
ν

2 + 2a4
ν + a4 + 4a2b2

− b4
ν

2 + 2b4
ν + b4, (10)

and,

k6 = a4
ν

2
− a4 + 2a2b2

ν
2
− 2a2b2 + b4

ν
2
− b4. (11)

The method has been validated [11, p. 817] by comparison with a known, exact deflec-

tion solution for a square plate [12]. The theoretical deflection given by the approximate

method was 7.9 % greater than the exact solution.

In the same published paper, simultaneous equations were provided for a more accu-

rate analysis of deflection in plates whose edges are held as shown in Case B, Table 1.

However, two of the expressions [11, Equations 42b and 42c] are dimensionally incon-

sistent and therefore apparently in error.

2.5. Bakker, Rosmanit and Hofmeyer: Plates Supported in Various Ways

Another approximate algebraic solution to the Föppl and von Kármán equation system

was found by Bakker, Rosmanit and Hofmeyer, and the expressions below follow from

their method [derived from 13, Equations 4, 32, 37, 38, 48];

q =
(a2 + b2)2Et3

π
4

48a3b3(1 − ν
2)

(wc − w0) + AQwc(w
2
c − w2

0), (12)
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where, w0 is the deflection of the plate when no pressure is applied. If all four sides are

“restrained”, as in Case B of Table 1:

AQ =
π

4Et

64a3b3 (ν2
− 1)

(

a4
ν

2
− 3a4

− 4a2b2
ν + a4

ν
2
− 3b4

)

. (13)

If all four sides are free to rotate about the axis of the edge, while the edges are con-

strained to remain straight, as depicted diagrammatically in Case D, Table 1:

AQ =
π

4Et
(

a4 + b4
)

64a3b3
. (14)

However, if the plate’s two short sides are straight and its long sides are “stress free”,

meaning simply supported as shown in Case C, Table 1, then:

AQ =
π

4aEt
(

4.659a3 + 3.151b3
)

64b3 (4.659a3 + b3)
. (15)

The assumption that two sides of the plate remain straight is helpful because, with such

boundary conditions, it is mathematically easier to deduce closed-form expressions for

the deflected shape. However, such conditions are not commonly encountered in engi-

neering design. It is therefore worth commenting that the behaviour of this sort of plate

– with long sides simply supported and short sides forced to remain straight – can be

expected to resemble that of a simply supported plate, but the magnitude of deflection

will be somewhat reduced because of the additional constraint on the short sides.

Substituting the expression for AQ, from Equation 15, in Equation 12, then setting the

initial deflection, w0, to zero, and solving for deflection:

wc =
3

√

√

√

√

−

K1

2K2
+

√

K2
1

4K2
2

+
K3

3

27K3
4

−

K3

3
3

√

√
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−

K1

2K2
+
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K2
1

4K2
2

+
K3

3

27K3
4

K4

(16)

where;

K1 = −1192704b4a3q − 256000b7q, (17)

K2 =
4304426875E

961
a3t +

581632771E

192
b3t, (18)

K3 = t2(−18636a7
− 37272a5b2

− 4000a4b3
− 18636a3b4

− 8000a2b5
− 4000b7), (19)

and,

K4 = −13977a7 + 13977a7
ν

2
− 9453a4b3 + 9453a4b3

ν
2. (20)
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Bakker and coauthors calculated deflections for various combinations of aspect ratio

and support condition, using their method, and compared the results to deflections that

had been determined numerically, by finite difference or finite element techniques. The

numerical simulations were taken to be reliably representative of real plate behaviour.

They found that the accuracy of their predicted deflections decreased as side lengths

diverged, but for plates with one edge twice the length of the other, in the worst case,

“the errors in the analytical displacements are slightly larger than 10 %” [13, p. 1232].

2.6. ASTM E1300: Simply Supported Plates

The architectural glass design standard that is observed in the USA, ASTM E1300, pro-

vides the following algebraic expressions for estimating the central deflection of a pane

of glass under uniform wind pressure [14, Appendix X1]. This code indicates that the

method is applicable to thin glass plates, when the magnitude of deflection exceeds the

thickness of the pane.

wc = te(r0 + r1x + r2x2), (21)

where,

r0 = −0.0969(b/a)3 + 1.11(b/a)2
− 3.83(b/a) + 0.553, (22)

r1 = +0.2067(b/a)3
− 2.17(b/a)2 + 5.83(b/a) − 2.29, (23)

r2 = −0.0822(b/a)3 + 0.815(b/a)2
− 1.908(b/a) + 1.485, (24)

and where b/a = 5 for aspect ratios of five or more;

x = ln

(

ln

(

q(ab)2

Et4

))

. (25)

It is known that this analytical method appeared, without attribution, in a now-obsolete

Canadian standard, CGSB-12.20-M89 [15, Appendix E]. The calculation procedure was

subsequently incorporated in ASTM E1300 with a note that the polynomials are “by

Dalgliesh for a curve fit to the Beason and Morgan data”. Dalgliesh was a member of

the technical committee responsible for CGSB-12.20-M89: his commentary on the use of

that code [16, p. 15 & 16] is a practical guide, but the origin of the mathematical model is

not indicated. Similarly, the data presented in the journal paper by Beason and Morgan

[e.g. 17], which is cited in ASTM E1300 [14, Appendix X1], relate to the ultimate strength

of glass plates, not to glass deflection. There is however a reaffirmation [17, p. 198] of

a conclusion reached by Beason in prior research [18, Figures 14-17], that deflections

in a glass pane whose edges are simply supported, as shown in Case C, Table 1, are in

reasonably accurate agreement with the Föppl [1] and von Kármán [2, p. 350] model.

The present authors are therefore unsure of the assumptions that underpin the above
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algebraic rules. For example, it is unclear how the empirical relationships, based on

measured deflections in glass plates, have been converted to functions of Young’s mod-

ulus. Nonetheless, even if the method’s derivation is obscure, its formulation permits

the calculation of deflections in materials other than glass: its applicability to other ma-

terials is considered in Section 4.5. It is also worth noting that, because this approach is

documented in an established construction standard, it is already familiar to the prac-

tising engineers in at least one industry.

Some idea of the accuracy of the ASTM’s approximations may be obtained by inspect-

ing Beason’s graphs [18, Figures 14-17], in which the maximum deviation between the

measured deflection and the classical prediction is around 16 %. The now-superseded

Canadian code CGSB-12.20-M89 [15, Section E4.1] states that, for glass panes, “mea-

sured deflections should be, on average, within 10 % of those calculated” by Equa-

tions 21 to 25 above.

2.7. Aalami & Williams: Simply Supported Plates

For plates with a range of different aspect ratios, each subjected to a range of non-

dimensionalised loads, Aalami and Williams [19] used finite difference expressions to

determine deflections and stresses. In their calculations, Poisson’s ratio was assumed

to be 0.3. In the instances that Aalami and Williams’ tabular data for simply supported

plates [19, Table A1] apply to this present study’s laboratory conditions, values found

by bivariate spline interpolation have been plotted in the graphs presented in Sec-

tion 5.7.

2.8. Seide: Membranes Held at Edges

It is often assumed [e.g. 8, Page 418] that, if a plate’s deflection is many times greater

than its thickness, is can be modelled as a membrane. The deflection of a laterally-

loaded rectangular membrane – that is to say, an elastic plate capable of carrying in-

plane loads in tension, but having no resistance to bending – is described by Föppl’s

differential equations [20]. Seide [21] provides means to obtain an approximate solution

to Föppl’s model, for a material with Poisson’s ratio of 0.3;

wc = ηt
3

√

q

E

( a

t

)4
, (26)

where η varies with membrane’s aspect ratio as shown graphically in Figure 4.

Seide compared this method’s deflections with estimates obtained by other researchers,

and found them to be in close agreement. For example, for a square membrane, deflec-

tion was approximately 0.9 % greater than that from finite difference analysis.
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2.9. Jain & Mazumdar: Simply Supported, Elastic-Plastic Plates

The plate dimensions and pressure ranges considered in this present research were

chosen because they are representative of those commonly encountered by facade de-

signers. Amongst the conditions studied are cases in which a plate’s central deflection

reaches ten or more times its thickness, and in which plastic deformation may occur in

small areas. For structural engineers, it is therefore desirable to find a simple method –

without the need for numerical modelling with a computer – to estimate the deflections

that will occur, even if a small region of the plate is deforming plastically.

Jain & Mazumdar [22] considered a simply supported rectangular plate with a Pois-

son’s ratio of 0.5. By pre-supposing the pattern of contour lines in the deflected shape,

and by assessing stored energy, graphs of non-dimensional deflection with respect to

non-dimensional load were created for plates of various different aspect ratios. The

findings were validated by plotting the curve of predicted deflection with respect to

load for a plate with aspect ratio of 1.5, within its elastic range, and comparing the re-

sult with a known exact solution. It was claimed that differences between the estimated

and exact solutions were “hardly noticeable”.

Those interested in using Jain & Mazumdar’s graph [22, Figure 2] to predict purely

elastic or elastic-plastic deflections in plates with simply supported edges should first

read the comments in Section 4.7.
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Figure 4: Spline curves constructed to fit values of η tabulated by Seide [21, Ta-
ble 1] for use in Equation 26.
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3. Laboratory Investigation

In real structures, the connections at the perimeter of a plate differ from those idealised

in Table 1 because, usually, they offer only partial resistance to forces and moments.

Also, the thickness and flatness of a real plate may vary within an allowable range, and

such deviations from the theoretical shape will affect behaviour when load is applied.

Because of these practical considerations, it may be difficult for a structural designer to

select an appropriate model, and therefore new experimental data has been collected

for comparison with the eleven different analytical models that have been set out in

Section 2.

Physical tests have been carried out to measure deflections in aluminium plates whose

sizes and thicknesses make them representative of the face sheets that often are used

at the visible, exterior side of building envelopes, in cladding and curtain wall. In ad-

dition, this new laboratory study has investigated the deflection of steel plate samples

whose fixing details, sizes and thicknesses make them representative of the concealed

interior barriers or “backpans” frequently found inside building facade systems. The

results will however be of general interest, because the simple, screw-fastened edge

details are employed in many and varied construction applications.

The size of the specimens matches those that were tested in a previous study, carried

out by Enclos [23]. However, in this new work, several aspects of Enclos’ experimental

procedure have been modified. In particular, the magnitudes of the applied loads have

been chosen to ensure that, in localised areas of the thinner plates, stresses exceed the

material’s yield strength.

3.1. Experimental Method

In turn, four flat aluminium sheets with nominal thicknesses of 3/32” (2.38 mm), 1/8”

(3.18 mm), 3/16”(4.76 mm) and 1/4”(6.35 mm), and two flat steel sheets with mean

measured thicknesses of 0.72 mm and 0.78 mm, were fastened on all four edges, using

9.5 mm (3/8”) diameter fasteners spaced at 305 mm (12”), to the rectangular wooden

frame surrounding an opening in an airtight chamber. As shown in Figure 5, the frame’s

overall dimensions were 914 × 1524 mm (36 × 60 inch) if measured to the outer edge of

the timber members, or 813 × 1422 mm (32 × 56 inch) clear span between the frame’s

inner edges. The sketch on the left hand side of Figure 6 details the connection between

each plate and the chamber.

The test chamber was pressurised and depressurised using a 180 W electric vortex

blower. In this way, each specimen was subjected to uniformly distributed loads at

intervals of 239 Pa (5 lbf/ft2) in the range from 0 to 5.75 kPa (120 lbf/ft2), and also in

the range from 0 to -5.75 kPa (-120 lbf/ft2). The polarity of the pressure difference being

Page 172



Chapter 6 Manuscript of Journal Paper for Publication

Figure 5: Experimental apparatus [23]. In this diagram the corner of the plate
specimen has been cut away to reveal the wooden frame and chamber bracing.
Plate edges are ‘folded and fastened’: details of other types of edge connection are
provided in Figure 6 and the left diagram in Figure 7.

Figure 6: Details of the ‘flat fastened’ (left) and ‘folded and fastened’ [23] (right)
plate edge connections.
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positive when the plate is drawn toward or into the chamber. Pressures were measured

using a vertical U-tube water-filled manometer accurate to within 3 % of the highest

recorded pressure. The metal sheets’ central deflections were measured using digital

displacement transducers with a resolution of 0.01 mm.

In order to create an effective air seal at the perimeter of the sample, a low-modulus

silicone sealant [24] was used to fill the gap between the pressure chamber’s wooden

members and the edge of the metal plate, as shown in the diagram at the right side of

Figure 7. The sealant chosen for this application was one that had been rated, by its

manufacturer, to be capable of extending in service to twice its original, unstretched,

length.

Figure 7: (Left Diagram) Flat, unfolded plates tested during this present study
were secured at their edges in a manner similar to that used by Enclos [23]. A
low modulus sealant was applied between the perimeter of the specimen and the
pressure chamber. (Right Diagram) A structural silicone adhesive connection.

After recording deflections, the actual thickness of each plate specimen was measured

at 9 locations. This was achieved by orientating a dial gauge coaxially with a fixed post,

with the tip of the instrument upon the head of the post, then inserting the plate as

shown in Figure 8 and recording the change in gauge reading. Nominal, minimum,

mean and maximum thicknesses are listed in Table 2.

Table 2: Measured thicknesses of this present study’s plate specimens.

Nominal Thickness Material Measured Thickness

mm Imp. Min. (mm) Mean (mm) Max. (mm)

2.381 3/32” Aluminium 2.185 2.268 2.330

3.175 1/8” Aluminium 2.720 2.834 2.940

4.763 3/16” Aluminium 4.175 4.331 4.505

6.350 1/4” Aluminium 5.505 5.728 5.980

– – Steel 0.700 0.780 0.835

– – Steel 0.650 0.723 0.815
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Three coupons of steel plate, each 50 mm long and 12.5 mm wide, were cut from the

same sheets as the deflection test specimens. Their yield strengths in tension were found

to be 212, 242 and 285 MPa. The yield strengths of three aluminium plate coupons,

each 60 mm long and 12.5 mm wide, cut from the same sheets as the deflection test

specimens, measured at 0.2 % strain, were 101, 102 and 120 MPa.

Before testing, each specimen’s deviation from the flat plane was recorded while it was

supported as shown in Figure 5, and while no load was applied. In this, vertical orien-

tation, the plate’s weight does not cause lateral displacement. In all of the aluminium

samples, initial deviation from the flat plane was less than 2 mm. In the 0.78 mm and

0.72 mm thick steel sheets, that deviation was 9.5 mm and 7.5 mm respectively. In gen-

eral, the thinner the plate, the wider the flatness tolerance permitted by the manufac-

turing standards [e.g 5, Table A2.20]. Similarly, the permissible tolerance is greater for

plates having higher yield strength. It is therefore unsurprising that, while without

load, the steel plates examined in this study were less flat than the thicker aluminium

specimens.

3.2. Enclos’ Tests

Enclos [23] published plate deflection measurements, found using apparatus and pro-

cedures similar to those described above, although only for pressures in the range be-

tween -3.83 and 3.83 kPa (±80 lbf/ft2). The size of the opening in Enclos’ pressure cham-

ber was the same as that shown in Figure 5. Enclos carried out one set of tests on flat

Figure 8: Thicknesses of plate specimens used in this present study were mea-
sured, at nine locations, using a dial gauge.
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plate specimens attached to the chamber with screw fasteners, in the manner detailed

on the left hand side of Figure 6, other specimens were folded and screw fastened as

shown on the right hand side of Figure 6, and, in a third set of tests, plates were bonded

to the chamber’s frame using a structural silicone adhesive. An adhesive joint, compli-

ant with the guidelines set out in ASTM C1401 [25], is drawn on the left hand side of

Figure 7.

3.3. Results

The deflections measured by Enclos at the centre of a 3/32” (2.38 mm) thick plate have

been plotted, in Figure 9, alongside the corresponding theoretical deflections calculated

using the linear or small deflection model of Section 2.1. For two different edge support

conditions – the fixed or clamped edge idealised as Case A in Table 1, and the sim-

ply supported edge that is Case C in Table 1 – the linear deflection model’s prediction

is shown for two different plate sizes. One of the theoretical deflection curves is for a

plate whose long and short side dimensions are matched to the outer dimensions of the

pressure chamber’s perimeter frame, and in the other case the dimensions considered

are those at the frame’s interior. A glance at Figure 9 confirms that, as pressure rises and

as membrane effects become more significant, these linear models increasingly overes-

timate deflection, and for this reason linear analysis is not considered further in this

study.

After carrying out the experimental procedure – the application and then removal of

pressure – each specimen exhibited a small residual deflection, ws. This change in shape

is attributable, in part, to in-plane movements of the plate’s edges with respect to the

fasteners, that occur while the magnitude of pressure increases, but which are not re-

versed when the load is removed. It might be said that this is the process of “bed-

ding in” or “taking up slack”. In addition, in the thinner plates, residual deflection was

caused by localised plastic deformation within the plate. Because of these effects, if the

deflections recorded during the phases of increasing and decreasing load are measured

with respect to the initial position of the centre of the plate, then the result is as shown

in the left hand plot in Figure 10. In the right hand plot, which shows the same data, the

deflections recorded during the increasing load phase are measured with respect to the

plate’s initial position, while those deflections recorded while load was being reduced

are measured with respect to the plate’s final position.

This present study’s experimental results, which are shown graphically in Figures 11 to

13, have been presented in the same format as the right hand graph in Figure 10 and, for

the reason given above, it is always the curve recorded during the increasing pressure

phase that has the greater magnitude. The analytical methods described in Section 2 –

including those modelling plate edge support conditions that differ from those tested
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in the laboratory – have been used to create deflection curves for two different sizes of

plate, one with the dimensions of the interior of the perimeter frame, and one with the

dimensions of the frame’s exterior. Theoretical deflections for simply supported plates,

obtained by interpolation of Aalami and Williams’ results [19, Table A1], are shown on

graphs for thicker plates but, without unreasonable extrapolation, this reference dataset

cannot be applied to the thinner test specimens. The experimental results are compared

with the theoretical deflection of a membrane in a separate discussion, in Section 4.1.

The holes at the perimeter of the flat, screw-fastened specimens were examined after

load had been applied. Although the theoretical bearing stresses in the areas of con-

tact between fastener shanks and the thinner plates, assuming membrane behaviour,

was well above yield, plastic deformation occurred only in the thinner specimens, and

was slight. Permanent changes in shape were greatest at the perimeter of holes on the

long sides of the 0.72 mm specimen, one of which is pictured in Figure 14, where the

maximum magnitude of the permanent distortion was approximately 1 mm.
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Figure 9: Graph showing the limitations of linear displacement model described
in Section 2.1. Laboratory measurements of plate deflection are plotted together
with the response suggested by linear displacement theory.
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Figure 10: Both graphs show residual deflection, ws, caused by the application of
test pressure. In the left hand graph, all deflections are measured with respect to
the initial position of the plate’s centre. In the right hand graph, deflections mea-
sured during the increasing pressure phase are with respect to the initial unloaded
deflection, while those recorded during the decreasing pressure phase are with re-
spect to the final unloaded deflection. The format of the right hand graph has been
applied to the laboratory test results in Figures 11 to 13.
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Figure 11: New experimental measurements of deflection in 3/32” and 1/8” alu-
minium plates, plotted alongside deflections predicted using various theoretical
models.
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Figure 12: New experimental measurements of deflection in 3/16” and 1/4” alu-
minium plates, plotted alongside deflections predicted using various theoretical
models.
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Figure 13: New experimental measurements of deflection in steel sheets, plotted
alongside deflections predicted using various theoretical models of initially-flat
plates.
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. .

Figure 14: Testing caused plastic deformation only adjacent to holes in the thin-
ner sheets. The greatest permanent movement of material, shown here, which oc-
curred at holes on the long sides of the 0.72 mm steel specimen, was approximately
1 mm. In the picture, the numbers on the scale are centimeters.
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4. Discussion

Theoretical plate deflections derived by the methods listed in Section 2 have been com-

pared with the new experimental data in Section 5.7, as well as the published test results

[23], and noteworthy points are summarised in the observations below.

4.1. Modelling Thin Plates as Membranes

Structural engineers are usually taught that, when deflection is large in comparison

with thickness, plates can be modelled as membranes. Quoting Timoshenko and Woinowsky-

Krieger; “In the case of very thin plates, which may have deflection many times larger

than their thickness, the resistance of the plate to bending can be neglected; i.e. the flex-

ural rigidity D can be taken equal to zero, and the problem reduced to that of finding

the deflection of a flexible membrane” [8, Page 418].

It might be expected that, because a membrane model ignores bending resistance, it

will overestimate deflection of materials which, in reality, have some stiffness. For each

of the plate materials and geometries tested in this study, a corresponding membrane

analysis has been carried out by Seide’s method [21], which is summarised in Sec-

tion 2.8. The results are tabulated in Table 3.

Table 3: Theoretical deflections of 813 × 1422 mm membranes, given in mm and
(in italics) as a percentage of the experimentally-determined deflection of the cor-
responding plate specimens, which are shown in Section 5.7. Cases in which the
theoretical membrane deflection exceeds the measured deflection are typeset in
bold font.

Thickness Thickness Material Membrane Deflection

(Mean) (Nominal) (mm and % of Test Measurement from Figures 11 to 13)

1 kPa 2 kPa 3 kPa 4 kPa

mm Inch mm % mm % mm % mm %

5.728 1/4” Aluminium 7.4 282 9.3 174 10.7 139 11.8 122

4.331 3/16” Aluminium 8.1 138 10.2 106 11.7 95 12.9 90

2.834 1/8” Aluminium 9.4 106 11.8 78 13.5 80 14.9 77

2.268 3/32” Aluminium 10.1 82 12.7 75 14.5 71 16.0 70

0.780 – Steel 10.1 129 12.8 90 14.6 76 16.1 73

0.723 – Steel 10.4 112 13.1 87 15.0 75 16.5 70

A review of the tabulated data shows that in practice, for plates secured at their edges

by screw fixings, actual deflections can be substantially greater than the theoretical
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deflections of a membrane, and the magnitude of the difference becomes more pro-

nounced with increasing pressure and with decreasing plate thickness. This observa-

tion can be explained by the imperfect restraint provided by the screw fixings at the

plate’s perimeter. Just a small displacement at an edge can cause significant central de-

flection. For example, if a is the width of the plate then, even if there is no in-plane

strain, an in-plane displacement of a/2918 at each side of the plate will result in an

out-of-plane deflection of approximately a/60 at the plate’s centre [26, Page 669].

Engineers who wish to use thin plates that will be secured at their edges in ways that are

common in construction and other industries – using screw fasteners or low-modulus

structural adhesives – should be aware that large deflection predictions are not neces-

sarily conservative if based upon a membrane model.

4.2. Influence of Edge Connection Detail

Others [e.g 10] have found that the edge of a plate must be secured by stout clamps if

its structural behaviour is to resemble that of a fully fixed connection, as in Case A of

Table 1. It is therefore to be expected that the actual deflections of plates whose edges

are held only by screw fasteners, as shown in Figure 6, or attached by structural silicone

sealant, as in the left hand diagram in Figure 7, should be greater than the deflections

predicted by Hooke’s method, described in Section 2.2, for plates that are rigidly fixed

at their edges. In this respect, the test results are consistent with theory.

The silicone rubber used in a structural adhesive joint of the sort shown at the left side

of Figure 7 has a low modulus of elasticity. Values around 1 MPa are typical [27], and

a previous study by the authors [28] has demonstrated that such joints offer little re-

sistance to a plate’s edge rotation. It follows that deflections in a plate secured at its

perimeter with structural silicone will be similar to those of a simply supported plate.

That is indeed the case: deflections of the silicone bonded specimens, measured by En-

clos [23] but not presented in this present paper, are broadly in agreement with those

suggested by the simply supported plate models of ASTM E1300 [14, Appendix X1]

and of Aalami and Williams [19, Table A1].

Flat aluminium plates and steel plates, held at their edges by screw fasteners as shown

in the left hand sketch in Figure 6, and also steel plates folded and fastened at their

edges as shown in the right hand sketch in Figure 6, were tested by Enclos [23]. The

results – and also the results of new tests on flat aluminium and flat steel specimens,

which are presented in Figures 11 to 13 – indicate that a plate attached to its frame

by screw fasteners will deflect less than a plate attached by structural silicone adhe-

sive. Because the silicone adhesive’s elastic modulus is low, this outcome is consistent

with logical expectations. However, after taking into consideration the other effects dis-

cussed in this commentary, the difference is small. For the engineering design purposes,
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it is reasonable to model each of these connections as a simple support, as idealised in

Case C of Table 1.

4.3. Thickness Tolerances

For each of the four thickness of aluminium sheet used in the laboratory tests, the Alu-

minum Association’s standard thickness tolerances [6, Table 7.7] are listed in Table 4.

It can be seen that, to comply with the standard, the thickness of the manufactured

product must lie within a few percent of the nominal value.

Table 4: Standard thickness tolerances for aluminium sheet up to 1 m in width [6,
Table 7.7], and flatness tolerances for 3003 alloy aluminium sheet for undulations
with wavelength between 4’ (1.22 m) and 6’ (1.83 m) [6, Table 7.17].

Nominal Thickness Thickness Tolerance Flatness Tolerance

[6, Table 7.7] [6, Table 7.17]

2.381 mm 3/32” ±0.0889 mm ±9.525 mm

3.175 mm 1/8” ±0.1143 mm ±9.525 mm

4.763 mm 3/16” ±0.1778 mm ±9.525 mm

6.350 mm 1/4” ±0.3048 mm ±9.525 mm

As a plate’s thickness-to-span ratio becomes smaller, bending stress diminishes and

membrane effects become more significant. The greater the extent to which a plate’s

lateral deflection is controlled by its bending stiffness, the greater the influence that

changes in thickness will have upon deflection. If t/a is 1/300 or less, in many en-

gineering contexts it will be reasonable to ignore manufacturing thickness tolerances

when modelling large deflections.

4.4. Flatness Tolerances and the “Pop-Through” Effect

The theoretical deflections that are shown graphically in Figures 11 to 13, alongside lab-

oratory data, apply to sheets that are geometrically perfect. In practice however, even

before load is applied, thin plates may not be absolutely flat. For each of the thicknesses

of aluminium sheet used in the laboratory tests, the Aluminum Association’s standard

flatness tolerances [6, Table 7.17] are listed in Table 4.

In Figure 15 the theoretical deflection occurring in an initially flat, rectangular, alu-

minium plate, measuring 914 mm by 1524 mm, whose long sides are simply supported

as shown diagrammatically in Table 1 Case C, and whose short sides remain straight

as shown in Table 1 Case D, is compared with that of an otherwise equivalent plate

having an initial deflection that is the maximum allowable in commercial sheet metal.
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With these boundary conditions, deflections in both the initially flat plate and in the

initially dished plate will be slightly less than the deflections that would occur if their

edges were simply supported. The two examples presented in the graphs in Figure 15

are for plates with thicknesses of 3.175 mm and 6.35 mm, and with initial deflections of

0 and 9.53 mm.

When analysing the lateral movement of the centre of a sheet that is, without applied

load, perfectly planar, the term “deflection” can be used without ambiguity. However,

when describing the lateral movement of a sheet that is initially not flat, additional care

is needed. For some applications the designer will want to know the position of the

loaded sheet’s centre, measured from the plane of its perimeter. In other instances the

distance of interest may be that through which the centre of the sheet moves when load

is applied. In this second case, as illustrated in Figure 16, the magnitude of movement

will depend upon the polarity of the applied pressure. Because of the “pop-through”

effect, large lateral movement can occur when a small load acts toward the convex side.
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Figure 15: Lateral deflection of centre of 1524 mm by 914 mm aluminium sheets
with thickness t and initial deflection w0, measured with respect to the plane of the
supporting frame. The measurement δ1 is discussed in Section 4.4.

If a plate’s initial deflection is ignored in deflection analysis then the size of the result-

ing error depends upon the measurement of interest to the designer, which may be the

position of the sheet with respect to the flat plane, or which may be the distance through

which the centre of the sheet moves. The example values that follow have been taken

from the left hand graph of Figure 15, at a pressure of 1 kPa. If the distance of interest
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is that between the centre of the loaded plate and its perimeter plane, then a deflection

calculation based on the assumption that the plate is initially flat will underestimate

the true value by 28 %. The error is labelled δ1 in Figure 15. If applied load acts toward

the concave side of the plate, and if the designer is interested in displacement relative

to the unloaded position, then the initially-flat model will overestimate the actual dis-

placement by 99 %. On the other hand, if load is applied toward the plate’s convex side,

causing it to “pop through” as shown in Figure 16, then the actual movement will be

205 % of the theoretical deflection. In any one of these three circumstances, but particu-

larly when pop-through occurs, the scale of the error will be a practical concern.

a b c d

Figure 16: In engineering calculations it is often assumed that plates are perfectly
flat, as in a. By applying and removing light pressure on the convex side of b, which
has an initial bow of magnitude −w0, its shape can be changed to that shown in
c, with an initial deflection of approximately w0. A uniform pressure results in a
central deflection of wc, shown in d.

4.5. Poisson’s Ratio

The materials from which structural plates are commonly made, and the values of their

Possion’s ratios, are listed in Table 5. Because deflections found using Hooke’s proce-

dure (Section 2.2) or the ASTM E1300 procedure (Section 2.6) are valid only for one

particular value of Poisson’s ratio, it is of interest to estimate the extent to which ac-

curacy is affected when these methods are applied to materials with other values of

Poisson’s ratio.
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Equation 27, below [from 4, p. 999], is known to describe the effect that changes in

Poisson’s ratio have upon deflections in the linear, or small deflection, range. If the

deflection and Poisson’s ratio of a plate are known to be w1 and ν1, then;

w2 = w1
1 − ν

2
2

1 − ν
2
1

, (27)

where w2 is the deflection that would occur if Poisson’s ratio were ν2. The implication

is that a deflection analysis method that takes into consideration the Young’s modulus

of the plate material, but assumes that every material has the same Poisson’s ratio as

glass, with ν = 0.22, will be in error by 2.0 % when applied to a grade A36 steel plate,

with ν = 0.26, and in error by 6.4 % when applied to an aluminium plate, with ν =

0.33. In the context of most engineering applications, inaccuracy of this degree will not

greatly reduce the estimate’s usefulness. Poisson’s ratio has greatest influence upon

deflection while stresses in the plate are flexural: that is to say, while the magnitude

of deflection is small. When membrane effects dominate, for a given value of Young’s

modulus, changing Poisson’s ratio has little effect. Using Equations 16 to 20 it can be

shown, for example, that if the Poisson’s ratio of the 3.175 mm thick plate considered

in this study were to decrease by a third, from 0.33 to 0.22, then deflection at 3.83 kPa

would increase from 21.35 mm to 21.44 mm – a change of less than half of one percent.

4.6. Frame Width Effects

This study’s laboratory results, and also the test data collected by Enclos [23], show that

the magnitude of a plate’s deflection depends upon the polarity of the applied pressure.

For each of the different edge connection details, which are shown in Figures 6 and 7,

deflections are greater when pressure acts away from the plate’s supporting frame. This

phenomenon is the result of a change in the position of the plate’s supports, indicated

in Figure 17, occurring when the polarity of the deflection is reversed. The size of the

difference in deflections is sufficient to concern a structural designer, particularly if the

members in the supporting frame are wide, and if the movement of the centre of the

Table 5: Possion’s ratio for selected structural plate materials.

Material Poisson’s Ratio, ν

(Dimensionless)

Aluminium 0.33

Stainless Steel 0.30

Mild Steel 0.26

Glass 0.22
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plate is large in comparison with its thickness. For example, the test results in Figures 13

show that, in the large deflection range, deflection of the steel plates toward the cham-

ber, under positive pressure, is approximately 15 % less than the deflection caused by

the equivalent negative pressure. Similarly, Figure 12 shows that, for the 3/16” alu-

minium specimen, the difference is sheet approximately 8 %.

Figure 17: Folded and fastened edges of plate specimens tested by Enclos [23]. The
location of the support depends upon the polarity of the applied pressure, which is
negative in the condition shown on the left, and positive in the right hand diagram.

4.7. Elastic-Plastic Behaviour

In the laboratory, residual deflections were recorded after applying pressure to the thin-

ner plate specimens. These residual deflections suggest that, in the thinner plates, small

amounts of plastic deformation had occurred during testing.

There are many practical applications in which a plate that has deformed in this way,

and which is no longer perfectly flat when load is removed, will still fulfill its func-

tional purpose. Structures that are designed to deform plastically can be constructed

from plates that are thinner than those that would be required if yield-limited design

rules were to be observed. Because of the potential to achieve material savings – hence,

cost savings and environmental benefits – there is good reason to look for simple plate

analysis techniques that will allow designers to predict, without finite element models,

deflections in the elastic-plastic range.
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Upon initial review, the graph provided by Jain and Mazumdar [22, Figure 2] appears to

meet this requirement. A non-dimensionalised graph of deflection with respect to load

can, ostensibly, be used to estimate deflections in simply supported plates, throughout

the elastic, elastic-plastic and fully-plastic phases. However, at least for some plate ge-

ometries, deflections estimated in this way are wildly at odds with those found by other

methods.

In comparison with the new experimental data, deflection estimates obtained from Jain

and Mazumdar’s graph [22, Figure 2] are overestimates, and the degree of overestima-

tion increases as plate thickness decreases. For simply supported plates with geometry

matching that of the thinnest specimens tested in this present study, deflections esti-

mated by Jain and Mazumdar’s method are grossly more – about two orders of magni-

tude greater – than the deflections estimated by the other analytical methods described

herein. These comments apply not just to conditions in which the plate is deforming

plastically, but throughout the range of pressure considered in this study, even though

this particular analytical method was published with the statement that it is in close

agreement with exact solutions of the elastic model.

For many of the practical situations in which plastic deformation might be tolerated,

such as in an exterior facade’s concealed backpans, or in the sheet metal enclosing a

fluid storage tank, the deflection response found using Jain and Mazumdar will be

greatly misleading, and therefore it should not be used as a basis for engineering de-

sign.

4.8. Limitations of Industrial Test Procedures

The standardised structural test methods used in some industries, for example ASTM

E330 [29], do not measure the full extent of the displacement or movement of an initially

bowed plate. Such test procedures require that a “pre-load” is applied to, and then

removed from, the specimen before the displacement measuring instruments are set to

zero. Hence the distance through which the centre of the plate can move during pre-

loading – which may be twice the initial deflection, 2w0, as indicated in Figures 16-b

and 16-d – is not included in the deflection measurement. What is actually measured is

the distance between the centre of the loaded specimen and the neutral plane, less the

initial deflection; that is to say, |wc|−|w0|.

If analytical methods and industrial test procedures systematically underestimate the

magnitude of the total displacement that occurs when load is applied to a plate, then the

plate’s real movements in service are likely to exceed the range anticipated by the struc-

tural designer. The practical consequence is that components attached or adjacent to the

surfaces of the plate, such as elastomeric seals or flashings, may fail when stretched be-

yond their capacity.
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4.9. Comparison of Simply-Supported Plate Models

In comparison with simply supported plate deflections calculated by the ASTM E1300

method (Section 2.6) or based upon the data of Aalami and Williams (Section 2.7), Wang

and El-Sheikh’s mathematical model, in Equations 4 and 5, gives deflection estimates

that are much smaller: they are in the range between one half and three quarters of the

values obtained from the other models. It is difficult to explain this degree of diver-

gence, and therefore it is possible that the method of Wang and El-Sheikh contains an

error.

For the initially-flat, screw-fixed plates tested in this study (Figures 11 and 12), the mea-

sured large deflections are broadly in agreement with the approximate solutions to the

model of Föppl [1], and of von Kármán [2, p. 350]. Those solutions have been calculated

using the method developed by Bakker et al. [13], for plates that are simply supported

on their long sides (Table 1, Case C), and straight on their short sides (Table 1, Case D).

Bakker’s method has practical merits. Firstly, it is fairly simple: the equations provided

can be rearranged to create a single, closed form expression for deflection. Also, of the

analysis methods that have been examined in this study, this is the only one that allows

initial deflections to be modelled.

At the same time, because the short sides of plates modelled in this way are considered

to be straight, deflections are less than those occurring in a simply supported specimen.

For engineering purposes, the disparity becomes significant only when the plate’s cen-

tral deflection is larger than about three times its thickness. Even after the influences

of frame width (Section 4.6), initial deflection and pop through (Section 4.4), have been

acknowledged in the analysis, Figure 18 shows that predictions based upon the model

of Bakker et al. are, when deflections are large, smaller than the deflections measured

in the laboratory.

Another mathematical model of large deflection in rectangular plates, developed for the

architectural glazing industry, appears in ASTM E1300 [14, Appendix X1]. The formulas

for deflection are functions of Young’s modulus, but they are independent of Poisson’s

ratio. Calculations in Section 4.5 have demonstrated that, in the large deflection range,

changes in Poisson’s ratio do not greatly influence deflection, and so, in this present

study, the glass analysis method has been applied to plates made of metal. Although

it is unclear how its expressions were derived, the ASTM E1300 predictions of large

deflections are in fair agreement with the new experimental results (Figures 11 and 12).

For small deflections – those that are less than the thickness of the material – accuracy

is poor. Nonetheless, the calculation process is straightforward, and already it is a part

of an established construction industry standard.
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Figure 18: New experimental measurements of deflection in steel sheets, as shown
in Figure 13, but here compared with the theoretical deflection of a 0.72 mm thick
sheet with initial deflection of 7.5 mm, and a 0.78 mm sheet with initial deflection
of 9.5 mm. Frame width effects (Section 4.6) and “pop-through” (Figure 16) are
considered in the theoretical model.
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5. Conclusions

Thin, edge supported, rectangular plates are widely used in practical settings. In the

exterior walls of modern buildings, to give just one field of application, thin metal

cladding is a common feature of the exposed architecture, while concealed sheet metal

backpans and flashings make a building’s enclosure weathertight.

In this paper, large deflections in laterally loaded rectangular plates have been mea-

sured in the laboratory, and the results have been compared with theoretical responses

obtained from nine existing mathematical models. This study has been undertaken with

the aim of finding a computationally inexpensive algorithm that can be used to predict,

approximately, the magnitudes of large deflections. At the same time, in the application

of the established analytical models, a number of potential pitfalls have been identified,

and these points are summarised under the headings below:

5.1. Consequences of Imperfect Flatness

An unloaded plate’s deviation from the flat plane, even within the tolerances permit-

ted by common production standards, cannot be disregarded (Section 4.4). A particular

concern is that wide differences between calculated and actual deflection, caused by

“pop-through”, can arise when load is applied toward the convex side of a dished plate

(Figure 16). Further, because pop-through is not detected by standardised test methods

such as ASTM E330 [29], a plate structure may deflect unacceptably in service, even

after conventional analysis and laboratory testing have shown the design to be satisfac-

tory.

5.2. Polarity of Load Affects Apparent Span of Plate

For the plate edge connection design that was tested in this study (Figure 6, left), and

for the connection designs tested by Enclos [23] (Figure 6 and left hand diagram in 7), a

load acting toward the framed side of the plate causes less deflection than a load acting

in the opposite sense. The effect is caused by a change in the location of the fulcrum at

the plate’s edge, occurring when the polarity of the load is reversed (Figure 17). This

point should be considered by designers, especially if the supporting frame’s members

are wide.

5.3. Modelling the Fixity of Edge Connections

When edges of thin rectangular plates are attached to their supporting frames with

screw fasteners (Figure 6), or bonded by structural silicone adhesive (as in the left hand

diagram of Figure 7), the moment resistance of the connection is small. For the purpose

Page 193



Chapter 6 Manuscript of Journal Paper for Publication

of obtaining an engineering estimate of lateral deflection, laboratory results show that

it is reasonable to model such plates as if they are simply supported.

5.4. Applicability of the Membrane Model

It cannot be assumed that connections of the types considered here will completely

prevent edges from moving in the plane of the sheet. Small, in-plane movement of a

thin plate’s edges will result in much larger lateral deflection at the centre [26, Page 669],

and the test results show that this effect is significant. So, while it might appear that the

deflection predictions based upon a membrane model (Section 4.1) – in which bending

stiffness is ignored – will be lager than those occurring in a real plate, in fact, because the

model assumes that edges do not move, it may substantially underestimate deflection.

5.5. Influence of Plate Thickness Tolerances

Small variations in plate thickness have only a small effect upon deflection when the

magnitude of deflection is large and the thickness-to-span ratio is small (Section 4.3).

This research suggests that for most practical purposes, if a plate’s thickness is 1/300

of its short span, or less, and if manufacturing thickness tolerances are within the nor-

mal range, deflection calculations based upon nominal thicknesses will be sufficiently

accurate.

5.6. Influence of Poisson’s Ratio

Large deflections are only weakly influenced by Poisson’s ratio (Section 4.5). So, for

approximate analysis of lateral deflection, it is reasonable to ignore any inconsistency

between a plate’s actual and modelled Poisson’s ratio.

5.7. Limitations of the Linear Deflection Model

Already it is well documented, but nonetheless worth reiterating, that the linear deflec-

tion model described in Section 2.1 – which ignores membrane effects – will overesti-

mate deflections that are larger than, or comparable with, the thickness of the plate. The

divergence of linear and non-linear responses is shown in Figure 9.

5.8. Reliability of the Existing Literature

Within one of the published models of a plate that is held or restrained at its edges,

as shown in Case B of Table 1, two of the algebraic expressions have been found to

contain errors [11, Equations 42b and 42c]. The non-dimensionalised graph in another

technical paper [22, Figure 2] indicates a deflection that is, for the thinnest of the plates
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investigated during this research, of the order of one hundred times too great. Simply-

supported plate deflection predictions based upon another of the existing methods

[11, Equation 35], are roughly half the magnitude of the theoretical deflections deter-

mined in other ways. Practising designers should therefore remain aware that errors

and anomalies exist in the technical documentation.

5.9. Research Implications

In construction drawings of engineering structures, thin plate elements are invariably

shown to be perfectly flat, and it might appear that the mechanical fixings and adhesive

joints used at their edges would be capable of resisting moments and in-plane displace-

ments. This study has shown that, if naive modelling assumptions of this sort are the

basis for an analytical model of the plate’s response to lateral load, then the deflections

that occur in practice can be greater – in some cases, many times greater – than the the-

oretical predictions. By taking into consideration the factors set out above, structural

designers will be able to estimate more accurately the magnitudes of large deflections,

and in this way the problems that can be caused by excessive lateral displacement of a

plate in service, such as the failure of adjacent joints and seals, can be avoided.
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[1] Föppl A. Vorlesungen Über Technische Mechanik. Druck und Ver-

lag von B.G. Teubner; 1907. URL: https://archive.org/details/

vorlesungenbert25fpgoog.
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[20] Föppl A. Die wichtigsten lehren der höheren elastizitätstheorie. Vorlesungen über

Technische Mechanik 1907;5:132.

[21] Seide P. Large deflections of rectangular membranes under uniform pressure.

International Journal of Non-Linear Mechanics 1977;12:397–406. doi:10.1016/

0020-7462(77)90040-3.

[22] Jain RK, Mazumdar J. Research note on the elastic-plastic bending of rectangu-

lar plates: A new approach. International Journal of Plasticity 1994;10(7):749–59.

doi:10.1016/0749-6419(94)90044-2.

[23] Enclos. Light-gage metal panel deflection. In: Insight 01. Advanced Technology

Studio of Enclos; 2010,URL: http://www.enclos.com/library/publications/

insight-01.

[24] Dow Chemical Company. Product Information: Dowsil 790 Silicone Building

Sealant; 2017. Dow Chemical Company Form Number: 61-884-01 Q.

[25] ASTM C1401. Standard Guide for Structural Silicone Sealant Glazing; 2014.

doi:10.1520/C1401-14.

[26] Lee AD, Alimanza JA, Shepherd P, Evernden MC. Axial rotation and lateral tor-

sional buckling of extruded aluminium mullions in curtain wall facades. Struc-

tures 2019;20:658–75. doi:https://doi.org/10.1016/j.istruc.2019.05.010.

[27] Dow Corning Corporation. Silicone Structural Glazing Manual; 2011. URL: https:

//www.dowcorning.com/content/publishedlit/62-0979c-01.pdfumber; DC

Form Number: 62-0979H-01.

[28] Lee AD, Shepherd P, Evernden MC, Metcalfe D. Measuring the effective young’s

modulus of structural silicone sealant in moment-resisting glazing joints. Con-

struction and Building Materials 2018;181:510–256. doi:10.1016/j.conbuildmat.

2018.06.038.

Page 197



Chapter 6 Manuscript of Journal Paper for Publication

[29] ASTM E330. Standard Test Method for Structural Performance of Exterior Win-

dows, Doors, Skylights and Curtain Walls by Uniform Static Air Pressure Differ-

ence; 2014.

Page 198



Chapter 7

A New Approach to the Analysis of

Mullion Stability

Using the new observations and algebraic models set out in Chapters 5 and 6, it is

now possible to estimate the magnitude of the twisting moment that is transferred,

through structural sealant, to a mullion extrusion.

This axial twisting effect is one of a number of physical processes that have been

considered in the published journal paper (Lee et al., 2019) that follows in this

chapter. The extent to which each influence causes a mullion’s flanges to move in

the plane of the wall has been evaluated and a new approach to the analysis of

lateral movement is proposed.

This objective of this present research is to find ways in which to construct curtain

walls using less aluminium. The new lateral deflection model is relevant because it

is based upon assumptions that differ from those made in a conventional analysis of

lateral torsional buckling. Changing from one approach to the other may therefore

affect the amount of metal needed to build the wall. These consequences will be

studied later, in Chapter 8.
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Abstract

Large modern buildings frequently are enclosed by lightweight, panelised, aluminium-

framed facades, known as unitised curtain walls. This study shows that, in such wall

systems, the established procedures for analysing the stability of structural extrusions

ignore two of the three greatest causes of lateral movement in the main member, or

mullion. One of these overlooked influences is the force caused by the pressurisation

of the mullion’s interior cavity, and the other is the moment transferred to the mullion,

through structural adhesive, from the wall’s face material, which is usually glass.

A new, closed-form, algebraic expression is proposed to describe the lateral movement

of a unitised mullion’s interior flanges, and predictions obtained in this way are com-

pared with results from a finite element model. It is suggested that the novel analytical

approach might obviate the need for conventional lateral torsional buckling calcula-

tions, which are not only time-consuming to produce, but which are also of question-

able accuracy. This simplification of the structural design process will make it easier

for facade engineers to design extrusions in which metal is used efficiently, and be-

cause the production of aluminium is energy-intensive, material savings achieved in

this way will bring both commercial and environmental benefits.

Keywords: curtain wall, mullion, facade design, aluminium extrusions, structural

stability, lateral torsional buckling

Notation

a Length of longer side of structural plate or glass pane. [Length]

β
√

Jzz:mGa

CwEa
. [Length−1]

∗Corresponding Author
Email addresses: adamlee@torstencalvi.com (Adam D. Lee), jedalimanza@torstencalvi.com (Jed

A. Alimanza), p.shepherd@bath.ac.uk (Paul Shepherd), m.evernden@bath.ac.uk (Mark C. Evernden)
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b Length of shorter side of structural plate or glass pane, or horizontal distance

between adjacent mullions. [Length]

bm Combined width, or breadth, of the profiles in a split mullion. [Length]

B Width of contact surface, or bite, between structural silicone sealant and sub-

strate. [Length]

Cb Equivalent uniform moment factor for a flexural member [1, Fig. 5.8]. [Dimen-

sionless]

Cbb Moment modification factor for full bracing condition, which is the value of Cb

achieved when bracing is fully effective 2. [Dimensionless]

Cw A mullion profile’s warping constant. [Length6]

δx A mullion’s deflection in the direction perpendicular to the plane of the wall,

measured with respect to the transoms at the ends of the unbraced span. [Length]

δ
′

x, δ
′

y A mullion’s horizontal deflections in the directions parallel to its strong and weak

principal axes respectively. [Length]

δx:a Horizontal deflection of a mullion profile’s interior flange in the direction parallel

to the plane of the wall, caused by asymmetric bending. [Length]

δx:b The horizontal deflection, in the plane of the wall, of a mullion profile bending

about its y−axis because of loads caused by pressure equalisation. [Length]

δx:r The horizontal deflection, in the plane of the wall, of a mullion’s interior flange,

due to rotation about the longitudinal- or z-axis caused by wind loads upon the

webs and flanges. [Length]

δx:s The horizontal deflection of a mullion’s interior flange, resulting from the com-

bined bending and rotation caused by wind load upon the webs and flanges.

[Length]

dm A mullion’s depth or distance between the extreme fibers of the interior and ex-

terior flanges (approximately equal to the distance from face of exterior flange to

the air seal, and approximately equal to the distance between the centroids of the

two inner and outer flanges.) [Length]

ds The horizontal distance, in the direction perpendicular to the wall, from a mullion

extrusion’s shear centre to the extreme fiber on the interior side.

D Flexural rigidity of a plate or glass pane. [Force×Length]

esx The horizontal distance, in the direction parallel to the wall, form a mullion ex-

trusion’s shear centre to the point at which load is applied to its exterior flange.

esy The horizontal distance, in the direction perpendicular to the wall, from a mullion

extrusion’s shear centre to the midpoint between its exterior extreme fiber and

interior air seal.

E Young’s modulus. [Force/Length2]

Ea Young’s modulus of aluminium. [Force/Length2]

Es Young’s modulus of structural silicone sealant. [Force/Length2]
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g Thickness, or “glueline”, in the direction normal to the contact surface, in a struc-

tural silicone sealant joint. [Length]

Ga Shear modulus of aluminium. [Force/Length2]

Ixx, Iyy A flexural member’s second moment of area in bending about the centroidal

axes that are parallel and perpendicular to the wall, respectively. [Length4]

Ixy A flexural member’s product moment of area with respect to the centroidal axes

that are parallel and perpendicular to the wall. [Length4]

Ixx:m, Iyy:m A mullion profile’s second moment of area about the centroidal axes that are

parallel and perpendicular to the wall, respectively. [Length4]

I′xx:m, I′yy:m A mullion profile’s second moment of area about its strong and weak cen-

troidal principal axes, respectively. [Length4]

Ixx:t A transom profile’s second moment of area about the centroidal axis that is par-

allel to the wall. [Length4]

Iyy:e A mullion profile’s effective second moment of area about the centroidal axis that

is perpendicular to the wall. [1, p. 551-552]. [Length4]

Jzz:m Torsion constant of a mullion profile’s cross-sectional shape [e.g. 3, Part II, Chap-

ter B.1]. [Length4]

k Temporary constant used during asymmetric bending calculation. [Force/Length2]

km f Multiplicative factor used to set the polarity of deflection with respect to mullion

centreline. Viewed from exterior of building, km f = 1 and km f = −1 for the right

and left hand profiles respectively. [Dimensionless]

lb A mullion’s unbraced span, meaning the clear distance between transom mem-

bers. [Length]

Mx:m Maximum permissible moment in a mullion, acting about the centroidal axis that

is parallel to the wall, when the member is braced to prevent lateral torsional

buckling. [Force×Length]

Mz:b The moment, acting about a mullion’s longitudinal- or z−axis, carried by a tor-

sional brace that is capable of preventing lateral torsional buckling. [Force×Length].

Mz:p The moment, acting about a mullion’s longitudinal- or z−axis, caused by pres-

sure equalisation. [Force×Length].

Mz:s Moment transferred to a mullion profile through structural silicone sealant, and

acting about the member’s longitudinal- or z−axis. [Force×Length]

ν Poisson’s ratio. [Dimensionless]

P Pressure. [Force/Length2]

q Load, per unit length of member, acting in the direction perpendicular to the wall.

[Force/Length]

θz:b Maximum angular deflection of a mullion profile about a longitudinal- or z-axis,

due to lateral torsional buckling effects. [Radians]

θz:g Maximum angular deflection of mullion, due to in-plane movement of glass edge.
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[Radians]

θz:p Maximum angular deflection of a mullion profile about a longitudinal- or z-axis,

due to moment about that axis caused by wind load upon webs and flanges.

[Radians]

θz:t Maximum angular deflection of a mullion profile about a longitudinal- or z-axis,

due to rotation of an attached transom. [Radians]

t Thickness of plate or glass pane. [Length]

u In-plane displacement of edge of plate or glass pane. [Length]

w Out-of-plane deflection of plate or glass pane. [Length]

wmax Maximum out-of-plane deflection of plate or glass pane. [Length]

1. Introduction

In 1996, a typical fabricator of architectural glass could supply heat treated panes with a

long dimension of 4 m, and the largest size available in the industry was 5 m [4, p. 275].

By 2007 the maximum had risen to somewhere in excess of 6 m [5, p. 55], and today it

is not uncommon to find panes exceeding 10 m. At least two firms now are capable of

heat treating pieces of glass up to 16 m in length [6, 7].

These advances within the glass processing industry have occurred in response to ar-

chitectural demand. Larger panes are desirable because, with fewer glass joints in a

facade, a building’s occupants can enjoy a greater unobstructed view of their exterior

surroundings. So, in curtain walls – the sort of lightweight, metal-framed exterior en-

closures that are, today, routinely used to sheath high-rise commercial towers – the re-

sult is an increase in the unsupported distances spanned by the metal framing members

that surround the glass panes. Structurally, these members, which are almost invariably

aluminium extrusions, have become more slender.

A second trend, a change in the way that curtain wall systems are manufactured and

installed, has further increased the slenderness of the structural profiles. Since their

introduction in the 1960s [8], growth in the use of ‘unitised’ curtain walls, made up

of discrete, prefabricated panels, has been much more rapid than growth in the use of

the previously dominant ‘stick’ curtain walls, which are assembled at the construction

site from box-like extrusions. Examples of stick and unitised wall systems are shown

in Figure 1. By 2012, in the worldwide market, the area of facade constructed from

unitised systems was twice that constructed from stick systems [9, p. 82]. Because the

vertical members in the unitised wall are in two interconnecting parts, each individual

extrusion is less wide than the mullion in the stick curtain wall.

Of the different stresses induced in a mullion, by far the most significant are those

caused by the action of wind upon the exterior surface of the wall. The mullion is placed
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in flexure, and so, even though its extrusion axis is vertical, in structural terminology,

it is a beam. At points of connection with the curtain wall’s horizontal members, the

‘transoms’, the mullion can move in the direction perpendicular to the wall, but rotation

about its longitudinal axis is restrained by the transom, as described in Section2.7. Away

from the transoms, however, internal or applied forces can cause rotation. Each of these

conditions is illustrated in Figure 2.

In the structural analysis of a curtain wall mullion, it is the convention to assume that

load is applied only in a plane parallel to the member’s web, and that the ‘infill’ material

– the glass or metal sheet that forms the exterior surface of the wall – does not provide

bracing [e.g. 10]. A facade designer must check, by calculation, that neither the flanges

nor the webs of proposed mullion cross sections are too thin to resist local buckling, a

mode of failure in which one or more elements of the extrusion take on an undulating

shape, these undulations having a wavelength much smaller than the member’s span.

The structural design codes [e.g. 11, Section B.5.4] provide simple calculation methods

with which to assess a profile’s resistance to local buckling. However, if the member

is slender then further checks must be made to ensure that, when the design moment

is applied, rotation of the cross section in the central part of the span will not cause

instability. This second mode of failure, lateral torsional buckling (LTB), is described

diagrammatically in Figure 2. Because the mullions of modern unitised curtain wall

systems are becoming more slender, LTB is often the governing consideration in their

structural design.

The analysis of a proposed mullion’s resistance to LTB is complex and can be time con-

suming. If the rules of a popular design code, the Aluminium Design Manual (ADM)

[11], are observed, then aside from the various properties of the cross section that must

Figure 1: The box mullion and box transom in stick curtain wall (left) and the split
mullion and stack joint of a unitised curtain wall (right).

Page 205



Chapter 7 Previously-Published Journal Paper

be found, a moment distribution coefficient must be determined for each unsupported

span. A single curtain wall panel may have multiple inter-transom spans and, for each

span, the LTB resistance of the male and the female profile have to be assessed indepen-

dently. Further, because the direction of load affects a member’s buckling strength, it

is necessary to consider separately the cases in which wind pressure is positive, acting

toward the wall, and also negative, acting away from the wall. Even if some or all of

the analysis can be automated using software, the computations must still be presented

in a human-readable format so that they can be checked by peers, and so extensive cal-

culation reports may be needed to demonstrate that all of the mullions in a building’s

facade are adequately stable. For example, during a recent curtain wall design project

in which the lead author was involved, the stability analysis of mullion extrusions in a

laboratory test specimen, which contained only 16 panels, ran to more than 400 pages

of typeset algebra and tables. That particular set of computations followed the proce-

dures set out in the ADM, but the LTB analysis methods provided in other structural

design codes are similarly cumbersome. Skejić et al. remarked that the method defined

in the European design standard, EN 1999-1-1, for the analysis of LTB in unitised cur-

tain wall mullions, is “a long and complicated procedure for non-symmetrical sections

which makes it pretty impractical” [12].

An alternative means of investigating the stability limits of a given set of curtain wall

Figure 2: Plan view of unitised curtain wall mullion at connection with mullion
(left) and at mid span (right), without load (dashed line) and with rotation in re-
sponse to applied wind load (solid line).
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extrusions is to create a finite element model of the structural system. A numerical

study of this sort is described in Section 4. For research purposes, or to investigate the

behaviour of a few special conditions in a building facade, finite element modelling is

a powerful tool. However, to create sufficiently detailed models, and to process those

models using iterative, non-linear algorithms, can be a lengthy and computationally

demanding process. This, therefore, is not a practical means of assessing the large num-

bers of different mullion configurations that may be present in a real facade. Whether

LTB is modelled numerically or analytically, it is a costly part of the curtain wall design

process.

Despite all of the effort that is expended to check that the stresses in framing mem-

bers will not go beyond the codified LTB limits, it is not clear that the mullion in a real

curtain wall would necessarily become unstable if those limits were exceeded. CWCT,

a facade industry standards body, while acknowledging that mullions are becoming

more slender, and while officially recommending that all mullions should comply with

the analytical rules for LTB, notes that “lateral torsional buckling is not known to have

caused failure of curtain walling either in service or under test conditions” [10]. Clift

[13] and Goco [14] have shown that, if the support given to the mullion by the glass or

infill material were acknowledged in the LTB analysis, then a slender mullion’s theoret-

ical moment capacity would increase significantly. Skejić and coauthors [12] used the fi-

nite element method to model buckling in a particular unitised mullion, and concluded

that the member’s actual moment capacity was several times greater, and possibly as

much as an order of magnitude greater, than the moment capacity predicted by code.

These observations suggest that the current methods of determining LTB resistance are,

at least in some cases, unduly conservative.

A slender mullion’s cross-sectional shape and its moment resistance are related by

mathematical expressions that are complex [e.g. 11, Part I, Section F4]. The level of

complexity is such that it is difficult, even for experienced curtain wall designers, to

find the number, configuration and sizes of flanges and webs needed to satisfy the

structural performance criteria while at the same time minimising the quantity of alu-

minium in the wall. The consequence is that, even when a custom curtain wall system

is developed for a specific project, it is common that aluminium is used inefficiently

[15]. If building facades contain more metal than is structurally necessary, current LTB

analysis techniques may be partly to blame, not just because the codes’ demands are

conservative, but, in addition, because the complexity of their formulation is a barrier

to efficient design. In construction it is desirable to minimise the usage of every type

of material, and there is an obvious commercial motive to do so. When the material

in question is aluminium, which is produced by methods that are unusually energy

intensive [16, p. 32], for environmental reasons the metal should be used sparingly. In

a previous study [17], an attempt was made to estimate the scale of the cost savings,
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and also the scale of the reduction in greenhouse gas emissions, that might be achieved

if effective structural optimisation methods were to be applied by the world’s curtain

wall designers. The potential benefits are substantial.

The mullion is the curtain wall panel’s principal structural member, but it also serves

other, non-structural purposes. For example, if the wall is to function as a weather bar-

rier, the male and female extrusions must engage with one another to maintain an air-

tight seal. If wind load causes the profiles to rotate in the manner indicated in Figure 2

then, as the two interior flanges move further apart, the air seal will fail. Even if both of

the profiles in a split mullion satisfy the codified analytical criteria for LTB resistance,

it does not necessarily follow that, when load is applied, their rotation will be too small

to cause disengagement. The authors are aware of anecdotal but technically plausible

accounts of pre-construction structural tests, simulating the action of wind load on pro-

totype curtain wall panels, that were said to fail in this way, even though analysis had

shown that the design load would not cause LTB. Witnesses said that the split mullions

oscillated between the open and closed position, like the reeds in musical instruments,

creating a loud purring noise.

One means of limiting the extent to which the two sides of the split mullion can sepa-

rate, and hence avoid a breach of the air seal, is to introduce mechanical latches known

as ‘anti-buckling clips’. Two such designs are shown in Figure 3. Although they are

included in many modern curtain wall systems, their effectiveness in their nominal

‘anti-buckling’ role is unclear. While the inclusion of anti-buckling clips does prevent

separation of the interior air seal, there may be practical reasons for designing without

them. One of the disadvantages is that, if the clip extrusions are separate from the mul-

lions, they add to design complexity, material cost and fabrication time. Another issue

is that, during normal building movements, metal-to-metal contact at clips may create

unwelcome noise. A third potential problem is that, if a panel is installed incorrectly,

it can be difficult or impossible to separate it from its neighbour without permanently

damaging the mullion.

For the purpose of LTB analysis, it is the convention to assume that the mullion sec-

tions are restrained only at transom locations, and that all structural responses are at-

tributable to a line load acting upon the outer flange, in the direction perpendicular to

the wall, as indicated in the diagram at the right hand side of Figure 4. This present

study considers forces that are neglected in the standard model, but which, in practice,

influence the lateral movement of member’s flanges. To model each of these effects,

short, closed-form algebraic expressions are proposed in Section 2. The design of a real

building’s curtain wall is detailed in Section 3, and a finite element study of this wall

specimen is described in Section 4. The results of the finite element study have been

used to validate the algebraic predictions and, in Section 5, the mathematical models of

Page 208



Chapter 7 Previously-Published Journal Paper

INTERIOR

ANTI-BUCKLING CLIP

�
�

�
�

�
�

�✠

◗
◗

◗
◗

◗
◗

◗
◗❦

✟✟✟✟✟✟✟✟✟✟✟✟✟✟✟✯

❍❍❍❍❍❍❍❍❍❍❍❍❍❍❍❍❥

EXTERIOR

Figure 3: Split mullion with local ‘anti-buckling clip’ extrusion (left), and split
mullion with continuous integral clips (right [18]).

the different physical phenomena are combined in a closed-form expression.

It is hoped that these new insights into the loads that act upon real curtain wall mul-

lions, and the new models that describe the mullions’ responses to the loads, will help

curtain wall designers to shape their structural extrusions in such a way that aluminium

is used efficiently.

2. The Causes of Mullion Flange Movement in Plane of Wall

The different physical effects that cause the interior flanges of mullion extrusions to

move laterally, in the plane of the wall, are examined below. The mathematical expres-

sions presented here are intended to describe the behaviour of mullions in a wide range

of unitised curtain wall designs and, by inserting the applicable material properties, can

be applied to extrusions of any particular aluminium alloy and temper.

2.1. Lateral Torsional Buckling

It is easy to visualise the wind pressure acting upon the exterior surface of a curtain

wall, causing a line load to act upon the mullion’s outer flange and, hence, bending

about the strong- or x-axis. Even if, in accordance with the established facade design

convention, other applied loads are ignored, the bending moments induced in the split

mullion by wind pressure can cause the profiles to rotate about a longitudinal axis. The
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processes that cause this rotation are complex. In codified approaches to the analysis of

a beam’s stability, the compression flange is considered to behave as an Euler column,

which is free to deflect and buckle laterally. In reality, other phenomena, some of which

our outlined below, also cause the cross section to rotate.

It is a corollary of the classical, small-deflection beam analysis theory of Euler [19, 20]

and Bernoulli [21, pp. 30-36] that the stresses in the fibers of a flexural member vary in

proportion with their distance from the elastic neutral axis. In reality, however, shear

lag causes the stress and strain in a flange to diminish with distance from the web and,

as a result, a flange that is not symmetrical about the web will deflect laterally. In the

diagram on the left-hand of Figure 4, it can be seen that this effect can cause the whole

cross section to rotate. Changes in the profile’s cross-sectional shape, exaggerated in the

central sketch in Figure 4, further complicate the geometry and hence the analysis. Also,

as the cross section rotates in the manner sketched on the right hand side of Figure 4,

so the eccentricity of the applied load increases.

INTERIOR

EXTERIOR

Figure 4: Shear lag causes mullion in flexure to rotate (left). Bending stresses in
flanges cause deflection in the plane of the cross section (centre). Eccentricity of
applied load changes as member rotates (right).

The Structural Stability Research Council [1, Equation 12.10; 2] advises that, if it is to be

effective in preventing LTB, the minimum unfactored torsional stiffness of a continuous

brace (expressed as a moment per unit length of member, per radian of axial rotation at

the centre of the span), Mz:b/θz:b, with some changes to the original variable names, is:

Mz:b

θz:b
=

2.4M2
x:m

Ea Iyy:eC2
bb

, (1)

where Mx:m is the maximum design moment about the x-axis, and Ea is the Young’s
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modulus of the member, which, in the current context, is made of aluminium. The

meanings and the usage of the other terms, Iyy:e and Cbb, are explained in the para-

graphs that follow.

Cbb is the moment modification factor for the full bracing condition. In other words,

Cbb is the value of the equivalent uniform moment factor, Cb [1, Fig. 5.8], assuming that

the bracing is fully effective. In the worked examples that follow, the value of Cbb is

taken to be 2.0 when the interior flange is in tension and also when it is in compression,

which implies that the mullion’s outer flange is laterally restrained by its connection to

the glass.

The value of Iyy:e, which is the effective second moment of area about an axis that is

perpendicular to the wall and passing through the centroid, will be equal to the second

moment of area about the weak- or y-axis, Iyy:m, only if the profile’s centroid lies exactly

mid way between the inner and outer flanges. A method for calculating Iyy:e is provided

by Ziemaian [1, p. 551-552], however, for the purpose of this study an approximation is

sufficient, so it will be assumed that Iyy:e ≈ Iyy:m . Equation 1 applies to the more severe

case in which loads applied at a flange act toward, rather than away from, the pro-

file’s centroid. The expression was originally derived for beam sections having at least

one axis of symmetry, and its applicability to a doubly-asymmetric mullion profiles is

discussed in Section 6.2.

The minimum unfactored ultimate strength of the torsional brace [2, p. 15] (a moment

per unit length of member) is:

Mz:b =
0.04M2

x:m

Ea Iyy:eC2
bb

. (2)

The axial moment that is required to prevent LTB in the mullion profiles of a given cur-

tain wall can be estimated using Equation 2. The magnitude of the moment is of interest

because, in this paper, it will be compared with the other moments acting about a mul-

lion profile’s longitudinal axis. Similarly, the torsional stiffness of a mullion extrusion’s

connection to its adjacent structural components will be compared with the minimum

stiffness of a torsional brace, which can be found with Equation 1.

2.2. Rotation Due to Wind Loads on Flanges and Webs

One of the methods used to prevent the passage of water through the inter-panel joints

in a unitised curtain wall is to ‘pressure equalise’ [22, 23] some or all of the cavities

inside the framing members. These cavities are open, or partially open, to the exterior

side of the wall, and cavity pressure varies with the exterior wind pressure. In practice,

when the exterior wind load fluctuates rapidly, the response measured within the cavity
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may be damped and attenuated, and so it is conservative to assume that the cavity

pressure is equal to the wind load. A consequence of pressure equalization is that forces

act upon a mullion profile’s web and interior flange and the member experiences a

lateral force in the plane of the wall, as well as a moment about its longitudinal axis.

Examples of pressure equalised mullions are presented in Figure 5. Because they have

large webs, “arrow” or “rocket” shaped corner mullions of the sort shown in Figure 5-

C, will experience pressure equalisation loads that are greater than those acting upon

mullions in the flat areas of the same facade.

Figure 5: Inside pressure equalised mullions, wind pressure acts within the cavi-
ties that have been shaded and, consequently, forces act upon the webs and interior
flanges.

If the air seal between the male and female sides is at the interior flange – this being the

configuration in most unitised designs, and that shown in cases B and C in Figure 5 –

then the magnitude of the moment about the axis of extrusion, Mz:p, per unit length of

member, is:

Mz:p = P

(

b

2
(esx + (dm − ds)θz:p) + dmesy

)

, (3)

where P is the wind pressure at the exterior of the facade, b is the horizontal distance

between mullions and dm is the depth of the mullion in the direction perpendicular to

the wall. Because the mullion profile’s angle of rotation, θz:p, must in reality be small,

θz:p ≈ sin θz:p. The eccentricity between the shear centre and the load at the flange is

esx, and the eccentricity for load at the web is esy. These dimensions are marked on

the left hand mullion in Figure 6. The length (dm − ds)θz:p is the amount by which the

eccentricity between flange load and shear centre, shown in the sketch on the right hand

side of Figure 4, changes as the mullion rotates. There is no corresponding adjustment

for esy because the direction of the wind load is always perpendicular to the web, and

there is no variation in eccentricity as the mullion rotates.

Page 212



Chapter 7 Previously-Published Journal Paper

Strictly speaking, the pressure equalisation forces act upon the web in the region from

the outer face of the front flange up to the air seal gasket at the interior flange, but,

for simplicity, that distance is taken to be approximately equal to the mullion depth,

dm. Also, the moment obtained from Equation 3, Mz:p, is that acting at middle of the

member’s span, where rotation is greatest. In the analytical methods that follow, it will

be assumed that Mz:p is applied uniformly over the whole length of the member. For

design purposes, this assumption is on the safe side, but not excessively conservative:

the axial torque is overstated in the zones away from the mid span, where the system’s

rotational response to moment is relatively small.

The moment due to pressure equalisation, Mz:p, causes the member to rotate about a

longitudinal axis passing through the cross section’s shear centre. In Figure 6, the left

hand diagram shows, in solid line, the rotation of the cross section at the mid span,

while the position of the cross section at the end of the span is shown in dashed line. The

central diagram in Figure 6 shows the lateral deflection caused by pressure equaliza-

tion in the absence of Mz:p, and the right hand diagram shows the deflection occurring

because of the combined effects of lateral bending and rotation about the longitudinal

axis. Because of this combined deflection, the lateral movement of the members’ outer

flanges is small, making it possible to attach the extrusion to the glass using a flexible

adhesive.

esy

esx

SHEAR
CENTRE

Pdm Pdm

Pb
2

Pb
2

y

x

Figure 6: Plan view of mullions at mid-span (solid line) and at transom connec-
tions (dashed line), subjected to a moment about the longitudinal axis (left), sub-
jected to a lateral load (centre) and subjected to a combined moment and lateral
load (right).

Below, mullion rotation is considered in isolation. Lateral deflection is analysed sepa-
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rately, in Section 2.3.

A mullion extrusion is joined by its web to the transom members so that its cross-

sectional profile can warp but not twist at these points of connection. If the torque ap-

plied about the member’s axis is assumed to be uniformly distributed, as indicated in

Figure 7, then the maximum rotation of the mullion profile, θz:p, at the mid-point of the

span between transoms, will be [24, p. 424, Table 10.3, Case 2e];

θz:p =
Mz:p

CwEaβ4





β2l2
b

8
+

1

cosh
(

βlb
2

) − 1



 , (4)

where Mz:p is the distributed torque (a moment per unit length of mullion), Cw is the

profile’s warping constant, lb is the span between transoms, and;

β =

√

Jzz:mGa

CwEa
, (5)

Jzz:m being the profile’s torsion constant and Ga being the shear modulus. For cross sec-

tions that are thin-walled and open, a method for calculating the warping constant, Cw,

and also the location of the shear centre, is described by Xiang et al. [25]. The algo-

rithm is intended for use in a computer program, but, with patience, it can be executed

by hand [26]. An open source software package that makes use of finite element mesh

methods to find the warping constant of open or boxed cross-sectional shapes, named

sectionproperties, has been written by van Leeuwen [27].

Later, in Section 6.3, it is argued that, even if a structural sealant is used to bond the

mullion’s outer flange to the glass, the extrusion still will rotate about its shear centre.

In this case, while the angle of rotation is small, the lateral or x−direction movement of

a mullion extrusion’s interior flange is;

δx:r ≈ dsθz:p. (6)

2.3. Weak Axis Bending Due to Pressure Equalisation

The male and female profiles in a pressure equalised mullion both experience forces

that cause rotation about the longitudinal axis, as considered in Section 2.2, and also

bending about the weak axis, as shown in the central diagram in Figure 6. If the con-

nections with transom members are moment resisting, then the deflection due to weak

axis bending is easily calculated using the standard small-deflection beam formula [e.g.

24, Table 8.1, Case 2d]:

δx:b =
Pdml4

b

384Ea Iyy:m
(7)
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where lb is the mullion’s unrestrained span, which is the vertical distance between tran-

soms, and Iyy:m is the mullion extrusion’s second moment of area about its weak axis.

2.4. Rotations at Edges of Glass Panes.

If a gradually increasing pressure acts upon the surface of a glass pane, or on any other

thin, edge-supported plate, then initially the induced stresses will be bending stresses,

and deflection will vary in proportion to the applied load. As greater pressure is ap-

plied, membrane effects raise the apparent stiffness, and actual deflections will be less

than those predicted by a model of bending alone. Even before the magnitude of de-

flection reaches the thickness of the plate, deviation from the linear load-deflection re-

lationship can be appreciable [28, Fig. 7]. The large-deflection behaviour of a thin plate

can however be found using a mathematical model that was first set out by Föppl [29]

and, more famously, by von Kármán [30, p. 350]. It is known that these differential equa-

tions do not take into account all of the stresses that occur in reality [31], but numerous

studies [e.g., for glass, 32, p. 65-74] have compared this model’s predictions with the

results of laboratory tests, or with the results of finite element analysis, with the finding

that the analytical model is reliable over a wide range of conditions.

Navier worked on the theory of large deflection in plates [33, 34]. Applying a technique

developed by his contemporary, Fourier, he considered the forces acting upon the plate

to be the sum of a series of sinusoidally varying loads. He showed that, using this ap-

Figure 7: Uniformly distributed moment acting about the longitudinal axis of a
mullion profile. At each end of the unbraced span, at the connections with tran-
soms, the extrusion can warp but not twist.
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proach, it is possible find solutions to the Föppl and von Kármán system of differential

equations. It is known that, under uniform lateral pressure, a pane of architectural glass

whose four edges are attached to a supporting frame by conventional glazing gaskets

or structural silicone sealant, will behave as a simply supported plate [e.g. 35, p. 198].

A general solution for the deflection of a plate of this sort, obtained using Navier’s

method, has been provided by Levy [28]. If its dimensions are a and b in the directions

of the x−axis and y−axis respectively, then its deflection at a given point, w(x, y), will

be [28, Equation 6]:

w(x, y) =
∞

∑
m=1,2,3...

∞

∑
n=1,2,3...

wm,n sin
(mπx

a

)

sin
(nπy

b

)

. (8)

The effort required to determine the wm,n coefficients is not insignificant, but, since the

series converges quickly, a useful approximation can be obtained by considering only

the term containing w1,1. So, Equation 8 can be rewritten:

w(x, y) ≈ w1,1 sin
(

πx

a

)

sin
(

πy

b

)

. (9)

In the present discussion of rotational influences on mullions, it is approximate scale,

rather than the precise values, that are of interest. In this context, the accuracy of the

above expression is adequate. For example, for a square plate with Poisson’s ratio of

0.316, at values of Pa4/Eh4 above 150, w1,1 is greater than the exact central deflection by

only 9 % [28, Fig. 7].

Measured along any line that is parallel to a side of the plate, the out-of-plane deflected

shape is one half period of a sinusoid, as shown in Figure 8. The slope of the deflected

θz:g is angle
to x-y plane

0
0.2

0.4
0.6

0.8
1

Position, x
(as a proportion of a)0

0.2
0.4

0.6
0.8

1

Position, y
(as a proportion of b)

Deflection

Figure 8: Sinusoidal deflection of a pane of glass, described by Equation 9.
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glass can be found by partial differentiation of Equation 9. If a glass pane is orientated

so that the side with length a is vertical, and it is viewed in plan, then the gradient of

the glass with respect to its normal plane is:

∂w

∂y
≈

πw1,1

b
sin

(

πx

a

)

cos
(

πy

b

)

. (10)

The deflection of architectural glass is commonly limited to 1/60 of the plate’s shorter

dimension [e.g 36, Section 3.3.3]. Substituting b/60 for w1,1 in Equation 10, and convert-

ing the gradient to an angle of rotation, θz:g, in radians:

θz:g ≈ arctan
[

π

60
sin

(

πx

a

)

cos
(

πy

b

)]

. (11)

At the glass edge that is in contact with the mullion, the angle of rotation of the glass is

greatest at the mid-point between transoms, where x = a/2 and y = b. Hence, all of the

foregoing plate analysis leads to the simple but important result that, when full design

pressure is applied, the maximum angle through which the edge of an architectural

glass pane will rotate is approximately 0.0523 radians or 3 degrees. This figure is used

in the models that follow.

2.5. Moments Transferred Through Structural Silicone Sealant

When glazing a prefabricated curtain wall panel, it is now the usual practice to bond the

glass to the outer flange of the aluminium framing members using structural silicone

sealant. Examples of these adhesive joints can be seen in Figures 3 and 5, and a brief

history of structural sealants, with guidelines for usage and stress analysis, may be

found in ASTM C1401 [37].

In a previous study [38, Equation 4], the relationship between the angle of rotation at

the edge of the glass, θz:g, and the axial moment that is transferred to the mullion, Mz:s,

was proposed to be;

Mz:s = θz:g
B3Es

12g
, (12)

this angle being in radians, while B and g are the sealant joint’s cross-sectional dimen-

sions – its bite and glueline – measured, respectively, in the directions parallel and per-

pendicular to the glass. A linear elastic response is assumed, and Es is the Young’s

modulus of the sealant.

Figure 9 shows the transfer of moment from the curtain wall’s face or infill material,

which is typically glass, through the structural silicone joint, to the exterior flange of

the mullion.
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Typical published values of Es are between 1 and 2 MPa [e.g 39]. However, labora-

tory tests carried out during the same past study suggested that the apparent value

of Young’s modulus increases with B [38, Section 7.2]. The test data indicate that, for a

real structural silicone connection, the value of Mz:s might lie somewhere between one

and two times the value found using Equation 12.

2.6. Asymmetric Bending

If a mullion profile’s principal axes – the two centroidal axes about which it is strongest

and weakest – are not parallel to its webs and flanges, then, even if load is applied only

in the direction normal to the wall, there will be a component of displacement parallel

to the wall. In Figure 10, x′ and y′ are the principal axes of a female extrusion, and the

angle that they make with the x− and y−axes, which are parallel to the profile’s flanges

and webs respectively, is α, where [25, Equation 7];

α =
1

2
atan

(

2Ixy

−Ixx + Iyy

)

, (13)

and the section’s second moments of area about its principal axes are;

I′xx =
Ixx + Iyy

2
+

√

I2
xy +

(

Ixx − Iyy

)2

4
, I′yy =

Ixx + Iyy

2
−

√

I2
xy +

(

Ixx − Iyy

)2

4
. (14)

For a given curtain wall panel, deflection in the direction perpendicular to the wall, δx,

measured with respect to the transoms at the ends of the unbraced span, varies directly

with wind load, so, for convenience in the analysis that follows, a temporary constant,

Figure 9: Acted upon by wind pressure, glass edges rotate, and a moment is trans-
ferred through the structural sealant to the mullion extrusion.
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k is introduced;

k =
Ixxq

δx
, (15)

where q is the force per unit length of member.

Analysing the movement of an asymmetric extrusion at a single unbraced span, as on

the right hand side of Figure 10, is complicated. The process begins with the vector de-

composition of the direct load, q, and also the moments, M1 and M2, into components

aligned with the principal axes. The mullion’s responses in the directions parallel and

perpendicular to the wall are affected by the different support conditions in the two

planes. For bending in the plane of the wall, the ends of the mullion’s span are fixed to

the transoms and these connections are moment-resisting. At the same time, for bend-

ing in the plane perpendicular to the wall, the transoms offer no moment resistance.

For simplicity in this current analysis, the in-plane moment resistance of the horizontal

members will be ignored. Therefore, the in-plane flange movements predicted using

Equation 18, below, will be overestimates, possibly gross overestimates, but they will

be useful nonetheless.

Decomposing the loads into vector components parallel to the principal axes;

q sin(α) >
kδ

′

y

I′yy

, q cos α >
kδ

′

x

I′xx

, (16)

and then taking the components of displacement in the direction parallel to the wall;

δx:a < km f (δ
′

y cos α − δ
′

x sin α). (17)

Replacing the terms in Equation 17 with the expressions given in Equations 13, 14, 15

and 16;

δx:a <
δxkm f

Ixx

√

I2
xy +

(

Ixx − Iyy

)2

4
sin

(

atan

(

2Ixy

Ixx − Iyy

))

(18)

So that the polarity of deflection will be positive when the extrusion flanges move away

from the mullion’s centreline, km f = −1 when the profile, usually male, is on the left

hand side when the split mullion is viewed from the exterior of the building, and km f =

1 for the other profile.

2.7. Rotation at Ends of Transoms

It is conservative to assume that, in the direction perpendicular to the wall, the load act-

ing upon a transom is uniformly distributed and is caused by the action of wind upon

a tributary strip whose height is equal to the transom length, b − bm. Such a transom is

shown in Figure 11. The deflection of the member is of interest because, at each end, it

is rigidly connected to the web of a mullion, and so transom flexure causes the mullion
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Figure 10: Vector components of load, in solid line at exterior flange, and com-
ponents of deflection, in dotted line at interior flange, in female mullion extrusion
(left) with principal axes x′ and y′. Deflection of the mullion at one unbraced span
in a unitised curtain wall panel (right).
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profiles to rotate about their longitudinal axes. If it is assumed that the mullion is weak

in torsion, so that it does not resist rotation of the transom’s ends, then the angle of ro-

tation θt radians, can then be found using the standard formula for a simply supported

beam [24, p. 193, Table 8.1, Case 2e]:

θt =
P(b − bm)4

24Ea Ixx:t
, (19)

where Ixx:t is the transom’s second moment of area about a vertical axis through its

centroid.

Figure 11: When transom member goes from the unloaded (upper sketch) to
loaded condition (lower sketch), flexure causes the attached mullion profiles to
rotate about their longitudinal axes.

2.8. In-plane-of-wall Movement of Glass Edge

When wind load causes a pane of architectural glass to deflect, the edges of the pane

move in the plane of the wall. If the glass is bonded to its structural frame, then move-

ments at its edges will cause the mullions to rotate. The approximate glass deflection

model described in Section 2.4 is considered again in this present discussion, but now,

as shown in Figure 12, the y−axis has been aligned with the centre of the plate. The de-

flected shape of the pane, measured in a horizontal plane passing through its geometric

centre, is a cosine with amplitude wmax.

Working from first principles, it is not difficult to develop an integral for the arc length

of the curve, which is equal to the original width of the flat pane, b. If the in-plane

movement of a glass edge is u then:

b =
∫ b

2−u

−( b
2−u)

√

1 +

(

d

dx

[

wmax cos

(

πx

b − 2a

)])2

dx (20)
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An expression of this form, an elliptic integral, has no closed-form solution. However,

with the assumption that was introduced in Section 2.4, that the maximum glass de-

flection in the direction normal to the plane of the wall, wmax, is b/60, then numerical

evaluation reveals that u is, at most, b/2918.

3. Example Unitised Curtain Wall

The shapes and structural properties of a male and female mullion pair are shown in

Figures 14 and 15, and the geometry of the facade in which they are used is shown in

Figure 13. The lateral movements of this curtain wall system’s mullion profiles have

been modelled numerically and algebraically, as described in Sections 4 and 5. In these

studies, it is assumed that the profiles are extruded in 6063 aluminium alloy, and that

the temper is T5. The vertical dimensions given in Figure 13 are measured from the

fulcrums of the stack joints and brackets.

For the purpose of determining the magnitude of the bending moment acting about the

mullion’s x-axis, the load upon each mullion is considered to act only in the direction

perpendicular to the wall, and to be uniformly distributed, without any concentration

of load at the points of connection with transoms. These assumptions are consistent

with the example given in the ADM [11, Part VIII, Figure 28d, p. 60]. Stresses caused by

axial loads, which are small in comparison with flexural stresses, are ignored.

Theoretical bending moments, shear forces and deflections in mullions, at the design

load of 4.6 kPa, are shown in Figure 16. These theoretical curves follow from the classi-

cal theory of small deflections in elastic beams, and have been determined numerically,

using an open source frame analysis software package, Frame3DD [40].

In this wall system, which complies with the ADM’s structural design rules, the limiting

structural design constraint is LTB resistance.

s

s

Figure 12: When wind pressure causes a glass pane to deflect, its edges move in
the plane of the wall, and the mullion profile rotates.
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Figure 13: Exterior elevation and section view of curtain wall considered in an-
alytical and finite element studies. The mullion span considered in this study is
shown within the ‘cloud’.
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. .

Cross sectional area: 1243.3 mm2

Overall section width (in x direction): 77.0 mm
Overall section depth (in y direction): 171.5 mm
x-coordinate of shear centre with respect to centroid: -43.71 mm
y-coordinate of shear centre with respect to centroid: 14.41 mm
Radius of gyration about centroidal x−axis: 60.59 mm
Radius of gyration about centroidal y−axis: 22.15 mm
Second moment of area about centroidal x−axis, Ix:m: 4.558×106 mm4

Second moment of area about centroidal y−axis, Iy:m: 0.619×106 mm4

Product moment of area, Ixy:m: 0.224×106 mm4

Torsion constant, Jz:m [3, Part II, Chapter B.1]: 4.167×103 mm4

Warping constant, Cw: 2.56 ×109 mm6

Figure 14: Structural section properties of the male mullion profile in the wall
specimen shown in Figure 13.
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. .

Cross sectional area: 1151.6 mm2

Overall section width (in x direction): 41.5 mm
Overall section depth (in y direction): 171.5 mm
x-coordinate of shear centre with respect to centroid: 23.79 mm
y-coordinate of shear centre with respect to centroid: -6.60 mm
Radius of gyration about centroidal x−axis: 51.33 mm
Radius of gyration about centroidal y−axis: 14.30 mm
Second moment of area about centroidal x−axis, Ix:m: 4.334×106 mm4

Second moment of area about centroidal y−axis, Iy:m: 0.237×106 mm4

Product moment of area, Iyx:m: 0.182×106 mm4

Torsion constant, Jzz [3, Part II, Chapter B.1]: 195.99 ×103 mm4

Warping constant, Cw: 0.942×109 mm6

Figure 15: Structural section properties of the female mullion profile in the wall
system shown in Figure 13.
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Figure 16: Theoretical deflection, bending moment and shear in the curtain wall
specimen’s mullions at 4.6 kPa. In these graphs, the locations of brackets are
marked by dashed horizontal lines: continuous horizontal lines show the positions
of stack joints.
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4. Numerical Simulation Using Code Aster and Salome-Meca

An open-source finite element software package, Code Aster [41], and a compatible pre-

and post-processing environment named Salome-Meca [42], have been used to simu-

late the shape changes that occur when load is applied to the split mullion in the cur-

tain wall specimen shown in Figures 13. Finite element meshes representing the glass,

sealant and aluminium profiles in two horizontally-adjacent panels were studied. In

order to avoid unnecessary computation, each panel was divided at its vertical centre-

line, and only one half was included in the model. The pair of adjacent half-panels is

pictured in Figure 17.

Deflection (mm)

17.43

13.07

8.715

4.358

0

Figure 17: Loads considered in the finite element model (left), and the deflected
shape of the two adjacent half-width panels (right).

The model’s boundary conditions were set to mimic the restraint provided by the miss-

ing half-panels, as well as the loads from panels above and below. In this way, each

half-panel in the model is forced to behave as if it were part of a normal, multi-floor

curtain wall.

The Young’s modulus of the structural silicone sealant is taken to be 1.1 MPa, which is

the value published by the manufacturer of the product (DC-983) used in the labora-

tory test specimens [39]. This material is, in reality, visco-elastic, but providing strains

are not extreme, in this practical context it is a reasonable to assume a linear elastic re-
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sponse [38, p. 512]. Rubber gaskets that are present in the real curtain wall system, at

the joints between the male and female mullion profiles, visible in Figure 5-B, have not

been included in this computer simulation. The coefficient of friction between the metal

surfaces has been taken to be zero.

Only the inner pane of the insulated glass unit, or IGU, has been modelled in full. This

pane carries a pressure equal to (t3
i

+ t
3
e )P/t

3
i
, where ti and te are the thicknesses of the

IGU’s inner and outer panes, and P is the total wind load acting upon the facade. This

load share formula is consistent with design codes for structural analysis of architec-

tural glass, such as ASTM E1300 [43, Appendix X3]. The component of wind pressure

acting upon the outer pane has been modelled as a line load at the center of the struc-

tural silicone connection to the mullion’s outer flange. In addition to the wind pressure

on the glass, the same pressure has been considered to act within the mullion’s internal

cavities, as indicated in Figure 5-B. The forces are shown diagrammatically in Figure 17:

pressure acting upon the inner pane of the insulated glass unit is indicated in color red,

the load transferred from the outer pane is in blue, and wind pressure in the direction

parallel to the wall, upon each extrusion’s web, is shown in green.

For each load case, displacements were calculated iteratively until the forces at each

node, in the directions parallel to the axes, had converged to an equilibrium state, with

a tolerance of 1× 10−6 N. The effect of varying the mesh density was investigated, and it

was found that changing from the model shown in Figure 17 to that shown in Figure 18

had little influence upon the deflected shape predictions. The values indicated in this

paper have been obtained from a model with approximately 700,000 nodes.

The deflected shapes of the male and female mullion extrusions, from the curtain wall

specimen shown in Figure 13, at the middle of their longest unsupported span, are

drawn in bold color in Figure 18; in the same image the positions of the components in

their unloaded conditions are shown in outline.

The FEA models have yet to be validated by physical testing. However, the software –

which is made up of 1.5 million lines of source code, accompanied by 14,000 pages of

technical documentation and more than 3,600 standardized test cases – is known to be

mature, and is believed to be reliable: it has been developed continuously since 1980 by

the French state’s electrical power conglomerate, EDF, and has been widely used in the

design of nuclear power facilities [41].

5. Relative Importance of Factors Causing Mullion Twist

Contributions to the lateral movements of the interior flanges of the mullion profiles

in the curtain wall system described in Section 3, and moments acting about the ex-
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Deflection (mm)

17.43

13.74

10.05

6.365

2.676

Deflection (mm)

26.65

20.94

15.24

9.542

3.840

Figure 18: The deflected positions of the mullion profiles at wind pressures of
-4.6 kPa (upper diagram), and +6.75 kPa (lower diagram). The components’ un-
loaded positions are shown in outline.
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trusions’ longitudinal axes, have been calculated using the expression introduced in

Section 2.

The results, set out in Table 1, demonstrate that the rotational moment attributable to

the phenomena that are collectively termed lateral torsional buckling is, for practical

purposes, negligible in comparison with the moments that are attributable to the eccen-

tricity between the shear centre and the applied wind loads. Similarly, it is reasonable

to ignore rotations due to the transom’s flexure, and the mullion rotations caused by

movements of the glass edges in the plane of the wall, and the lateral movement asso-

ciated with asymmetric bending. Inspection of the algebraic expressions suggests that,

for the facade layouts and design pressures encountered in real buildings, these find-

ings will apply to all of the unitised curtain wall systems in which air seals are located

at the mullion’s interior flange.

The lateral movement occurring at the mid span of the interior flange of a mullion

profile can therefore be estimated by summing both the rotation caused by moments

about the longitudinal axis together with the weak-axis bending that is the result of

pressure equalisation. These are the two effects described in Sections 2.2 and 2.3. An

expression for the magnitude of this deflection in the plane of the wall can be obtained

by combining Equations 3, 4, 5, 6 and 7. If δx:s is the total horizontal movement of the

flange of a mullion profile, in the plane of the wall, then;

δx:s ≈
Pdml4

b

384Ea Iyy:m
+

dsP(besx + 2dmesy)
(

k1 − l2
b k2

)

bP(dm − ds)(l2
b k2 − k1) − 16Ga Jzz:mk2

, (21)

where;

k1 = 8CwEa

(

e
1
2 lb

√

Ga Jzz:m
CwEa − 1

)2

, (22)

and;

k2 = Ga Jzz:m

(

e
lb

√

Ga Jzz:m
CwEa + 1

)

. (23)

Equation 21 applies to the split mullion members in a unitised curtain wall whose air

seal is located at the profiles’ interior flanges.

6. Discussions

Arguments regarding the validity of the algebraic models that are the basis for the

flange movement predictions summarized in Table 1, are set out below, together with

comments on the level of agreement between the analytical and finite element simula-

tions.
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Table 1: Contributions of different physical effects to the moments in, and lateral
displacement of, interior flanges of mullion profiles in the curtain wall described
in Section 3, at a wind pressure of 4.6 kPa.

Axial Moment Lateral Disp. of
Phenomenon (N.mm/mm) Int. Flange (mm) Diagram Notes

Male Female Male Female

a Lateral
torsional
buckling.

< 0.807 < 1.89 – – See Figure 2. See Equation 2.
Magnitude is small
in comparison
with effects in
rows b and c
below.

b Rotation caused
by wind loads
on flanges and
webs.

132.9 73.0 11.9 0.803 See Equations 3, 4
and 5.

c Deflection in
plane of wall
caused by
pressure
equalisation.

– – 1.07 2.80 See Equation 7.

d Asymmetric
bending.

– – < -0.145 < 0.124See Figure 10 See Equation 18; δx

from Figure 16.

e Moment
transmitted
through
structural
silicone sealant.

-17.5 -13.2 – – See Equation 12.
Values are
maxima, occurring
at the mid span.
Glass rotation is
3◦, and mullion
rotations are from
FEA (see Table 2).

f Rotation of
transom end.

– – -0.112 -0.112 See Equation 19.
Reasonably, this
effect can be
ignored.

g Mullion
rotation caused
by glass edge
movement in
plane of wall.

– – -0.267 -0.491 See Equation 20.
Reasonably, this
effect can be
ignored.
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6.1. Pressure Equalization

The principle of pressure equalisation is one that is encountered regularly in the facade

industry. The role that it plays in weatherproofing is usually one of the first topics to

be covered in curtain wall design textbooks and training courses, and it is frequently

mentioned in technical specifications. Therefore, at least in the context of controlling

water entry, the concept is familiar to every facade engineer. Given this high level of

awareness, it is odd that the structural consequences of pressure equalisation – the loads

that it places upon a mullion’s webs – are not even mentioned in the existing literature,

nor have the authors ever seen structural calculations in which it is taken into account.

This paper’s analytical methods, which consider the loads acting upon mullion webs,

therefore are novel.

6.2. Twisting Moment Due to LTB

Torsional bracing can be used to prevent lateral torsional buckling of a slender flexural

member, and the moment transferred to such a brace will be less than the estimate

obtained using Equation 2. However, in the derivation of this expression, it is assumed

that the member’s cross section has at least one axis of symmetry, whereas, in reality,

there is no line of symmetry in a unitised mullion profile. Therefore, the explanation

in the following paragraph is required to justify the use of this analytical method with

unitised mullion extrusions, which are invariably asymmetric.

The moment that causes a mullion profile to rotate about its longitudinal axis can be

divided into two components. One part, the eccentric loading moment, is induced by

applied loads whose line of action does not pass through the cross section’s shear cen-

tre. The other part is attributable to the various buckling effects outlined in Section 2.1,

whose total is know to be less than the moment found with Equation 2. So, if the sum of

buckling moments can be shown to be small in comparison with the eccentric loading

moment – which will normally, perhaps always, be the case for unitised mullions – and

if it can be shown that the profile’s torsional rigidity is such that the eccentric loading

moment causes only slight rotation, then it follows that the design is resistant to lateral

torsional instability. Expressed another way, if the buckling moment from Equation 2 is

small in comparison with the eccentric loading moment from Equation 3, and if Equa-

tions 21 to 23 show that lateral movements of flanges will be small, then further analysis

of LTB is unnecessary.

6.3. Rotation About Shear Centre

When a moment is applied about the longitudinal axis of a prismatic member that is

held only at its ends, as in Figure 7, the cross section will rotate about its shear centre.
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However, the members considered in this study are not completely free to rotate in this

way, as they are attached by structural sealant to a face or infill material that is often

glass, and it is therefore reasonable to ask whether the member in fact rotates about the

centre of the sealant connection. The explanation that follows will therefore be helpful.

In the analytical models established in Section 2, it has been assumed that rotation oc-

curs about the shear centre. Such rotation cannot occur freely on its own because the

mullion’s outer flange is bonded to the glass. However, as well as rotating, the member

is also deflecting about its weak axis, and when bending and rotation occur together,

the relative movement between the outer flange and the glass is much smaller than

the movement that would be caused by bending or rotation alone. This combination

of effects may be seen in Figure 6. The sealant is an elastomer with a low modulus of

elasticity, and it is capable of accommodating lateral movements that are comparable

with, or greater than, the sealant joint thickness. Some such lateral movement can be

seen in the finite element model in Figure 18.

6.4. Influence of Structural Silicone Sealant

The magnitudes of moments about the longitudinal axes of the mullions are compared

in Table 1. It can be seen that, compared to the moment due to wind load on the webs

and flanges, the moment induced in the structural sealant is of secondary importance.

For the sake of simplicity, the model proposed in Equations 21 to 23 ignores the moment

and also the shear force in the sealant. Since the sealant resists lateral movement and

resists rotation, it is to be expected that, for cases in which the lateral deflection of the

mullion’s interior flange is large, the analytical prediction will be an overestimate. For

use in design, the model is therefore conservative.

6.5. Analytical and Numerical Predictions Compared

In Table 2, the algebraic predictions are compared with the results of the finite element

study. It is to be expected that, because Equations 21 to 23 do not consider the torsional

or shear resistance of the structural sealant, as the magnitude of the mullion’s rotation

and lateral deflection increases, so the analytical forecasts will be overestimates. This

expectation is consistent with the results in Table 2. Only one curtain wall design has

been modelled, and therefore claims regarding the analytical method’s general applica-

bility must be made with some caution. That said, it appears that lateral movements of a

split mullion’s interior flanges can, for practical purposes, be estimated conservatively

using Equations 21 to 23.
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6.6. Structural Silicone Sealant as a Torsional Brace

A question of interest to curtain wall designers [38] is whether or not a structural sili-

cone sealant connection to glass is, on its own, effective as a torsional brace for a mullion

extrusion. For the particular curtain wall system considered in this investigation, the

answer is that the glass and sealant provide adequate torsional bracing to prevent lat-

eral torsional buckling. The minimum torsional stiffnesses needed to prevent LTB, from

Equation 1, are 48 and 113 N.m per m length of profile, per radian, for the male and fe-

male extrusions respectively. The stiffness of the sealant connection, from Equation 12,

is 174 N.mm/(mm.radian). While this is not necessarily the case for every curtain wall

mullion shape and for every structural silicone bite, there is nothing in these comments

to suggest that a structural silicone sealant joint will be ineffective as a lateral, rather

than torsional, brace.

7. Conclusions

The majority of today’s curtain walls are unitised systems made up of pre-fabricated

panels [9, p. 82], whose principal framing members, the mullions, are slender aluminium

extrusions. The cavities within these profiles ventilate to the outside of the building, and

therefore wind pressure acts upon their webs. Curiously, these loads are not mentioned

in the published literature.

In this investigation, the various different physical processes that cause a mullion’s inte-

rior flanges to move laterally, or parallel to the wall, have been examined analytically. A

new algebraic model has been proposed, in Equations 21 to 23, to describe the most sig-

nificant of these effects, which are rotation about a longitudinal axis and flexure about

the cross section’s weak axis. Using these new expressions, a facade designer can cal-

culate whether lateral movement of flanges will affect the serviceability of a male and

Table 2: Comparison of results obtained from the analytical and numerical mod-
els.

Lateral Disp. of
Phenomenon Int. Flange (mm) References

Male Female

Finite element prediction. 8.29 4.04 Section 4. Figure 18.

Sum of rotation and bending effects
due to pressure equalisation.

12.99 3.60 Equation 21.

Sum of rotation and bending due to
pressure equalisation, and also ro-
tation due to moment transmitted
through structural silicone sealant.

11.1 3.47 Moment from Equation 3, less
moment from Equation 12. Lat-
eral movements: due to rotation
from Equations 4, 5 and 6; due
to bending from Equation 7

Page 234



Chapter 7 Previously-Published Journal Paper

female extrusion pair. In particular, the analysis can be used to reveal whether disen-

gagement will occur at a mullion’s central air seal.

An existing curtain wall system has been studied, and it has been shown that the ap-

plied moments, which twist the mullions about their prismatic axes, are large in com-

parison with any twisting moment needed to prevent lateral buckling of the compres-

sion flange. It is suggested that this finding will apply to unitised mullion designs in

general. So, if Equations 21 to 23 show that, at full design load, a mullion extrusion’s

lateral movement is small, it follows that the profile is resistant to lateral torsional buck-

ling. This new analysis may therefore obviate the need for the sort of LTB checks that are

mandated by current design codes, which are time consuming and therefore expensive

to perform.

Descriptions of the movement of a mullion’s flange are complicated by the near-universal

presence of structural sealant [37], which is used to bond the member’s outer flange to

the glass or other sheet material at the wall’s exterior face. Because Equations 21 to 23

ignore the forces transmitted to the mullion by the sealant, it is to be expected that, for

cases in which lateral movements are large, the predicted deflections will be greater

than those that will occur in reality. The results obtained from a finite element model

are consistent with this expectation. For design purposes, the proposed algebraic model

is therefore conservative.

Previous research has shown that, even when custom curtain walls are developed specif-

ically for a particular building, they often contain more aluminium than is structurally

necessary [15]. It is hoped that, with a new model of the forces acting upon the mul-

lions, together with this paper’s new and reasonably simple expressions for structural

analysis, it will be easier for facade engineers to design extrusions in which metal is

used efficiently. Minimising material usage is always desirable, as it is a way to con-

trol building cost. For aluminium, whose embodied energy is much greater than that

of other common building materials [16, p. 10], there is also a strong environmental in-

centive to use the metal sparingly. It is already known that, if the techniques proposed

in this paper will help the curtain wall industry to reduce the mass of metal in its prod-

ucts, then the monetary savings, and also the reduction in greenhouse gas emissions,

will be substantial [17, p. 24].
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Chapter 8

Dividends From New Stability

Model: A Numerical Assessment

The lateral movement of the mullion extrusions in a unitised and pressure-equalised

curtain wall system can be described by a new algebraic method that has been put

forward in Chapter 7 together with a claim that the new model can reliably replace

conventional analysis of lateral torsional buckling. In the context of this present

research, it is of interest to see the effect that the proposed change will have upon

metal content. The draft technical paper that follows, which will be submitted

for publication in an academic journal, the numerical search procedure detailed

in Chapters 2 and 3 has been applied to create, on the one hand, curtain wall

system designs that are optimised to comply with the conventional LTB analysis

rules and, on the other hand, curtain wall designs that are optimised to comply

with the newly proposed lateral deflection criteria. The amount of aluminium in

each curtain wall design has been quantified.
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Abstract

The principal flexural members in the structural frame of a modern building’s curtain

wall facade, the mullions, are aluminium extrusions. In common architectural arrange-

ments, these profiles are slender, and the governing structural consideration is resis-

tance to lateral torsional buckling (LTB).

Previously, the authors proposed an algebraic model to describe the lateral movement

of curtain wall mullion flanges, and argued that the approach can be applied, not only

to assess a mullion extrusion’s stability, but also to predict functional failures, such as

separation of the air seal, which are not revealed by the established and codified LTB

analysis procedures.

In this new study, a genetic algorithm is used to determine the optimal cross-sectional

shapes for mullion extrusions in an archetypal curtain wall facade configuration, so

that aluminium content is minimised. The mass of metal in one optimised wall system,

designed to meet the lateral deflection criteria proposed by the authors, is compared

with the mass of metal in another solution that is optimised to satisfy the Aluminum

Association’s LTB-analysis rules. It is shown, by finite element simulation, that mullions

designed in accordance with the proposed method are stable. Furthermore, their lateral

deflections are smaller than those of members optimised to comply with the orthodox

structural rules, even though curtain wall panels designed in the new way contain less

metal.

Lastly, the embodied energy in a typical curtain wall’s extrusions is quantified and

compared with the energy that flows, as heat, through the facade while the building

is operational. The figures show that, if it is the objective to create green buildings in

which energy is used efficiently, structural design strategies such as those presented in
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this paper, which reduce demand for aluminium, are likely to bring greater benefit than

steps to improve the exterior envelope’s thermal performance.

Keywords: facade engineering, curtain wall, lateral torsional buckling, stability

analysis, numerical optimisation, genetic algorithm

Notation

b The horizontal distance between mullions. [Length]

Cw The warping constant of the cross-section. [Length6]

δx:s The horizontal deflection of a mullion’s interior flange, in the direction parallel

to the wall. [Length]

dm Distance between the extreme fibers of the interior and exterior flanges of a mul-

lion profile. See Figure 1. [Length]

ds The horizontal distance, in the direction parallel to a mullion profile’s web, from

the shear centre to the interior flange. See Figure 1. [Length]

Ea Young’s modulus of aluminium. [Force/Length2]

esx The distance, in the direction parallel to the wall, between a mullion extrusion’s

shear centre and the longitudinal line along which load acts upon the profile’s

exterior flange. The polarity of esx is positive when the distance from the mul-

lion’s centreline to the extrusion’s shear centre is greater than the distance from

the mullion’s centreline to the flange load. See Figures 1. [Length]

esy The distance, in the direction parallel to the web, between a mullion extrusion’s

shear centre and the middle of the profile’s web. The polarity of esy is positive

if the shear centre is on the exterior side of the centre of the web. See Figure 1.

[Length]

Ga Shear modulus of aluminium. [Force/Length2]

Ixx:m, Iyy:m A mullion profile’s second moment of area about the centroidal axes parallel

to the flanges and parallel to the web, respectively. [Length4]

Jzz:m Torsion constant of a mullion profile’s cross-sectional shape [e.g. 1, p. I-A-47].

[Length4]

lb Unbraced span of mullion profile, which is the clear distance between transom

members. [Length]

P Pressure. [Force/Length2]

1. Introduction

Lightweight, aluminium framed exterior wall systems, or “curtain walls”, are popular

around world and, as a result, the building industry’s demand for this metal is sub-

stantial. Considering only the material used to construct unitised walls – those made
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up of discrete, pre-fabricated panels – more than a million tonnes are needed annually

[calculated using 2, p. 24, and 3, p. 82], only about one third of which has been recycled

[4, p. 32].

Industrially, free or metallic aluminium is extracted from its oxide, Alumina, by Hall

and Héroult’s electrolytic method, which is energy intensive. Consequently, the em-

bodied energy per unit mass of aluminium is more than six times that of steel, more

than fifteen times that of wood, and more than a hundred times that of typical types

of concrete [4]. Therefore, if improvements to the current structural analysis methods

will allow engineers to create designs in which aluminium is used more efficiently, then

new buildings will be less expensive to construct, and less damaging environmentally.

The authors have argued [5, p. 661] that conventional analytical models of lateral tor-

sional buckling (LTB), when applied to unitised mullions, are unreliable because they

ignore significant influences such as the load that acts upon an extrusion’s web. This

load, and also the load upon the outer flange, are marked on the outline of the male

mullion in Figure 1.

An algebraic model of lateral deflection, which takes into consideration the loads upon

the profile’s web, has been published by the present authors [5, Equ. 21-23]. The pro-

posed analytical method is summarised below, in Section 2. Further, the authors have

suggested that, providing the calculated lateral movement is small, a mullion does not

need to be designed to meet the conventional LTB resistance criteria. Changes to the

method by which stability is assessed are likely to influence the optimal cross-sectional

shapes of framing extrusions, but the proposed analytical method’s impact upon alu-

minium usage has not, until now, been investigated.

This study examines extrusion profiles for use in the curtain wall described in Sec-

tion 3. A numerical method is used to find optimal cross-sectional shapes for mullions

that comply with the LTB resistance criteria set out in the Aluminium Design Manual

(ADM) [1, Part 1A, Sec. 3.4]. Separately, alternate extrusion shapes that comply with the

authors’ proposed lateral deflection criteria [5, Equ. 21-23], rather than with the ADM’s

LTB analysis rules, are found for the same curtain wall layout. An outline of the numer-

ical optimisation method, which has been described in detail previously [6], is provided

in Section 4, and the manner in which the software was adapted to calculate warping

constants is explained in Section 5.

In Section 6, the metal quantities in the curtain wall systems optimised to ADM’s rules

are compared with the metal quantities in the curtain wall systems complying with the

proposed lateral deflection criteria. The analytical predictions are validated by a finite

element study that is detailed in Section 7.

Findings are discussed in Section 8, potential embodied energy savings are compared
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esy

EXTERIOR

Figure 1: Cross section of unitised curtain wall mullion extrusions. Glass and
structural silicone connection to the front flanges are shown in dotted line.
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quantitatively with potential thermal energy savings in Section 9, and the incentives for

adoption of the proposed design approach are presented in Section 10.

2. The Analytical Model

The largest components of lateral deflection in typical unitised curtain wall mullions are

attributable to, firstly, flexure about the weak axis, caused by the pressure of air upon

the member’s web, and secondly, rotation of the cross-section about a longitudinal axis

through the shear centre, due to the loads on its web and exterior flange [5]. These two

effects are illustrated in Figure 2.

SHEAR
CENTRE

EQUIVALENT
CONCENTRATED
LOAD AT WEB

EQUIVALENT CON-
CENTRATED LOAD
AT OUTER FLANGE

Figure 2: Pressure on the mullion’s web causes bending in the plane of the wall,
which is exaggerated in the panel elevation drawing (left). Also, eccentric loads at
the web and outer flange cause the profile to twist about its shear center (right).

In a curtain wall system that is unitised, with an air seal at the interior side of its mul-

lions, then the two effects illustrated in Figure 2 will cause a mullion extrusion’s interior

flange to move laterally as described, using the variables defined at the start of this pa-

per, by the following expressions [5]:

δx:s ≈
Pdml4

b

384Ea Iyy:m
+

dsP(besx + 2dmesy)
(

k1 − l2
b k2

)

bP(dm − ds)(l2
b k2 − k1) − 16Ga Jzz:mk2

, (1)

where;

k1 = 8CwEa

(

e
1
2 lb

√

Ga Jzz:m
CwEa − 1

)2

, (2)
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and;

k2 = Ga Jzz:m

(

e
lb

√

Ga Jzz:m
CwEa + 1

)

. (3)

To avoid a functional failures, for this study the maximum allowable magnitude of

δx:s has been set to 6.35 mm (1/4”). This value is arbitrary, it has not been taken from

a design code or standard, but the two extrusions in a mullion of the sort outlined

in Figure 1 could deflect laterally by this amount while still maintaining an air seal

between their inner flanges. Also, as will be shown later (Table 2), 6.35 mm is less than

the lateral deflection occurring in mullion profiles that have been optimised to comply

with the ADM’s LTB analysis rules.

3. Curtain Wall Layout and Structural Design Criteria

This study considers an archetypal curtain wall layout, for a building with 4.5 m floor

height and facade framing members spaced as shown in Figure 3. The design wind

pressures are -3.5 and +2.8 kPa, values chosen because they lie roughly in middle of

the global range, between the low loads encountered in benign locations like Singapore

and the high pressures occurring in hurricane or typhoon areas such as Hong Kong.

Design constraints have been documented in detail already, as they were applied dur-

ing a past study [2], but can be summed up as follows.

A curtain wall panel’s mullion is a flexural member, held by a pin support at its connec-

tion to the building’s structure, and pinned at each of its ends to the vertcially-adjacent

panels’ mullions. These aligned and connected members form a continuous beam that

is subjected to a uniformly distributed wind load in the direction normal to the wall [7,

p. 98; 1, Part VIII, p. 60]. Moments and deflections are determined using classical beam

theory [8; 9; 10, pp. 30-36], and the ratio in which moment is shared between the male

and female profiles is assumed to be the same as the ratio of their stiffnesses. Each mem-

ber is a 6063-T5 aluminium extrusion, completely unbraced between transoms [e.g. 11;

1, Part VIII, pp. 56-61]. Designs are evaluated using the ADM’s methods to ensure that

stresses in webs and flanges do not exceed the allowable limits for yield, local buckling

[1, Part VII, Table 2-23, Sections 3.3.15, 3.4.16 & 3.4.18] and lateral torsional buckling [1,

Part I, Section F.4]. Deflection in the direction normal to the pane of the wall is limited

to 1/175 of span, or 20 mm, whichever is less. All webs and flanges must be at least

3 mm thick and, to ensure that the shape can be extruded, in any one cross section the

minimum and maximum metal thicknesses cannot differ by a factor of more than four.
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Figure 3: Unitised facade panels considered in the numerical study [left diagram
from 6].
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4. ACWEDS Software

The authors have published a description of the algorithms incorporated in a software

package, ACWEDS, which optimises the cross-sectional shapes of aluminium profiles

for unitised curtain walls [6]. The positions of the horizontal and vertical framing mem-

bers in any particular building’s facade, together with relevant structural performance

criteria, such as the design wind pressure and allowable deflection, are the software’s

inputs: it outputs the outlines of structural extrusions that meet the constraints while

minimising the mass of metal in the curtain wall. This process of automatic shape de-

termination is accomplished by combining the three numerical processes summarised

below.

In the first process, the geometric form of a compatible male and female mullion extru-

sion pair is defined parametrically. By varying the values of the numerical arguments

passed to the parametric model, it is possible to select open, boxed or double-boxed

topologies, to set the overall dimensions of the cross-section, and to control the thick-

nesses of the individual webs and flanges.

In another process, candidate mullion shapes are checked to determine whether they

comply with the project’s specifications, whether they are structurally adequate when

analysed by the procedures set out in the ADM [1], and whether the geometry can be

extruded in practice.

In the third and final process, a type of evolutionary optimisation routine, a genetic

algorithm, is used to search for the combination of parameters that, when applied to the

geometric model, generates the lightest wall system that will comply with the design

criteria.

The features and performance characteristics of genetic algorithms are well documented

in the literature [e.g. 12, 13, 14]. Details of a particular implementation of a genetic al-

gorithm, that used for this present study, have already been published [6], but the main

features are summarised in the paragraphs that follow.

The parametric shape model of the male and female mullion extrusion pair is con-

trolled by a total of 25 variables. Each parameter’s permissible range is discretised, the

number of allowable values or arguments being 2I , where I is an integer. In this way a

parameter’s value or argument can be represented by a binary number. The values of

a complete set of parameters is encoded in a binary string or “chromosome” that is 96

bits in length. Initially, candidate solutions are generated by a pseudo-random process,

and only those solutions that comply with the evaluation criteria listed in Section 3 are

retained. By altering the expression that relates a design’s mass of metal to its fitness,

it is possible to encourage faster convergence or, conversely, more thorough search. By
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prior experimentation it was found that an acceptable balance is achieved when the

fitness of an individual design solution is proportional to (1/mal)
5, where mal is the

mass of aluminium in the curtain wall panel’s horizontal and vertical framing mem-

bers. The probability that an individual will be selected to reproduce with another is

equal to its contribution to the sum total fitness of the candidate solutions in the popu-

lation. In short, the lower the mass of metal in a compliant design, the more likely it is

to reproduce.

In reproduction, part of the binary string belonging to one parent individual is swapped

with the corresponding part of the binary string belonging to another parent. This oper-

ation, “single point crossover”, occurs only once, at a pseudo-randomly selected point

on the chromosome, and this point can lie within the sequence of binary digits that

represent a parameter. The two children created in this way pass into the next genera-

tion if they satisfy the evaluation criteria. Each new generation’s binary data is subject

to stochastic mutation with a probability of 0.001 per bit. Search terminates when the

product of the population size and generation number is 10 million, or earlier, as dis-

cussed in Section 6.

In a previous study, the optimised curtain wall designs obtained using ACWEDS were

shown to be more efficient – that is to say, requiring less metal, and sometimes substan-

tially less metal – than the design solutions developed by experienced professional fa-

cade engineers [6, p. 154]. When the software was used repeatedly to generate different

low-mass designs to meet the same set of constraints, regardless of the candidate so-

lutions selected stochastically for the initial population, the solutions found were very

similar in their metal content. This optimisation task is inherently complex and, for this

reason, the value of the true global optimum is not known. It is not possible to conclude

that ACWEDS is finding the lightest possible extrusion shapes. However, the observa-

tions summarised above suggest that ACWEDS produces designs that are consistently

good, and therefore it was the software tool chosen to create the designs needed for the

investigation below.

5. Computation of Warping Constants

The version of ACWEDS used in previous research did not calculate the value of a cross-

section’s warping constant, Cw. To add this functionality, ACWEDS was linked to an ex-

isting, open source library named Sectionproperties, which has been programmed in

Python by van Leeuwen [15]. The library divides a cross sectional shape into a mesh,

examples of which are presented in Figure 4, and it then uses the finite element method

to determine structural properties. While the code is well written and clearly docu-

mented, and while it is a valuable tool for the evaluation of small numbers of shapes in
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a conventional design process, for a numerical optimisation study requiring the proper-

ties of millions of different profiles, Sectionproperties’ processing time is inconveniently

long. Even after increasing the maximum areas of triangles in the finite element mesh

from 1 mm to 30 mm, which resulted in faster computation and had negligible affect

upon the value of Cw, and even after configuring a server to allow Sectionproperties

to carry out its computations using eight parallel threads, the use of Sectionproperties

to calculate warping constants lowered ACWEDS’ execution speed by a factor of more

than 40,000.

Figure 4: Example mullion profiles created at an early stage of the numerical op-
timisation process, showing the mesh used to determine the warping constant.

As it is not necessary to determine a section’s warping constant to analyse lateral tor-

sional buckling by the ADM’s method, ACWEDS has been used to determine the op-

timal shapes for ADM-compliant mullions, but the new combination of ACWEDS and

Sectionproperties, although it executes slowly, has been used to optimise mullion shapes

to comply with the design method explained in Section 2.

6. Mullions Optimised to Meet Proposed Lateral Deflection Criteria

In comparison with the number of candidate design solutions evaluated during the

search for ADM-compliant designs, fewer solutions were evaluated during the search

for optimal designs matching the authors’ proposed design criteria. The reason for this

difference is that the computational cost of evaluating Cw is high, and the search for the

non-ADM design had to be terminated when the available computing resources had

been exhausted. The non-ADM design might therefore be less well optimised – further

from its global optimum solution – than the ADM-compliant solution.
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By recording the mass of metal in the lightest curtain wall designs found as numerical

optimisation progresses, it is possible to see whether the algorithm’s search is converg-

ing. This information is plotted graphically in Figure 5. From the graph it can be seen

that search for an ADM-compliant solution reached a plateau, but it is possible that,

with additional search time, further improvement of the non-ADM design could have

been achieved.
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Figure 5: Progress made by ACWEDS’ genetic algorithm during search for optimal
mullion shapes for 3.7 m and 4.5 m floor height conditions. (See Figure 3.)

The mass of aluminium in the structural frame of curtain wall systems for the facades

shown on the right side of Figure 3 – that with a 4.5 m floor height – are given in Table 1.

The mass of metal in the design optimised to comply with the ADM’s lateral torsional

buckling criteria [1; 6, Sec. 2.3] is compared with the mass of metal in a wall system

designed to meet the same constraints, except that, instead of the ADM’s check for

resistance to lateral torsional buckling, the lateral movement of the mullion’s interior

flanges was checked by the method described in Section 2.

In Table 1, the amount of aluminium in a third curtain wall design is shown in italic

text. This hypothetical wall system meets all of the design constraints, except that its

mullion profile’s lateral movement is not limited. This is to say that the mullion profiles

are not designed to meet the ADM’s LTB rules or the rules put forward in Section 2.

This solution is, therefore, only of academic interest – it would be unsafe to use in a

real building’s curtain wall – but it is a helpful reference because it shows the extent to

which lateral stiffness requirements add to the mass of metal in a curtain wall.

The shapes of the three different unitised mullions are shown in Figure 6. Reasons for

the disparity between the lateral deflections obtained from the numerical and algebraic

models, and the utility of the algebraic model, are discussed in Sections 8.2 and 8.3.
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Table 1: Combined mass of aluminium in the horizontal and vertical structural
members of the curtain wall systems studied. For mullion shapes, see Figure 6. For
curtain wall layout, see the right hand diagram in Figure 3.

Mass of Aluminium Metal Saving wrt
in Curtain Wall ADM-Compliant Design

(kg/m2) (%)

Design to ADM rules. 10.15 N/A

Design to Equ. 1 to 3. 9.95 2.0

Design without lateral deflection limit. 7.79 23.2

4.5 m floor (Fig. 3)
ADM [1] LTB Analysis

INTERIOR

EXTERIOR

4.5 m floor (Fig. 3)
Analysis by Section 2

INTERIOR

EXTERIOR

4.5 m floor (Fig. 3)
Unlimited Lateral Deflection

INTERIOR

EXTERIOR

Figure 6: Mullion extrusion profiles found by numerical optimisation. Figure 5
shows optimisation convergence graphs for the mullions at the left and centre.
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7. Validation by Finite Element Method

The aluminium extrusions, glass and glazing sealant in the curtain wall panel on the

right side of Figure 3 have been modelled using Code Aster [16], a mature suite of open

source programs for finite element analysis. Each model includes the mullion between

two panels, plus half of the width of each adjacent panel [5, Figure 17]. Each component

is represented by a mesh of brick-shaped elements, each element having eight nodes.

The models created for this investigation contain between 115,000 and 284,000 nodes.

The structural silicone sealant, which bonds the glass to the aluminium frame, has di-

mensions of 20 mm and 6 mm in the directions parallel and perpendicular to the wall

respectively, and its elastic modulus is 1.1 MPa [17, 18]. After applying wind pressure

to the exterior face of the wall and also within the mullion cavities, the component’s de-

flected shapes were found by geometrically non-linear analysis. This process, in which

the shape of the model is revised iteratively, was concluded when the sum of forces at

each node was within 10−6 N of the equilibrium condition. In Figure 7, the images of

the mullions have been created using the open source pre- and post-processor, Salome-

Meca [19].

Within Code Aster it is possible to simulate contact and friction between adjacent com-

ponents. However, this present research has ignored the transfer of load between the

male and female parts of a mullion. The assumption that there is no contact between

the extrusion profiles is consistent with the algebraic model presented in Section 2. It

is for this reason that, in Figure 7, there are small areas in which the male and female

extrusions appear to overlap.

Lateral deflections of the interior flanges of the mullion profiles shown in Figure 6,

determined by finite element simulation and also by analysis by the method described

Section 2, are compared in Table 2.

8. Discussion

The results reported above are based upon studies of only a small number of specific

conditions, and it cannot be concluded that the findings will apply to all curtain wall

systems. However, some general observations can be made:

8.1. Extrusion Shape, Metal Content and Lateral Deflection

Consider, hypothetically, a curtain wall design in which each mullion profile is rigidly

and continuously attached to an inflexible glass face. If the support for each extrusion is

sufficient to prevent rotation about the longitudinal axis or to prevent lateral deflection,

or both, then lateral torsional buckling is not a concern. If braced in this way, a narrow
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Figure 7: Finite element model showing the deflected condition of mullions op-
timised to meet the authors’ proposed design criteria. The numbers given in the
colour key are the magnitude of lateral (x-direction) deflection in millimeters.

Table 2: Predicted lateral deflections of the mullion profiles shown in Figure 6
when used in the right hand, 4.5 m floor height curtain wall in Figure 3, at a wind
pressure of +2.8 kPa.

Analytically Predicted FEA Prediction of Analytical Deflection to
Lateral Deflection Lateral Deflection FEA Deflection Ratio

(mm) (mm) (Dimensionless)

ADM Analysis:
Male mullion 22.23 8.76 2.54
Female mullion 4.78 1.98 2.41

Section 2 Analysis:
Male mullion 2.47 1.55 1.59
Female mullion 6.02 0.97 6.21

Unlimited
Lateral Deflection:

Male mullion 33.04 11.59 2.85

Female mullion 42.37 18.16 2.33
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mullion with open profiles, such as the right hand solution in Figure 6, minimises the

combined mass of aluminium in the horizontal and vertical framing members. How-

ever, if the connections between the mullion extrusions and the glass were to be made

less rigid, increasing the extent to which the mullion profile’s cross section can rotate

or move laterally, then it is logical to expect that the optimal width of the mullion will

increase to achieve the required degree of lateral and torsional stiffness. The mullions

at the left and centre of Figure 6, which were designed with the assumption that the

profile is unbraced between transoms, are indeed wider than the right hand mullion,

which was designed without regard to its LTB resistance.

Luible and Schärer [20] studied the structural silicone joints that connect face panes

to vertical fins in all-glass facades, and they concluded that the sealant, on its own,

provides insufficient support to prevent lateral torsional buckling in the fin. Similarly,

in aluminium-framed curtain wall systems, the moment resistance of the structural

sealant joint between the glass and the exterior flange of a mullion profile – shown

in dotted line in Figure 1 – is small in comparison with the applied moment that acts

about the extrusion’s axis when its interior cavities are pressure equalised [5]. Without

a rigid connection between the aluminium and the glass, a mullion extrusion is braced

only at its connections to the horizontal members, the transoms, and the mass of metal

in optimised mullion profiles will vary with the transom spacing. If, however, a more

rigid joint could be created, allowing the glass to provide effective lateral or torsional

bracing for the mullion then, as the results in Table 1 show, metal savings could be re-

alised. In the curtain wall shown on the right side of Figure 3, with a 4.5 m floor span

and 3.43 m between transoms, the mass of metal in the curtain wall system using a

continuously-braced mullion is 23.2% less that the mass of metal in the curtain wall

designed to comply with the ADM’s LTB rules cite [1, Part 1A, Sec. 3.4].

The curtain wall system optimised to comply with the orthodox LTB-resistance criteria

contains more metal than the curtain wall designed by the method described in Sec-

tion 2, even though finite element analysis has shown that the mullions designed using

the unconventional method are less prone to deflect laterally. One of the implications

of this finding is that, by increasing the allowable maximum value of δx:s in Equation 1,

it may be possible to create a curtain wall in which the mullions deflect laterally to the

same extent as those in the system optimized to comply with the ADM’s LTB rules, but

which contains less aluminium than the Section-2-compliant design in Table 1. This hy-

pothesis is rational, but in this study it has not been investigated or proven. The other

implication is, as others have noted [21, 22], that there appears to be room to improve

the existing, codified analytical models of LTB.
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8.2. Influence of Structural Silicone Sealant

The analytical method described in Section 2 [from 5] models a mullion profile’s theo-

retical response to conditions in which the air pressure inside the extrusion is not the

same as the air pressure at the interior of the building. It is expected that the lateral

deflection predictions obtained in this way will be conservative – in other words, they

will be overestimates – because the forces at the interface with structural sealant, which

in reality resist lateral deflection, are ignored. The results of the finite element analysis,

which has taken into account the influence of structural sealant and which predicts lat-

eral deflections that are smaller than those obtained using Equations 1 to 3, are therefore

consistent with the supposition that the structural sealant and glass together inhibit the

mullion profiles’ movement. More accurate estimates could be obtained analytically if

Equations 1 to 3 were to be modified to account for the structural sealant’s influence,

and methods for doing so have been proposed previously [18], but such refinements

add to the algebraic complexity.

8.3. Accuracy of the Analytical Models

Using the expressions that have been proposed to describe the lateral movement of

extrusions in typical rectangular mullions (Equations 1 to 3) it is computationally sim-

ple to calculate whether a proposed cross-sectional shape is structurally appropriate,

but the results presented in Table 2 show that the lateral deflection estimates obtained

analytically exceed the estimates obtained by finite element simulation. Nonetheless,

to a designer, a simple model that is conservative is useful, even if its predictions are

indicative rather than precise, because currently there is no other analytical means of

quantifying lateral deflection.

8.4. Substantiation of the Analytical Model

For further validation of the new analytical approach, data could be collected during

the pre-construction laboratory tests that are commonly carried out to check the struc-

tural performance of a prototype made up of full-size curtain wall panels [e.g. 23]. The

lateral deflections of the mullion’s interior flanges could be measured during these rou-

tine tests. Researchers intending to work in this way should, however, be prepared for

two practical challenges. One is that, because the interior flange of the mullion moves

simultaneously in directions perpendicular and parallel to the plane of the wall, it is

difficult to measure the lateral component using the sort of linear displacement trans-

ducers that are ordinarily found in a construction laboratory. The other constraint is

that the pre-construction structural check is usually just one in a sequence of tests car-

ried out in the presence of a group of witnesses. Attendees will be keen to complete the
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mandatory tests quickly, leaving little or no time to repeat steps if the readings from

auxiliary sensors are found to be anomalous or unsatisfactory.

9. Comparison of Whole-Life Building Energy Expenditures

Consider the curtain wall at a new office tower in England. If one third of the wall’s

area is opaque, and two thirds is “vision glass” through which the occupants can see to

the exterior, then to comply with the building regulations [24, Table 3], the maximum

allowable thermal conductivity of the facade will be 0.913 W/(m2
·
◦C). Let us estimate

that the interior of the building is, on average, 8 ◦C warmer than outside [eg. 25, p. 326],

that the building is operational for sixty hours a week, and that the total mass of alu-

minium in the curtain wall’s structural and non-structural extrusions is, by facade area,

16 kg/m2. The embodied energy in the wall’s aluminium extrusions, 2.48 GJ/m2 [4,

p. 10], is equal to the thermal energy lost to the environment by conduction through

this curtain wall over a period of approximately 30 years.

The figures show that, if the facade’s design lifespan is 30 years, and if the objective is

to minimise demand for energy, a one-percent reduction in a curtain wall’s aluminium

content is as valuable as a one-percent reduction in its thermal conductivity. However,

this is not the whole story. If the factors set out below are taken into account, the relative

importance of a metal saving is even greater.

a) The area of curtain wall in which benefit can be obtained by thermal improvement

is smaller than the area in which benefit can be obtained by reducing metal content.

This is because a curtain wall surrounds building spaces such as roof decks, ma-

chine rooms and temporarily unoccupied floors, that are not heated. Also, in some

popular architectural styles [26], large areas of curtain wall are purely decorative.

b) Even though, in the calculation above, quantities of thermal energy are compared

directly with quantities of embodied energy, in reality their commercial and envi-

ronmental costs are not the same. If a wall’s embodied energy is reduced, then the

energy that must be generated is reduced by the same amount. On the other hand,

if thermal insulation reduces the energy that is lost from the interior to the exterior

side of the wall, demand for energy does not fall by an equal amount. The difference

exists because a proportion of the thermal flow is “free” energy [eg. 27], meaning

heat that the building has accumulated passively. Example sources of free energy

include the solar radiation that enters through the glass, or the heat given off by the

building’s machinery, lights, computers and also the occupants themselves.

c) Much has already been done to establish thermal performance standards, and vir-

tually all new curtain walls include materials and features specifically to limit heat
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flow. In thermal design, therefore, the low-hanging fruit already has been gathered.

However, there is comparatively little awareness of the savings that efficient mate-

rial utilisation can bring, and in current facade designs there are opportunities to

reduce aluminium usage substantially [2, 6].

d) The process by which a curtain wall’s thermal performance is enhanced will involve

an additional initial expenditure on items such as sunshades, insulation and surface

coatings, so that energy savings will accumulate during the subsequent decades.

Conversely, efficient use of aluminium requires no initial investment other than the

attention of architects, facade designers and regulatory authorities, and then the

returns – the reductions in cost and energy consumption – can be enjoyed immedi-

ately.

10. Conclusions

Important academic and commercial research has been ongoing for decades, around

the globe, to find means of improving the thermal performance of building envelopes.

As a result, thermal control technologies have advanced, and continue to do so. Not just

in developed nations, but also in poorer countries, thermal evaluation procedures are

prescribed in design codes [e.g. 24, 28], software tools for thermal simulation have been

made available to designers [e.g. 29], and thermal performance criteria are mandated in

legislation. Today, fibrous infills, insulating glass and low-emissivity coatings are more

or less standard features in new curtain walls.

At the same time, the opportunities to reduce society’s demand for energy by designing

building envelopes with less aluminium, a construction material whose production is

unusually energy intensive, have been neglected. Even though it is easy to demonstrate

that a given reduction in a curtain wall’s metal content can bring energy savings that

are equal to, or greater than, the energy saving resulting from the equivalent propor-

tionate reduction in thermal conductivity (see Section 9), and even though the potential

reductions in aluminium usage are large [2, 6], published plans for future energy con-

trol measures applicable to building exteriors [e.g. 30] focus almost exclusively upon

thermal control measures and it is rare to find any mention of structural or architec-

tural optimisation strategies.

In 2019 the authors suggested that unacceptable lateral movement of a curtain wall’s

mullion can be more reliably predicted by a new algebraic model [5, Equations 21-23]

than by the existing, codified stability analysis methods. The authors’ formulas are ap-

plicable to a popular class of curtain wall designs in which the profiles’ interior cavities

are “pressure equalised” [31, 32] and the air seal is aligned with the mullion’s interior

flanges.
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In this present study, the mass of metal in numerically-optimised curtain wall designs

complying with the Aluminum Design Manual’s rules for analysis of lateral torsional

buckling [1] have been compared with the mass of metal in designs in which lateral

deflection is computed by the authors’ method. Finite element analysis shows that a

curtain wall complying with the authors’ criteria is stable and the analytical predic-

tions are structurally conservative. In comparison with the ADM-compliant design, the

mullion extrusions designed by the proposed method move laterally to a lesser extent

and, at the same time, the wall system contains less metal. In addition, the formulation

of the proposed analytical expressions, Equations 1 to 3, gives an extrusion designer

the option to permit a greater magnitude of lateral deflection, and hence reduce further

the mass of aluminium in the curtain wall.

There are a number of reasons to consider replacing the existing LTB analysis proce-

dures with the method proposed in Section 2. One is that the established procedures

for assessing lateral stability of mullions in the varied conditions that occur within a

real building’s facade are, in their currently codified form, computationally demand-

ing [21, p. 446]. By changing to the proposed method, the process would be simplified.

A second advantage is that the expressions in this paper quantify lateral deflection. A

designer can therefore identify mullion shapes that, although structurally stable, might

deflect laterally to a degree that causes functional problems such as disengagement of

the interior air seal. Thirdly, this study shows that, with the new model, curtain walls

can contain less aluminium, and therefore adoption of the new method will bring both

economic and environmental benefits [6]. The new analytical approach can be used in

conjunction with other optimisation techniques, such as the selection of efficient archi-

tectural layouts [2] and the application of numerical methods to find efficient extrusion

shapes [6]. Moreover, the pursuit of aluminium savings will not interfere with initia-

tives to enhance a facade’s thermal performance: designers can the implement both

strategies, together, to achieve still greater energy savings.
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[21] Skejić D, Lukić M, Buljan N, Vido H. Lateral torsional buckling of split alu-

minium mullion. Key Engineering Materials 2016;710:445–50. doi:10.4028/www.

scientific.net/KEM.710.445.

[22] Goco LT. Rationalizing assumptions for evaluating the lateral tor-

sional buckling strength of aluminium mullion extrusions by EN1999

and AA ADM. Master’s thesis; Bath University, UK; 2017. URL:

https://www.bath.ac.uk/library/dissertations/index.php?programme=

MSc+Architectural+Engineering%3A+Faade+Engineering.

[23] ASTM E330. Standard Test Method for Structural Performance of Exterior Win-

dows, Doors, Skylights and Curtain Walls by Uniform Static Air Pressure Differ-

ence; 2014.

[24] Her Majesty’s Government. The Building Regulations 2010, Approved Document

L2A, Conservation of Fuel and Power in New Buildings Other Than Dwellings

(2013 Edition Incorporating 2016 Amendments) For Use in England; 2016. Crown

Copyright.

[25] Jones PD, Lister DH. The Urban Heat Island in Central London and Urban-Related

Warming Trends in Central London Since 1900. Weather 2009;64(12):323–7.

Page 263



Chapter 8 Manuscript of Journal Paper for Publication

[26] Council on Tall Buildings and Urban Habitat. Vanity Height: the Empty Space in

Today’s Tallest. CTBUH Journal 2013;(3). URL: http://ctbuh.org/LinkClick.

aspx?fileticket=k%2bK%2fgAvA7YU%3d.

[27] Lotfabadi P. Solar considerations in high-rise buildings. Energy and Buildings

2015;89:183–95.

[28] Government of the Philippines. Philippine Green Building Code; 2015. URL:

http://www.dpwh.gov.ph/dpwh/references/laws_codes_orders/pgbc.

[29] National Fenestration Rating Council. THERM 7 / WINDOW 7 NFRC Simulation

Manual; 2016. URL: https://windows.lbl.gov/therm-documentation.

[30] International Energy Agency. Technology Roadmap: Energy Efficient Building En-

velopes; 2013. URL: https://www.iea.org/publications/freepublications/

publication/TechnologyRoadmapEnergyEfficientBuildingEnvelopes.pdf.

[31] Center For Window and Cladding Technology. Technical Note No. 6: The Principle

of Pressure-Equalization; 2000.

[32] American Architectural Manufacturers Association. The Rain Screen Principle and

Pressure-Equalized Wall Design. 2012.

Page 264



Chapter 9

Laboratory Research Using Full Size

Curtain Wall Panels

A procedure for analysing the structural behaviour of unitised curtain wall mullions

has been detailed in Chapter 2. In that model it is assumed, conventionally and

conservatively, that the aluminium profiles are neither braced nor stiffened by the

sheet infill material at the wall’s face, which is often glass. Often, however, the

sheet infill and the mullion’s exterior flange are joined using a structural sealant

in the sort studied in Chapter 5, and therefore, to some degree, the aluminium

extrusion and the infill will act together, resisting flexure as a composite beam. It

is therefore of interest to measure the load responses of real curtain wall panels, to

assess the accuracy of the established structural model, and to see whether a more

sophisticated analytical approach might lead to metal savings.

When a bespoke wall system is developed for a particular building, it is the usual

practice – and mandatory in many regulated territories – to construct and test

a prototype facade specimen in a laboratory, so that its structural adequacy and

weather tightness can be checked before the product is installed upon a building.

Although pre-construction tests are carried out in many different commercial labo-

ratories around the world, the results are not normally disseminated publicly, and

attempts to find relevant published information for this study were unsuccessful.

The collection of data was made possible only with the consent of two facade con-

tracting firms, Seapac Philippines, and Arlo Aluminium, who permitted the author

to enter their fabrication workshops, to install strain gauges within curtain wall

panels, and to record measurements while these panels were being tested in the

laboratory of Philco Metals. The kind support of these companies is acknowledged

with gratitude.

Page 265



Chapter 9 Unpublished Research

In the laboratory, structural tests were carried out on the prototypes of two separate

curtain wall systems. Specimen 1 is described in Sections 9.4 and 9.5, and Specimen 2

in Sections 9.6 and 9.7. Each was built using unitised curtain wall panels, so the

mullions were of the split type with separate male and female profiles. In both

wall systems, the glass was bonded to the mullion’s exterior flange using the sort

of structural silicone sealant joint described in Chapter 5, and in both cases the

clear vertical span between transoms was more than 2.1 m. In one curtain wall,

Specimen 1, anti-buckling clips were installed to limit relative movement between

the male and female profiles; in Specimen 2, no clips were used.

This chapter describes the two sample facades, it summarises the tests that were

carried out, and presents the results. The following sections detail the test equipment

and its calibration, the shapes and structural properties of each pair of mullion

extrusions, the geometric arrangement of the facades, the static loads to which they

were subjected and the corresponding measurements of deflection and strain in the

vertical members.

9.1 Investigative Method

Two separate facade specimens – each a full-scale prototype sample of a high-rise

building’s unitised curtain wall, more than two storeys in height and having areas

of flat wall more than 3 m in width – were in turn installed at the exterior face of

a pressure chamber in a construction testing laboratory. Each sample was subjected

to different magnitudes of uniform, static air pressure difference, and these loads

were applied in the inward (positive), and outward (negative) directions. ASTM

E330:2014 describes the test method in detail. In this particular structural study, the

standard’s Procedure B, for “proof load”, was followed.

Flat foil gauges were used to measure strain in the flanges of the male and female

sides of the mullion. These gauges were bonded, as shown in Figure 9.1, to the

outermost surfaces of the profiles, while the unitised panels were being fabricated,

prior to glazing. The vertical position of each gauge was set to coincide with the

location of maximum bending moment in the mullion, close to the panel’s mid

span. The gauges were orientated to measure strain in the direction parallel to the

axis of extrusion. Those on the flange underneath the glass were installed while

the panel was being fabricated, prior to glazing.

Linear displacement transducers were used to measure the movements occurring

at points on the test sample’s structural frame, in the plane perpendicular to the

wall.
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Figure 9.1: Locations of foil gauges bonded to the front and rear flanges
of the male and female sides of a unitised curtain wall mullion, for the
measurement of strain during structural tests carried out in a laboratory.
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9.2 Instrumentation and Calibration

9.2.1 Measurement of Strain

The sensors used to measure strain at the extrusion flanges were coiled, electrically

resistive tracks, 8 mm in length and 2 mm wide, printed upon polyester foil. The

gauges were RS brand, type 23, stock number 308-118, temperature compensated

for use on aluminium and were bonded to the test specimen using cyanoacrylate

adhesive. Each gauge was connected in an electrical circuit with three fixed resis-

tors, in a Wheatstone “quarter bridge” configuration, as shown in Figure 9.2. The

resistance of each resistor was equal to the resistance of the strain gauge, with a

manufacturing tolerance of ± 1 percent. A constant excitation potential of 5 Volts

was applied so that changes in the electrical resistivity of the gauge, caused by

strain in the underlying metal substrate, could be measured.

Figure 9.2: An electrical bridge circuit, made up of resistors soldered directly
to one another in a Wheatstone quarter bridge configuration, was connected
immediately beside each strain gauge.

The strain gauges that would be used to collect data during the laboratory tests

had to be attached to the mullions of the test facade while the prototype panels

were being assembled in the factory. At strain measurement locations, paint was

removed from the exterior faces of the aluminium extrusions’ flanges, the bare

metal surfaces were scoured then cleaned using isopropyl alcohol, and gauges were

attached at the centerline of the mullion’s flange, with a lateral tolerance of ± 1 mm.

As a precaution, so that data could be collected even if one gauge were to fail, at

each measurement location in Specimen 2, gauges were installed in pairs, as shown

in Figure 9.3.

After bonding gauges to a full-size curtain wall panel, it would have been impracti-

cal to place the assembled structure in a load test machine to determine calibration
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constants for individual gauges. For this reason, a separate test was carried out

to investigate the response of two other gauges from the same batch, which were

attached to the exterior walls of an extruded, square, hollow aluminium profile,

25 × 25 × 2.2 mm in size, made of 6063-T5 aluminium alloy. Each gauge was orien-

tated, as shown in Figure 9.4, to measure strains occurring in the direction parallel

to the axis of the profile. This sample extrusion was suspended from one end,

while known masses of up to 2000 kg were hung from the other end to induce

axial tension in the aluminium, as in Figure 9.5. At the same time, the responses

from the sample strain gauges were recorded. The magnitudes of measured strains,

determined using the manufacturer’s published conversion constant for this model

of strain gauge are plotted alongside theoretical strain in the graph in Figure 9.6.

The deviation between measured and theoretical strain is 6.9 % at full tensile load.

The accuracy of measurement is considered in the discussion in Section 9.8.

Electrical Terminal Block

Insulating Tape

Centreline of Extruded Flange

Strain Gauge Strain Gauge

Figure 9.3: Strain gauges were applied to the flanges of the mullion profiles
in curtain wall Specimen 2. The numbers on the scale are centimeters.
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Figure 9.4: Strain gauges attached to extruded test sample, for gauge response
test. The lower, blue gauge is of the sort used in the subsequent investigation
of strains in curtain wall members.
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Figure 9.5: Extruded specimen, with attachment collars, for strain gauge
response testing.
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9.2.2 Measurement of Displacement

Linear, potentiometer type displacement transducers were used to measure the

deflection of the test specimens’ mullions in the direction perpendicular to the

plane of the wall.

Before commencing laboratory testing, each displacement transducer was calibrated

by moving its tip through a known distance and recording the change in resistance.

This was achieved by holding the transducer in a clamp, with its measurement axis

orientated vertically, above a precision ground metal platen. Initially the tip of the

transducer’s plunger was allowed to rest upon the platen while its resistance was

recorded, then, after inserting a precision ground metal gauge block with a thickness

of 25 mm± 0.25 µm, resistance was noted again. According to the specifications

provided by the transducer manufacturer, the rate of change in resistance with

displacement is constant over the whole range of measurement, with a maximum

non-linearity of 50 µm.

9.2.3 Measurement of Pressure

Vortex type air blowers were used to maintain a pressure difference between the

interior and exterior of the test chamber, and hence apply load to the facade

specimen. The magnitude of the pressure difference was measured using a vertical,

U-tube, water column manometer.

Manometer readings are not prone to drift with time, and so the structural test

standard upon which this investigative method is based (ASTM E330:2014, clause

9.1) exempts manometers from calibration providing they are used within their

intended operational temperature range. In this case, all pressures were recorded

inside the laboratory’s control room where the at temperature did not fall below

24 °C or rise above 26 °C. These temperatures are well within the allowable range

given by the manometer manufacturer.

9.3 Structural Performance Prediction

Within this chapter, measured stresses and deflections in extruded members are com-

pared with predicted values. In each case the predictions follow from the classical

theory of small deflections in elastic beams. The deflected shapes, bending moments

and shear distributions in the continuous beams, which are formed by the mullions

of the vertically adjacent curtain wall panels, have been determined numerically
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using an open source frame analysis software package named Frame3DD (Gavin

and Pye, 2013).

In the analytical models of mullions, applied loads are considered to be uniformly

distributed, without any concentration of load at the points of connection with

transoms. This method is consistent with the example given in the Aluminium

Design Manual (Aluminum Association, 2015, Part VIII, Figure 28d, p. 60). All

lateral loads, such as those caused by pressurisation of the internal cavities of the

mullion, are ignored. Similarly, axial loads, which do exist but which induce stresses

that are small in comparison with flexural stresses, are ignored.

9.4 Test Specimen 1: Configuration

The first of the two facade specimens tested was a glazed, unitised curtain wall that

was installed upon a steel structure representing two floors of a building; the lower

floor was 4 m, and the upper floor was 4.8 m in height. The curtain wall panels

were 1.33 m in width. A row of reduced-height “balance panels” were installed

at the uppermost part of the test facade so that, when pressure was applied to

the wall, the distribution of bending moments in the mullions of the full size

panels would match, approximately, the distribution that will occur in mullions

at the building’s typical floors. The geometry of the facade specimen, along with

the locations of displacement and strain sensors, are shown in the dimensioned

diagram at Figure 9.7. The theoretical deflected shapes, and theoretical distributions

of shear stress and bending moment in the mullions, under the design wind load

of 4.2 kPa, are shown graphically in Figure 9.8.

The cross-sectional shapes and structural properties of the male and female sections

are presented in Figures 9.9 and 9.10. Torsion constants, Jzz, have been computed

using the method set out in the Aluminium Design Manual, (Aluminum Association,

2010). The other tabulated section properties, as well as the locations of the centroid

and the plastic neutral axes, have been determined numerically, using finite element

software written by the researcher. All section properties apply to the profile in its

initial, undeformed shape, without applied load.

The profiles were extruded from 6063-T6 aluminium. Each of the mullions in the

4.8 m panels was stiffened using steel – a hot-rolled C-section with a second moment

of inertia, when bending about an axis parallel to the wall, of 3.7× 106 mm4 – located

inside the male profile. Because the steel stiffener was allowed to rest inside the

male extrusion without any mechanical connection between the two parts, the steel
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Figure 9.7: Exterior elevation and sectional view of curtain wall test Speci-
men 1, showing locations of displacement transducers and strain gauges. At
stack joints and at brackets, vertical dimensions are measured from the level
of the structural fulcrum.
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C-section and the aluminium profile behaved as two separate members, rather than

as a composite beam.

Section Properties – Male Mullion

Cross sectional area: 1619 mm2

Overall section width (in x direction): 99.0 mm
Overall section depth (in y direction): 215.5 mm
Radius of gyration about centroidal x-axis, rxx: 76.5 mm
Radius of gyration about centroidal y-axis, ryy: 29.9 mm
Second moment of area about centroidal x-axis, Ixx: 9.46×106 mm4

Second moment of area about centroidal y-axis, Iyy: 1.45×106 mm4

Plastic modulus about x-axis, Zxx: 104.6 ×103 mm3

Plastic modulus about y-axis, Zyy: 42.1 ×103 mm3

Torsion constant, Jzz: 436.1 ×103 mm4

Figure 9.9: Outline and structural properties of the male mullion profile used
in curtain wall test Specimen 1.

Panes of vision glass were laminated panes made up of two plies, each 8 mm

thick, joined by an interlayer made of polyvinyl butyral, which was nominally

1.52 mm thick. The glass was bonded to the outer flange of the mullion profiles

using structural silicone sealant.
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Section Properties – Female Mullion

Cross sectional area: 1358 mm2

Overall section width (in x direction): 59.0 mm
Overall section depth (in y direction): 215.5 mm
Radius of gyration about centroidal x-axis, rxx: 75.2 mm
Radius of gyration about centroidal y-axis, ryy: 20.0 mm
Second moment of area about centroidal x-axis, Ixx: 7.69 ×106 mm4

Second moment of area about centroidal y-axis, Iyy: 0.543×106 mm4

Plastic modulus about x-axis, Zxx: 85.4 ×103 mm3

Plastic modulus about y-axis, Zyy: 22.9 ×103 mm3

Torsion constant, Jzz: 435.2 ×103 mm4

Figure 9.10: Outline and structural properties of the female mullion profile
used in curtain wall Specimen 1.
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The design of this particular curtain wall system made use of anti-buckling clips to

limit horizontal separation between the male and female sides of the mullion pair.

The extruded clips were installed at intervals of about 300 mm over the full height

of the panel, as shown in Figure 9.11. Strain gauges were attached to the flanges

of the mullion profiles in the area of maximum bending stress in the part of the

panel above the stack joint and below the bracket. The arrangement of the gauges

was similar to that shown in Figure 9.1, except that, for this first specimen, only

one gauge was placed upon each flange. There were, in other words, four gauges

at the 4 m panel’s split mullion, and four at the 4.8 m panel’s split mullion.

Figure 9.11: Extruded anti-buckling clips, installed at intervals of approxi-
mately 300 mm inside the mullion of curtain wall test Specimen 1.

During the fabrication of the sample curtain wall panels, after a gauge had been

bonded to a mullion’s exterior flange and after electrical connections had been
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made, the gauge was placed under a layer of electrical tape. Next, while glazing

the panel, structural sealant was allowed to fill the gap between the electrical tape

and the glass. The tape and the sealant covering one of the gauges may be seen

in the photographs at Figure 9.12. The design of these assemblies proved to be

unsatisfactory because, in some cases, during testing, relative movment between a

gauge and its overlying sealant casued damage to the electrical connections.

Figure 9.12: Above: Strain gauge installed upon the flange of a mullion
for curtain wall Specimen 1, covered by electrical tape prior to glazing.
Below: Mullion viewed from exterior, through the curtain wall system’s clear
glass. Strain gauges are completely covered by structural silicone sealant; their
locations are revealed only by the wires passing through the sides of the
sealant joints.

Page 280



Chapter 9 Unpublished Research

9.5 Test Specimen 1: Results

9.5.1 Deflection Measurements

At each static load condition, displacements δb, δm, δt were recorded by transducers

located at the bottom, middle and top of the mullion (as shown in Figure 9.7).

From these data the mullion’s measured deflection, ∆m, has been calculated using

the expression:

∆m = δm − δb + δt

2
. (9.1)

Table 9.1 sets out the deflection measurements recorded at the 4 m and 4.8 m panels

in Specimen 1, and the theoretical deflections predicted using classical beam theory.

Also, these data are presented graphically in Figure 9.13.

The graph of theoretical deflection, in Figure 9.8, is based on the assumption that

the connections between vertically-adjacent mullions are hinges that are capable of

transferring shear loads without deflecting. In reality, when pressure is applied to

the wall, the panel-to-panel joints do permit significant relative movement between

the top of one mullion and the bottom of another. It is for this reason that the

displacements listed in Table 9.1, which are measured from a fixed point in space,

are larger than the theoretical displacements. However, the same table shows that

the deflection at each mullion’s mid-span, which is the magnitude of the flexure

within the member, is in close agreement with the theoretical values.

It was anticipated that, by bonding glass to the flanges of the aluminium mul-

lions, the two materials would act together as a composite beam. Composite action

increases a member’s flexural stiffness, and so, in theory, the mullion deflections

measured in the laboratory should be smaller than the analytically predicted deflec-

tions of metal mullions that carry the bending moments without assistance from

the glass. This is not what was observed. The magnitudes of the measured mullion

deflections are close to, or even greater than, the deflections that conventional beam

theory suggests should occur in the case that glass does not contribute to stiffness.
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Table 9.1: Table of theoretical deflections and measured deflections in mullion
at 4 m and 4.8 m high panels within curtain wall Specimen 1. These data are
presented graphically in Figure 9.13.

Curtain Wall Test Specimen 1

Mullion Deflections at Upper, 4 m High Panel

Applied Local Displacement Measured Predicted Displacement Predicted
Pressure Top Middle Bottom Deflection Top Middle Bottom Deflection

P δb δm δt ∆m δb δm δt ∆p

(kPa) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

-6.300 -5.49 -18.10 -14.02 -8.35 0.00 -6.67 3.56 -8.45
-4.200 -3.40 -10.95 -7.15 -5.68 0.00 -4.45 2.37 -5.63
-3.150 -2.63 -9.02 -6.60 -4.41 0.00 -3.34 1.78 -4.23
-2.100 -1.76 -5.66 -3.53 -3.02 0.00 -2.22 1.19 -2.82

+2.100 2.19 5.44 3.90 2.40 0.00 +2.22 -1.19 2.82
+3.150 3.21 8.27 5.81 3.76 0.00 +3.34 -1.78 4.23
+4.200 3.54 9.96 7.05 4.67 0.00 +4.45 -2.37 5.63
+6.300 4.57 14.49 10.60 6.91 0.00 +6.67 -3.56 8.45

Mullion Deflections at Lower, 4.8 m High Panel

Applied Local Displacement Measured Predicted Displacement Predicted
Pressure Top Middle Bottom Deflection Top Middle Bottom Deflection

P δb δm δt ∆m δb δm δt ∆p

(kPa) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

-6.300 -9.67 -25.20 -11.07 -14.83 0.00 -12.36 0.00 -12.36
-4.200 -4.69 -15.06 -7.78 -8.83 0.00 -8.24 0.00 -8.24
-3.150 -4.37 -13.37 -6.03 -8.17 0.00 -6.18 0.00 -6.18
-2.100 -2.38 -8.16 -4.40 -4.77 0.00 -4.12 0.00 -4.12

+2.100 2.97 9.00 4.83 5.10 0.00 4.12 0.00 4.12
+3.150 4.17 13.53 7.10 7.90 0.00 6.18 0.00 6.18
+4.200 5.13 17.09 8.80 10.13 0.00 8.24 0.00 8.24
+6.300 7.80 25.86 12.73 15.60 0.00 12.36 0.00 12.38

Page 282



Chapter 9 Unpublished Research

Curtain Wall Test Specimen 1
Theoretical and Measured Deflection of Mullion at 4 m Span
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Curtain Wall Test Specimen 1

Theoretical and Measured Deflection of Mullion at 4.8 m Span
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Figure 9.13: Graph comparing the measured deflections of mullions in curtain
wall Specimen 1 with the theoretical deflections of conventional elastic beams.
For numerical values see Table 9.1.
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9.5.2 Stress Measurements

Strain caused by bending, ǫb , measured by the gauges attached to the flanges of

the mullion profiles, was converted to an apparent stress, fb, using the relationship,

fb = Eal · ǫb , (9.2)

where Eal is Young’s modulus for aluminium, 69.6 GPa.

Table 9.2 lists, for each of the different applied load conditions, the magnitudes of

the theoretical stresses at the outer surfaces of the extrusions flanges – according to

classical elastic beam theory – alongside the corresponding apparent stresses. These

values are presented graphically in Figures 9.14 and 9.15.
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Figure 9.14: Comparison between predicted and measured stresses at inner
and outer flanges of male and female mullion profiles of the 4 m panel in
Specimen 1. This panel’s mullion was reinforced by a steel stiffener. For
numerical values see Table 9.2.

The mullion of the 4.8 m high panel is stiffened with steel, which complicates

analysis of stress in this member. At the 4 m high panel, apparent stresses at

the outermost extremities of the profiles are significantly less than then theoretical

predictions.
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Table 9.2: Table of predicted and apparent stresses at inner and outer flanges
of male and female mullion profiles in the 4 m high panel within curtain wall
Specimen 1. These data are plotted in the graphs in Figures 9.14 and 9.15.

Curtain Wall Test Specimen 1

Apparent & Predicted Bending Stress ( fb & f ′b) in Mullion at 4 m Panel

Pressure Male Interior Male Exterior Female Interior Female Exterior
P fb f ′b fb f ′b fb f ′b fb f ′b

(kPa) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2)

-6.300 -40.26 -62.55 — +52.85 — -66.51 +40.56 +48.89
-4.200 -27.53 -41.70 — +35.24 -35.57 -44.34 +29.12 +32.59
-3.150 -21.83 -31.27 — +26.43 -26.38 -33.25 +21.33 +24.45
-2.100 -15.66 -20.85 — +17.62 -18.69 -22.17 +13.97 +16.30
-1.050 -7.74 -10.42 — +8.81 -10.17 -11.08 +6.45 +8.15

+1.050 +7.91 +10.42 — -8.81 +10.21 +11.08 -4.60 -8.15
+2.100 +16.09 +20.85 — -17.62 +22.67 +22.17 -12.74 -16.30
+3.150 +23.78 +31.27 — -26.43 +33.41 +33.25 -18.84 -24.45
+4.200 +30.49 +41.70 — -35.24 +42.06 +44.34 -25.17 -32.59
+6.300 +43.48 +62.55 — -52.85 +60.34 +66.51 -35.30 -48.89

.
Apparent & Predicted Bending Stress ( fb & f ′b) in Mullion at 4.8 m Panel

Pressure Male Interior Male Exterior Female Interior Female Exterior
P fb f ′b fb f ′b fb f ′b fb f ′b

(kPa) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2)

-4.200 -37.43 -39.78 — +33.62 -53.96 -42.30 — +31.10
-3.150 -27.29 -29.84 — +25.21 -39.86 -31.72 — +23.32
-2.100 -20.17 -19.89 — +16.81 -27.64 -21.15 — +15.55
-1.050 -11.21 -9.95 — +8.40 -14.20 -10.58 — +7.77

+1.050 +11.32 +9.95 — -8.40 +13.92 +10.58 — -7.77
+2.100 +21.44 +19.89 — -16.81 +28.73 +21.15 — -15.55
+3.150 +32.53 +29.84 — -25.21 +42.33 +31.72 — -23.32
+4.200 +42.46 +39.78 — -33.62 +55.75 +42.30 — -31.10
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Figure 9.15: Comparison between predicted and measured stresses at inner
flanges of male and female mullion profiles in the 4.8 m high panel of Speci-
men 1. For numerical values see Table 9.2.

Curtain Wall Test Specimen 1

Apparent Bending Stress Distribution in Female Mullion at 4 m Panel
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Figure 9.16: The left hand graph shows the theoretical distribution of stress
in the female mullion cross section, calculated with the assumption that the
glass does not contribute to stiffness. The right hand graph shows the stress
distribution implied by the laboratory strain measurements set out in Table 9.2.
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Figure 9.16 shows the distribution of bending stress within the female cross section.

In the construction of this diagram it has been assumed that the stresses at the

extrme flange surfaces are as measured in the laboratory, and that, in between

the inner and outer extremes of the profile, the level of stress varies linearly with

distance. It can be seen that the location of the actual neutral axis – the horizontal

axis, parallel to the face of the wall, at which there is no bending stress – appears

to lie between the centroidal axis and the plastic neutral axis.

9.6 Test Specimen 2: Configuration

The second facade specimen tested in the laboratory was, like the first, a unitised

and glazed curtain wall. In this wall system however, no anti-buckling clips were

present to limit relative lateral movement between the male and female mullion

extrusions. The wall comprised two storeys of full size panels, 4.03 m in height

and 1.105 m wide; above them was a row of reduced height “balance panels”.

Figure 9.17 is a photograph of the exterior side of the test specimen. The test

mullion is located in the minor elevation at the right hand side of the corner. The

fan cowling at the left of the picture, and the grid of tubes to the exterior of

the wall, are parts of the apparatus used to simulate typhoon storm conditions in

tests of water tightness, which are not discussed in this thesis. The geometry of

the facade specimen, the locations of displacement transducers and the locations

of strain gauges, are shown in Figure 9.18. At stack joints and at brackets, vertical

dimensions are measured from the level of the structural fulcrum. The diagonal

band, running from the upper left hand side to the bottom right of the elevation

drawing, is a projecting aluminium fin that is an aesthetic feature of the building

for which the wall system was designed. The fin does not affect the design of the

two wall panels considered in this study, labelled A and B in Figure 9.18, which

are glazed with standard, rectangular panes of glass.

In this specimen facade, the dimensions and arrangement of the curtain wall pan-

els, as well as their points of attachment to the supporting structure, match the

conditions considered in the study that has been presented in Chapter 7. Theoretical

bending moments, shear forces and deflections in mullions, at the design load of

-4.6 kPa, are shown in the journal Figure 16 on Page 226.

The shapes and structural properties of the male and female sections, which were

extruded in 6063-T5 alloy, are shown in the journal paper figures on Pages 224

and 225. Aside from the male and female mullion profiles themselves, no other

aluminium extrusions or steel sections were used to stiffen the vertical members.

The large panes of vision glass were insulated units with 8 mm thick outer panes,
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12 mm air spaces and 10 mm thick inner panes. Insulated glass units were bonded

to the outer flanges of mullion profiles using structural silicone sealant.

The strain gauges used at the outer flanges of mullions in test Specimen 1 were cov-

ered by electrical tape and structural silicone sealant. Relative movements between

the material layers, occurring when load was first applied to the specimen, caused

mechanical damage to some of the gauges’ electrical connections. With the aim of

avoiding recurrence of such problems, the gauges installed in curtain wall panels

for Specimen 2 were treated in a different manner. Instead of relying upon only one

gauge at each flange, two strain gauges were bonded to each flange of the male

and to each flange of the female profile, as indicated in Figure 9.1. The gauges were

not covered by tape or structural sealant: there was only air in the space between

the strain gauges and the glass.

✛

Mullion
Specimen

Figure 9.17: Photograph of curtain wall Specimen 2, installed at the exterior
of a pressure test chamber.
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Figure 9.18: Exterior elevation and section view of curtain wall Specimen 2,
showing locations of displacement transducers and strain gauges.
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9.7 Test Specimen 2: Results

9.7.1 Deflection Measurements

Measured mullion displacements, together with the corresponding member deflec-

tions and theoretical predictions, are set out in Table 9.3. Deflections have been

calculated from the displacement readings using Equation 9.1.

The displacement measurements obtained from Specimen 1 showed, as noted in

Section 9.5.1, that relative movement occurred between the ends of vertically-

adjacent mullions when load was applied to the wall. This effect can be seen also in

the displacement readings for Specimen 2. For this reason, the actual displacements

listed in Table 9.3, which are measured with respect to a fixed point in space, are

much greater than the theoretical displacements plotted in the graph on Page 226.

However, the magnitudes of the deflections – the movement caused by flexure

within one extrusion – are much closer, although still greater than, the theoretical

values. These observations apply to all of the readings, in both the positive and

the negative load directions, indicating that the large deflections are real, and not

simply the consequence of a procedural error or instrument fault.

As shown graphically in Figure 9.19, the predicted deflections – based upon the

assumptions that the extruded profiles behave as classical elastic beams, and that

aluminium is not stiffened by the glass – are lower than the measured deflections.

The result is at odds with the hypothesis that the aluminium and glass will together

form a composite beam that will be more resistant to deflection than the aluminium

member alone.

Table 9.3: Predicted and measured deflections in mullion of curtain wall
Specimen 2. These data are presented graphically in Figure 9.19.

Curtain Wall Specimen 2
Mullion Deflections

Applied Local Displacement Measured Predicted Displacement Predicted
Pressure Top Middle Bottom Deflection Top Middle Bottom Deflection

P δb δm δt ∆m δb δm δt ∆p

(kPa) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

-6.900 -2.50 -27.62 -18.98 -16.88 0.00 -8.72 -2.87 -7.28
-4.600 -1.43 -16.91 -12.13 -10.13 0.00 -5.81 -1.92 -4.85
-3.450 -1.26 -13.94 -10.85 -7.89 0.00 -4.36 -1.44 -3.64
-2.300 -0.54 -8.09 -6.32 -4.66 0.00 -2.91 -0.95 -2.43

+2.250 0.42 6.59 4.24 4.26 0.00 2.84 0.93 2.37
+3.375 0.97 11.34 7.65 7.03 0.00 4.26 1.41 3.56
+4.500 1.04 14.27 8.52 9.49 0.00 5.69 1.87 4.75
+6.750 1.78 22.62 14.44 14.51 0.00 8.53 2.81 7.12
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Figure 9.19: Graphical comparison between predicted and measured deflection
of the mullion in curtain wall test Specimen 2. For numerical data see Table 9.3.
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9.7.2 Stress Measurements

The apparent stresses, deduced from the measured strains in the flanges of the

male and female mullion profiles, are shown in Table 9.4. At each flange strains

were measured at two locations, one above another, as shown in Figure 9.1; fbu and

fbl are the apparent stresses computed from the observed strains at the upper and

lower positions respectively. Readings from the upper gauge on the inner flange

of the female profile, shown in italic font, are anomalously low, and have been

ignored in the subsequent analysis. The polarity of the stress is negative when the

aluminium is in compression.

Table 9.4: Apparent stresses in the flanges of the female mullion profile in
curtain wall Specimen 2.

Curtain Wall Test Specimen 2

Apparent Stresses ( fbu & fbl) & Predicted Stress ( f ′b) in Male Mullion

Pressure Interior Flange Exterior Flange
P fbu fbl f ′b fbu fbl f ′b

(kPa) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2)

-6.90 -53.99 -56.68 -101.39 +45.44 +45.71 +101.16
-4.60 -36.86 -38.80 -67.60 +32.07 +32.43 +67.44
-2.30 -22.90 -24.09 -33.80 +19.68 +20.30 +33.72
0.00 0.00 0.00 0.00 0.00 0.00 0.00

+2.25 +16.85 +17.74 +33.06 -16.36 -16.97 -32.99
+4.50 +36.98 +39.07 +66.13 -34.60 -35.00 -65.97
+6.75 +52.84 +55.49 +99.19 -48.56 -48.95 -98.96

Apparent Stresses ( fbu & fbl) & Predicted Stress ( f ′b) in Female Mullion

Pressure Interior Flange Exterior Flange
P fbu fbl f ′b fbu fbl f ′b

(kPa) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2) (N·mm−2)

-6.90 -46.66 -62.59 -112.99 +52.84 +52.44 +100.59
-4.60 -31.95 -42.86 -75.32 +36.06 +35.52 +67.06
-2.30 -18.39 -24.84 -37.66 +20.70 +20.12 +33.53
0.00 0.00 0.00 0.00 0.00 0.00 0.00

+2.25 +13.40 +18.09 +36.84 -18.96 -18.08 -32.80
+4.50 +30.30 +41.46 +73.69 -40.61 -39.68 -65.60
+6.75 +43.89 +60.14 +110.54 -56.15 -55.58 -98.40

All eight of the sensors continued to function while the test facade was subjected to

series of different load conditions, and it is the data from the lower four gauges that

are presented graphically in Figure 9.20. The ratio of measured stress to theoretical

stress is between 0.45 and 0.56.
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Figure 9.20: Graph showing variation in predicted and measured stresses,
with respect to wind pressure, for the flanges of the male and female mullion
profiles in curtain wall Specimen 2. These records are from the lower row of
strain gauges shown in Figure 9.1, and the data are summarised in Table 9.4.
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Figure 9.21 shows, for each load case, the distribution of bending stress within the

male and the female cross sections. The central part of the diagram shows stresses

according to classical elastic beam theory, while the right hand part of the diagram

shows the distribution implied by the face-of-flange strain measurements recorded

in the laboratory. In each case it is assumed that the level of stress varies linearly

with distance from a neutral bending axis. These models suggest that in each case

the actual bending axis lies between the centroidal axis and the plastic neutral axis.

Page 294



Chapter 9 Unpublished Research

Curtain Wall Test Specimen 2
Bending Stress Distribution in Male Mullion
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Curtain Wall Test Specimen 2
Bending Stress Distribution in Female Mullion
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Figure 9.21: The left hand graph shows, for Specimen 2, the mullion stress
distribution that would exist if the glass did not affect the member’s stiffness.
The right hand graph shows the stress distribution implied by the laboratory
strain measurements (refer to Table 9.4).
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9.8 Discussion of Laboratory Findings

If the laboratory tests described in this chapter had shown that the actual deflec-

tions of curtain wall mullions are, when bonded to glass by structural adhesive,

substantially less than the deflections that would theoretically occur in the absence

of the adhesive connection, there would have been ground to argue that the alu-

minium and glass act as a composite beam and therefore current analytical methods

underestimate the stiffness of members in an assembled panel. In fact, what was

found was that the measured deflections of mullions in structurally glazed curtain

wall panels were closely comparable with, or even greater than, the deflections

that would – according to classical, Euler-Bernoulli beam theory – occur if the bare

metal mullions were to carry the applied load on their own. These measured and

theoretical responses are set out in Tables 9.1 and 9.3, and are shown graphically

together in Figures 9.13 and 9.19. The laboratory measurements therefore do not

support the original hypothesis: they suggest that, rather than being unduly con-

servative, the conventional analytical approach actually underestimates deflection.

However, this is not to say that the test results are uninteresting.

One of the sample mullions examined in this study was reinforced with a steel

stiffener. Ignoring, for the moment, this stiffened mullion as a special case, and

considering only the aluminium mullions without steel reinforcement, the measured

magnitudes of strains at the outermost flange surfaces were found to be significantly

lower than classical theory would suggest. In the case of Specimen 2, measured

stresses were roughly half the magnitude of the theoretical stresses. Apparent and

predicted stresses are listed in Tables 9.2 and 9.4, and shown in Figures 9.14,

9.15 and 9.20. In light of these observations it appears that analytical methods

based upon classical beam theory will underestimate the bending moment needed

to cause permanent deformation or local buckling in the section’s outer flanges.

Although the magnitudes of the stresses in the extreme fibres of their interior and

exterior flanges were much lower than expected, the mullions that were tested

were able to resist the moments that they had been designed to carry. Together, the

observations point to a cross-sectional stress field that does not vary linearly with

distance from the section’s bending axis. The scale of the difference between the

measured and theoretical values, which can be seen in Tables 9.2 and 9.3, shows

that this effect is important. The disparity is too large to be attributed solely to the

accumulation of tolerance in readings from the measurement instruments. When

the structural design of an extrusion is governed by the yield strength of the metal

– which is the case for mullions for some facade layouts – the mass of metal in
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the member could be reduced if a more realistic stress distribution were to be

acknowledged by the analytical model that is the basis for the design.

The principal structural members in a unitised curtain wall are, typically, slender.

Their thin-walled cross-sectional shapes are asymmetric, they are extruded from

aluminium, which is much more elastic than steel, and effects such as those dis-

cussed in Chapter 7 can cause warping and twisting. The considerations relevant

to the analysis of flexure are therefore complex.

While the true stress distributions within unitised mullion profiles are worthy of

further investigation, the development of new analytical methods would, on its

own, be a sizeable project and, in this present study, the topic has not been taken

any further.
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Chapter 10

Discussion and Conclusions

The various facets of this research project have been documented in the journal

papers and accompanying chapters in this thesis. Each paper contains its own

discussion, and the points that have already been made are not reiterated here.

However, topics worthy of future research are identified, the author’s contribution

is summarised, and brief remarks conclude the work.

10.1 Contribution to Knowledge

The author has, by carrying out original research in this engineering field, con-

tributed to knowledge in the following ways:

• Others have used parametrically-controlled geometric models, in combination

with numerical search algorithms, to create material-optimised cross-sectional

shapes for structural members (e.g. Arora, 1997 pp. 13-16, 41-51; DeGanyar, 2012).

However, the new study described in the peer-reviewed journal paper in Chap-

ter 2 is the first in which the full set of variables controlling the shape of unitised

curtain wall mullion extrusions, including the choice of layout topology as well

as the length and thickness of each flange and web, have been algorithmically

controlled. The computer code’s architecture and the way in which it has been

tuned have been documented, and so others will be able to create similar software

to minimise the aluminium in their curtain wall designs.

• Another contribution that has been made in Chapter 2 is the quantification of

the scale of the aluminium savings that could be achieved if curtain wall designs

were to be optimised to meet the performance specifications and the architectural

layout requirements of the particular buildings in which they are used. A survey
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of bespoke curtain wall designs showed that it is commonly possible to reduce

aluminium content by 20% or more.

• The investigation described in Chapter 4 examines the extent to which variations

in design criteria affect the amount of metal in an optimised curtain wall design.

The variables that have been investigated are the wind pressure, the spacing

between horizontal and vertical framing members, the location of points of

attachment to the building structure, the breadth of the mullion profile, and the

allowable thickness of aluminium in the extrusions. The results inform a set of

design heuristics, set out on Pages 107 to 118, that, for the first time, provide

guidance for architects and specifiers who wish to use aluminium efficiently.

• Within Chapter 5, new algebraic expressions have been proposed to describe the

moment that acts about the longitudinal axis of a mullion that is bonded to glass

by a structural sealant. These models have been validated experimentally.

• The work documented in Chapter 6, which compares models of large deflection

in thin plates, has revealed several errors and anomalies in the existing literature’s

analytical procedures. The findings have been presented in a format suitable for

publication in an academic journal, and the manuscript has been submitted to a

publisher for peer review.

• The various influences that cause the mullion profiles in a unitised and pressure-

equalised curtain wall system to move laterally, in the plane of the wall, have

been quantified. Amongst the effects that are identified, there are substantial

lateral forces, described in Pages 211, 214 and 232, which are not mentioned

elsewhere in the literature. A new algebraic method – Equations 21 to 23 in

Chapter 7 – has been proposed to predict these lateral deflections, and this

analytical technique has been validated by finite element simulation. These steps

are detailed in a technical paper that has been published in a peer-reviewed

academic journal (Lee et al., 2019).

• It has been shown, in Chapter 8, that curtain walls optimised to comply with

the rules suggested in Chapter 7 are satisfactorily stable even though they can

contain less metal than curtain walls optimised to pass the established analytical

tests for lateral torsional buckling resistance. Curtain walls of the most popular

type (YCHL, 2011, p. 82) – made up of prefabricated panels in which an air path

exists between the exterior of the facade the mullions’ interior cavities – could

be constructed with less metal if design codes were to be modified to permit the

use of the proposed approach.
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These discoveries have been reported in format suitable for publication in an

academic journal, and the manuscript will be submitted to a publisher for peer

review.

• The deflections and extreme-fibre strains in the aluminium mullions of full-size

curtain wall panels have been measured in the laboratory. Data sets of this sort are

not available in the existing literature. The results, which are set out in Chapter 9,

reveal that the actual peak stresses in the thin-walled aluminium sections are

much lower than the stresses predicted by conventional, Euler-Bernoulli beam

theory. The author’s works shows that the magnitude of the difference is large,

indicating that there is an opportunity to refine the analytical theory and hence

reduce the amount of metal in future curtain walls.

10.2 Overview of Research Objectives and Findings

In Table 10.1, the various results set out in this thesis are linked to the research

objectives.

Table 10.1: Summary of research objectives and findings.

Objectives Achievements

Investigate practical
aspects of algorithmic
design, and automate
the curtain wall
design process.
Determine whether
aluminium is used
efficiently in bespoke
curtain walls, and
guide extrusion
designers to
better-optimised
solutions.

• Numerical optimisation software, ACWEDS, has been
developed. See Chapter 2. For a particular facade geometry
and performance criteria, it finds optimal cross-sectional
shapes for a unitised curtain wall’s extruded members, so
that aluminium mass is minimised.

• Statistical methods have been used to tune and validate the
performance of ACWEDS. See Chapter 3.

• Twenty-four existing, bespoke, unitised curtain wall facades
have been studied. Using the original construction drawings,
the mass of aluminium in each wall system has been
determined, and the metal content has been compared with
that in material-minimised designs found using ACWEDS. The
results of this study, extracts from which are presented in
Figure 7 of the peer-reviewed journal paper in Chapter 2,
suggest that the curtain wall industry’s metal requirements
might be reduced by about 20% if curtain wall designers
were to make use of numerical shape-optimisation algorithms.

Page 301



Chapter 10 Unpublished Commentary

Table 10.1: (continuation) Summary of this project’s objectives and findings.

Objective Achievements

Determine how to
optimise architectural
layouts and facade
specifications.
Provide guidelines to
help architects and
specifiers to make
efficient use of
aluminium.

• In the study described in the peer-reviewed journal paper
within Chapter 4, the research software, ACWEDS, has been
used to find optimal cross-sectional shapes for tens of
thousands of curtain wall systems, each having a unique
combination of facade layout and performance criteria. In this
way, it has been possible to quantify the extent to which the
mass of aluminium in a curtain wall system is influenced by
the wind pressure, mullion spacing, transom spacing, bracket
location and minimum allowable metal thickness.

• The results of this study inform a set of heuristics that are
set out in Chapter 4. These guidelines or design strategies
are intended to help practising architects and specifiers, so
that they will be able to create curtain walled buildings in
which aluminium is used efficiently.

• It has been demonstrated that even small changes to common
architectural layouts and technical specifications can result in
very substantial metal savings. For example, simply moving
the wall system’s attachment brackets away from the very
top of the panel reduces the optimised metal mass by more
than a quarter. Further, by permitting webs and flanges that
are thinner than 3 mm – a commonly specified, but arbitrary,
minimum – metal content can fall by a further 18.8%.

Page 302



Chapter 10 Unpublished Commentary

Table 10.1: (continuation) Summary of this project’s objectives and findings.

Objective Achievements

Develop a new
approach to the
analysis of mullion
stability.
Provide the authors
of curtain wall
construction codes
with a better
analytical model, and
thus make it possible
to design panel
framing extrusions
that contain less
aluminium.

• A new algebraic model of moment in structural sealant– the
adhesive that connects a curtain wall panel’s face glass to its
extruded aluminium framing profiles – has been proposed.
The model has been validated in laboratory tests. These
works are detailed in a paper that has been published in a
peer-reviewed academic journal, which is included in
Chapter 5.

• In a separate campaign of laboratory testing, the deflected
shapes of infills – which are thin, laterally loaded,
rectangular sheets – have been compared with various
predictions based upon existing mathematical models. Several
errors in the literature have been found and a commentary
has been provided to help designers avoid analytical pitfalls.
The study, which is presented in Chapter 6, has been
submitted to a journal for publication.

• The different physical phenomena that can cause a mullion
extrusion to move laterally – including the influence of the
infill material and sealant, which were the subjects of the
studies mentioned above – have been quantified and
compared. It has been shown that loads attributable to the
mullion’s internal pressure-equalisation, which are ignored in
conventional stability analysis, are of great significance. A
new mathematical model has been proposed and validated
by finite element simulation. It is argued that, in comparison
with the established analytical procedures for checking an
extrusion’s resistance to lateral torsional buckling, the new
mathematical model is simpler and will give more reliable
results. Details of this work have been published in the
peer-reviewed academic journal paper that, in this thesis, is
Chapter 7.

• Chapter 8 contains the draft of a journal paper that will be
submitted for publication. In it, the mass of metal in a
curtain wall system that has been optimised to comply with
the prevailing structural design code is compared with the
mass of metal in a wall system optimised to comply with the
analytical rules proposed in Chapter 7. It is shown that, even
though the new method of analysis takes into consideration
loads that are ignored in the standard structural model, it is
the wall complying with the new criteria that contains less
aluminium.
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Table 10.1: (continuation) Summary of this project’s objectives and findings.

Objective Achievements

Carry out laboratory
tests on full size
curtain wall panels
and, in this way,
investigate the extent
to which a wall
panel’s face glass or
infill material stiffens
the framing members.

Structural load tests have been carried out on full-size curtain
wall panels, in the laboratory. The investigation, which is
documented in Chapter 9, suggests that the flexural stiffness of
a typical aluminium mullion is not enhanced significantly when
it is bonded by structural sealant to an insulated glass pane.
Therefore, this line of investigation – the idea that lighter
structures could be created if composite action between
aluminium and glass were to be taken into consideration – has
not been pursued further. However, the test results do indicate
that, within the mullion’s thin-walled aluminium parts, the
distribution of stress differs greatly from that predicted using
traditional beam theory. The observation suggests that, if future
researchers will develop new analytical methods that model the
real stress fields, less aluminium will be needed in some curtain
wall profiles.

10.3 Conclusions

This research campaign’s key objectives and its corresponding achievements, which

have been set out in Table 10.1, are summarised, briefly, in the itemised points

below:

(a) One goal has been to help curtain wall designers to make more efficient use of

aluminium. Investigation has shown that, if the cross-sectional shapes of a wall

system’s principal structural extrusions are found by the numerical procedures

described in Chapters 2 and 3, rather than by the established design methods,

the performance criteria can be satisfied using less metal. The original objective

has, therefore, been achieved.

(b) Another objective has been to provide metal-minimisation guidelines for archi-

tects and for the authors of technical specifications. Accordingly, the variables

that influence aluminium content have been investigated using the algorithmic

technique presented in Chapter 2 and, based on these results, new heuris-

tics for the development of a curtain wall facade’s layout and performance

criteria have have been published in the peer-reviewed journal paper that is

reproduced in Chapter 4.

(c) Experimental studies of particular components of a curtain wall, detailed in

Chapters 5 and Chapter 6, and laboratory tests of whole curtain wall panels,

detailed in Chapter 9, inform a new algebraic model of a mullion extrusion’s

lateral movement that has been published in the peer-reviewed paper presented
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in Chapter 7. Observations have been provided to support the argument that, in

comparison with the existing methods of assessing lateral stability, failure loads

will be more reliably predicted by the new analytical method. Furthermore, it

has been shown, in Chapter 8, that curtain wall systems optimized to meet the

newly proposed design criteria contain less aluminium than designs optimized

to comply with the existing rules. A third objective in this research, which

was to see whether aluminium savings can be brought about by modifying the

analytical rules that are established by structural code committees, has therefore

been satisfied.

To date, researchers and regulatory authorities with an interest in energy-efficient

buildings have focussed upon improving the thermal performance of exterior

envelopes. The role that structural optimization can play in the reduction of energy

consumption has been largely overlooked (Hernandez et al., 2018), even though the

potential energy savings are large in scale. Rough calculations on Page 259 show

that, in a temperate climate, the embodied energy in the enclosing curtain wall’s

aluminium is greater than the total energy used heat the building during decades

of normal operation. In practice, if the different strategies that have been identified

during this present research, which are summarised above, were to be applied

together, the reductions in aluminium usage would be large. In some curtain walls,

metal content might be halved.

The benefits of efficient design can be enjoyed virtually without cost, unlike the

returns obtained by enhancing a building’s thermal performance, which usually

require an initial investment in insulation or solar-control coatings. Moreover, when

ways are found to build with less material, energy savings are enjoyed immediately,

at the time of construction. To reduce demand for primary aluminium, the first

steps are simple. There is a need to raise awareness of potential rewards and

provide guidelines or design software to help overcome the inherent complexity of

the optimisation task. Construction authorities who wish to speed the development

and adoption of low-material construction technologies have the option to add new

regulations their building codes, so that the embodied energy in new designs can

be quantified and controlled.

Governments around the world have made commitments to limit the consumption

of energy in order to mitigate global warming (United Nations, 2015). This research

has shown that, simply by disseminating technical knowledge amongst practising

designers, substantial benefit can be realised. It would be gravely wasteful to ignore

the opportunity.
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10.4 Recommendations for Future Work

Some of the observations that have been collated in this thesis will, it is hoped, add

to the sum of knowledge in the niche engineering field of curtain wall design, but

some of the results are unexpected and remain unexplained. Green (1977) advised

that “The way to do research is to attack the facts at the point of greatest aston-

ishment”, and so, in the notes that follow, aside from suggesting ways to improve

the investigative process and ways to influence practising designers, findings that

caused surprise are listed to help future researchers choose profitable topics to

study.

10.4.1 A More Elaborate Cross-Sectional Shape Model

The parameterised mullion shapes considered in this research, which are shown

on Page 53, are based upon designs that are conventional within the curtain wall

industry: the numbers and the layouts of the webs and flanges match those in

the mullions of existing curtain wall designs. Nonetheless, some of the solutions

found by the numerical optimisation process, such as the example on Page 67,

have seemed, to human designers, surprising. If future researchers will create soft-

ware similar to ACWEDS, the parametric model could be redesigned to allow the

optimisation routine a wider range of geometric options, creating yet greater oppor-

tunity for the search algorithm to reveal extrusion shapes that are unanticipated

but efficient. To give some examples: the parametric constraints could be redefined

to allow elements that are trapezoidal rather than just rectangular; the number of

elements in a profile and the number of allowable topologies could be increased;

and the maximum metal thickness could be redefined to be a fixed multiple of the

actual minimum metal thickness in that particular extrusion, rather than a constant

value.

The curtain wall extrusion designs produced by the software that has been devel-

oped for this research, ACWEDS, contain some features that are pre-defined. For

instance, every mullion’s air seal is placed at its interior flange, even though

other locations might be functionally acceptable. If the parametric model of extru-

sion geometry were to be reprogrammed to remove this, and other, presupposed

features, then the number of possible design solutions could be increased. By recon-

figuring the model so that the only constraints upon it are those that are essential –

the limits imposed by the physical properties of the metal, the building’s functional

needs, and the manufacturing processes – then the opportunity to find more efficient

geometric forms, and hence the opportunity to surprise, can be maximised. Such

changes to the parameterisation of the cross section, and also the use of the sort of
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non-prismatic members that are mentioned in Section 10.4.7, will of course increase

the complexity of the optimisation task. However, existing structural optimization

methods are capable of solving problems with many more variables than have been

considered in this study (Floudas and Pardalos, 2009, p.935), and field to which

these numerical methods belong, artificial intelligence, is advancing rapidly.

Already the observation has been made in this thesis, on Page 67, and by other

users of numerical optimisation methods (e.g. Mitchell, 2009, pp. 140-142), that the

solutions revealed by algorithmic search can teach people, including experienced

practitioners, new tricks. Rather than merely showing human designers a route to

their summit, search algorithms will, sometimes, find and climb a taller mountain.

It would therefore be interesting to optimise a much greater number of extrusion

outlines, for varied facade layouts, complying with the lateral deflection analysis

method proposed on Page 230. By examining the set of profiles generated in

this way, trends amongst the different cross-sectional shapes could be abstracted

and guidelines for minimisation of aluminium could then be offered to extrusion

designers.

10.4.2 Adaptation of Analytical Method For Corner Mullions

The algebraic model developed in Chapter 7 was created to describe the lateral

movement of the extrusions in an ordinary rectangular unitised mullion with webs

that are perpendicular to the plane of the wall. Since the analytical method was

publication (Lee et al., 2019), practising facade engineers have told the author that

they find it helpful, and they have asked whether it could be applied to the

extrusions in a mitered corner mullion, such as that in Figure 10.1, whose webs

are at 45◦ to the glass.

To predict the lateral response of these special extrusions for corners, the technique

developed in Chapter 7 might be modified in the manner suggested below. However,

further study will be needed to validate this proposed approach.

Ignoring the original meaning of the yy axis label that is a part of the variable name,

in the expression that follows, Iyy for a corner profile is the second moment of area

for bending about a centroidal axis parallel to the web. The mullion is pressure

equalised – that is to say that the air pressure within its interior cavities is the

same as the air pressure at the exterior of the wall – therefore forces act upon the

extrusions’ webs, and these forces require some explanation. The pressure upon the

corner mullion’s web is, in the region near to the interior flange, balanced by the

pressure on the flange, and so here there is no net force on the extrusion. However,

in other parts of the web, the region marked with small arrows in Figure 10.1,
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there is a net force on the profile. The edge of this net-force zone can be found by

drawing a line, perpendicular to the web, through the corner mullion’s interior air

seal.

Equation 21 in Chapter 7, which applies to a rectangular mullion, can then be

modified for analysis of a corner extrusion:

δx:s ≈
1√
2

[

Pl4
b(
√

2dm − di + ds)

384Ea Iyy:m
+

diP(besx + 2esy(
√

2dm − di + ds))
(
k1 − l2

b k2

)

bP(
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2dm − di)(l
2
b k2 − k1)− 16Ga Jzz:mk2

]

, (10.1)

With the initial 1/
√

2 term, Equation 10.1 gives the magnitude of the component

of the corner profile’s movement in the plane of the facade to which it is attached.

The values of k1 and k2 can be found from Equations 22 and 23 in Chapter 7.
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Figure 10.1: Corner mullion dimensions for use in Equation 10.1.
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10.4.3 A New Analytical Model of Bending Stress

The laboratory results presented in Chapter 9 showed that the actual stress at the

extreme fibre of a thin-walled aluminium mullion is much lower than the stress

that the standard Euler-Bernoulli beam theory predicts. Because the scale of the

disparity is large, the topic deserves further research. If a modified beam theory can

be developed to model more accurately the actual stresses in mullion extrusions

then, at least in cases that the limiting structural design constraint is the yield

strength of the aluminium, designers will be able to create curtain wall systems

using less metal.

10.4.4 A Faster Algorithm for Computation of Warping Constants

As noted on Page 251 the open source software that was used to determine warping

constants of cross-sectional shapes for the study detailed in Chapter 8 executes

slowly. In order to carry out the research outlined in Section 10.4.1 , or to create the

sorts of design software proposed in Section 10.4.8, a less computationally expensive

method will be needed. Algorithmic methods are described, with examples, by

Pilkey (2002).

10.4.5 A Review of Cutting Practices and Wastage

The author has observed that, even when the final cutting lengths of extruded

components are known, and even when an extruder is able to deliver extrusions

in any length that can be handled, a curtain wall contractor will invariably order

the extrusions in lengths that are somewhat greater than actually required. If a

particular project requires a large number of transoms, each 1.4 m in length, the

curtain wall contactor might order extruded bars of, say, 5.9 m. The length is

more than sufficient to provide the transom members and, in this example, the

cutting wastage is 0.3 m per bar, or approximately 5%. Although all of this waste

material is collected from the floor of the fabrication workshop and sold back to the

extruder for immediate recycling, improvements in material ordering and cutting

could increase the efficiency with which material is used. This is therefore a topic

that deserves further investigation.

There may also be opportunities to reduce waste in the cutting of glass, although

the constraints – the sizes of the stock sheets from which glass panes are cut – are

already well documented in the industry’s literature (e.g. Ledbetter, 2010, p. 226)
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10.4.6 A Modified Lateral Torsional Buckling Theory

The study detailed in Chapter 8 compared the mass of aluminium in two different

curtain wall systems, both of which were designed for a building with 4.5 m floor

span and an unsupported span of 3.43 m between transom members. One mullion

shape was shown, by finite element simulation, to be capable of carrying the

forces acting perpendicular to the wall as well was the lateral forces caused by the

pressure-equalisation of its interior cavities. Another mullion shape was optimised to

meet the LTB-resistance rules set out in the Aluminum Design Manual (Aluminum

Association, 2005). In accordance with current convention, lateral forces were ignored

in the analysis of the ADM-compliant design, but, nonetheless, this curtain wall

system contained more metal than the other design. This finding suggests that the

codified procedures for analysis of LTB resistance are, in at least some conditions,

unnecessarily conservative. Other commentators, mentioned on Page 207, also have

questioned whether the established LTB evaluation methods are reliable.

The lateral deflection formulas that have been proposed in Chapters 7 and 8 apply

only to pressure-equalised, unitised curtain wall extrusions. Even if these proposed

analytical methods are adopted by the facade industry, the new approach is not

applicable to all of the conditions that arise in building facades, and therefore there

will still be occasions when designers will need to check a mullion profile’s LTB

resistance. A review of the conventional approach to LTB analysis will therefore be

worthwhile.

10.4.7 New Manufacturing Technologies

The results obtained during the numerical study that has been documented in

Chapter 4 are summarised in the graph on Page 102. These show that the mass of

metal in a curtain wall panel’s structural frame could be reduced if conventional

extrusions, which have metal thicknesses of around 3 mm, were to be replaced with

larger, thinner-walled structural members. Thin aluminium sheets are already used

in load-bearing components within curtain walls, in the face sheets of flat sandwich

boards. Within the facade industry, this type of product is usually referred to as

“aluminium composite panel”, which is made up of two sheets of 0.5 mm aluminium

sheet bonded to a lightweight core between 3 mm and 5 mm in thickness. If new

production methods were to be developed to manufacture curtain wall framing

members in a similar way – a shaped core made of an affordable and nonflammable

substance wrapped in thin aluminium – then metal savings could be achieved.

Another possibility is that the metal frames of whole curtain wall panels could be

“printed”, as a single component, using modern additive manufacturing techniques.
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This change in approach to production would make it possible to design mullions

and transoms that are not of uniform cross-sectional shape. The distribution of

metal could be optimised so that, for example, a member’s stiffness is greatest in

locations of high bending moment, and its bearing resistance is greatest at points

of connection to brackets. Other advantages would be that the cutting wastage

that occurs when fabricating an extruded aluminium frame, and also the need for

a frame assembly workforce, would be eliminated. Lastly, if the horizontal and

vertical members were to joined in one continuous piece of metal, water leaks

would not occur at the transom-to-mullion joints.

10.4.8 Tools and Rules for Practising Designers

To be effective, the metal-saving strategies that have been proposed in this the-

sis will need to be made known to, and implemented by, practising curtain wall

designers. It is therefore worth noting, with a view to replicating, the combination of

steps that have been used to improve the thermal performance of new glazing sys-

tems. Governments have sponsored the development of digital modelling software

(e.g. Lawrence Berkeley National Laboratory, 2013) and standardised simulation

procedures (e.g. National Fenestration Rating Council, 2016) that allow engineers to

assess their designs without the need for laborious calculation or physical testing.

Performance goals are then defined in voluntary or mandatory construction codes

(e.g. Government of the Philippines, 2015). Similar methods could be adopted to

improve the efficiency with which the curtain wall industry uses aluminium. If

facade contractors were to be provided with a software tool for extrusion shape

optimisation – a robust and user-friendly program operating in a manner similar to

that described in Chapter 2 – then it seems reasonable to predict that they would

take full advantage of the opportunity to use less aluminium.

The cross-sectional shape optimisation software described in Chapters 2 and 3,

ACWEDS, finds efficient designs for the mullion profiles in a particular curtain

wall’s typical panels. In a real building’s facade, however, it is often the case that

atypical panels must be designed for “hotspots” – localised areas of high wind

pressure – or for floors of higher-than-usual height. In such cases the curtain wall

designer might choose to place metal stiffeners within the typical mullion profiles’

interior cavities, or support each mullion at more than one bracket location, or create

new mullion extrusions for the atypical panels. If an ACWEDS-like program were

to be made available to facade designers, it could examine the atypical conditions

and propose efficient solutions.
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10.4.9 Enhancement of Construction Codes

Construction authorities might elect to establish embodied energy targets or limits in

their building codes. However, even if it is found to be unnecessary or impractical

to attempt a detailed quantification of embodied energy in every new building,

designs that are unusual should be studied to see whether energy is being used

rationally. For example, if new facade features are proposed with the intention

of improving thermal performance – by adding aluminium sunshades, say, or by

creating a double skin curtain wall (e.g. Oesterle et al., 2001) – then an energy audit

would reveal whether the thermal energy savings are outweighed by the additional

embodied energy costs.

The number of people or the amount of equipment that a building can accommodate

is determined, primarily, by its floor area. Accordingly, commercial, residential and

office properties are leased or sold by the square meter of floor space. In current

design codes, however, thermal performance targets are commonly defined in terms

of heat flow per unit area of facade. As a result, property developers are not

provided with an incentive to avoid excessive wall-to-floor ratios and, even if two

buildings both have the same amount of floorspace and both comply with the same

green building code, their requirements for heating or cooling energy may be very

different. To avoid these shortcomings, facade energy limits – for both embodied

energy and heat flow – could be defined so that they scale with the area of the

floor rather than that of the facade.

Demand for aluminium could be reduced if city planners were to discourage

architectural fashions for large areas of purely decorative curtain wall (CTBUH,

2013), and if they were to deter the construction of buildings with an inefficiently

high ratio of wall to floor.
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