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The Guide is not intended to be a code of practice but a basis of information for those
interested in the structural use of glass. It is intended for those people who have little or
no knowledge of the structural use of glass and the details contained therein will be of
interest not only to engineers but also to members of the other professions in the con-
struction industry.
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ple wishing to advance their knowledge further in the structural use of glass.

It is a publication that not only contains a wealth of information, but also makes very
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1 Introduction

1.1 General

Glass remains an elusive material for engineers,
feared because it is brittle, under-used because use-
ful design data is so hard to find. This is especially
vexatious because it is a material much sought after
by architects. It is hard to think of any modern
building in which glass does not play an important
part. Transparency and translucency are essential
features of much modern architecture.

There are many books and many precedents that
inspire designers to use glass but the data designers
need is not easy to find. It exists. but it is not avail-
able from a single source. This Guide attempts to
assemble the information that structural engineers
will need. In doing so it touches on many issues that
influence design but which are not necessarily
themselves structural, for example. condensation.
colour and acoustical behaviour.

This Guide is aimed at two distinct groups of
users:

¢ the first group wants straightforward advice
on how to do something in glass with
guidance on the applicability of the designs or
details that are offered

*  the second group wants to design in glass
from first principles, This group needs reliable
data and advice on the critical factors when
designing with glass. The second group is not
looking for a prescriptive approach, which is
better provided by codes of practice. including
the forthcoming European code.

As far as possible, this Guide compares and con-
trasts the structural behaviour of glass with that of
other, better-known., structural materials. In particu-
lar it uses some excellent charts which are with
grateful thanks reproduced from Materials selec-
tion in mechanical design, by M. E. Ashby of
Cambridge University. to set glass in the context of
other materials.

There are |7 chapters. Chapters 2 to 5 cover prin-
ciples. design requirements, design selection and
calculations. Chapters 6 to 15 cover different appli-
cations of glass as a structural material in roofs,
facades and elsewhere, and include worked exam-
ples. Chapter 16 covers specification and Chapter
17 contract and procurement, inspection and main-
tenance. There are also 6 appendices.

1.2 Scope

This Guide deals with the design of glass in build-
ings where the glass plays a structural role. It may
resist only wind load or it may do more, carrying its
own weight or perhaps supporting live load from
people walking on it or leaning against it

This Guide is principally aimed at structural
engineers. Its scope is therefore largely but not
entirely limited to those issues most of concern to
structural engineers:

strength
stability
stiffness
durability

= robustness
*  buildability

[StructE Structural use of glass in buildings

Structures do not exist in isolation from the build-
ings they serve. The Guide therefore also addresses
some of the other issues that may influence struc-
tural behaviour or place constraints on what can be
achieved. In doing so it does not seek to provide,
for example, up-to-the-minute data on what coat-
ings and heat treatments are available from which
manufacturers. However, it does try to list where
such advice can be obtained and to advise what
influence coatings and heat treatments (and other
processes) may have on structural behaviour,

By listing issues that need to be considered when
designing structural glass, the Guide will be of use
in clarifying design responsibilities amongst the
design team. It should be noted that this team might
well include the glass manufacturer, the glass fabri-
cator and the glass installer.

This Guide has limitations. Its purpose is to pro-
vide general guidance based on existing good prac-
tice as a starting point from which designers can
carry out further studies and research according to
circumstances. It is not intended to define the
responsibilities of any parties, or to relieve them. in
a given contract.

In particular, the reader should not assume that it
is possible to write a specification using only the
headings or numerical values given in this Guide.
The information presented is typical UK industry
information and as such may not be representative
of the output of any particular manufacturer or fab-
ricator.

Whether experienced in glass design or not.
most users will use this Guide in their own way,
turning to those points of entry they find most
immediately useful. The Guide therefore attempts
to provide a flexible approach to fit in with the
ways that designers work in practice. for exam-
ple:

¢ It provides detailed guidance but recognises
that the designers must make the final judg-
ment, based on the specific contract they are
handling.

¢ Itincludes information important to the
designer. presented to show what are the criti-
cal aspects.

¢ Information and issues are often presented as
checklists, to save the reader from having to
scan extensively.

*  Information is linked to explanations. to show
how it relates to the general principles under-
lying the structural behaviour of glass.

*  The chapters follow a particular sequence
but the reader can follow his or her own
route through if preferred. using the cross-
referencing.

*  Advice on critical design issues is highlighted
in blue in Chapters 6 to 14,

1.3 Status of this report

The Institution of Structural Engineers has pro-
duced this report as a guide and, as such, it is only
intended for use as a guide.

It is not intended to provide the definitive
approach in any situation, as in all circumstances
the party best placed to decide on the appropriate
course of action will be the designer undertaking
the particular project.
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1.4 Relevant Standards

Throughout this Guide, reference is made to appro-
priate British and other Standards. It should be
noted that British Standards are in the process of
being superseded by European Standards. The read-
er should always ensure that the most recent rele-
vant Standard is being used.

Those seeking to apply this Guide outside the UK
should make reference to the appropriate national
standards or regulations.

1.5 Other references

Throughout this Guide, reference is also made to a
wide range of textbooks. which may be revised and
reissued from time to time. Care should therefore
be taken when referring to, for example, tables in
textbooks whose numbers may be different in later
editions to those referred to in this Guide.

1.6 Sources of information

Laminated Glass Information Centre
299 Oxford Street

London WIR 1LA

Telephone: 020 7499 1720

Fax: 020 7495 1106

Glass and Glazing Federation
44-48 Borough High Street
London SEI IXB
Telephone: 020 7403 7177
Fax: 020 7357 7458

Centre for Window and Cladding Technology
University of Bath

Claverton Down

Bath BA2 7AY

Telephone: 01225 826541

Fax: 01225 826556

Glass Association of North America
3310 SW Harrison Street

Topeka

Kansas 66611-2279

USA

Telephone: 1 785 266 7013

Glass Rescarch and Testing Laboratory
Texas Tech University

LLubbock

Texas 79409

USA

Telephone: 1 806 742 3476

The UK reader should consult the Glass and

Glazing Federation for the names and addresses of
suitable manufacturers, fabricators and installers.

10
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Fig. 2.1. A comparison of
small and large deflection
theory (reproduced from

Glass in Buildings, eds. Button
& Pye. by permission of
Butterworth-Heinemann)

2 Principles

2.1 Behaviour of glass as a
structural material

Glass behaves in a crucially different way from
other, more familiar. structural materials such as
steel or aluminium. It does not vield: it fractures
and its failure is stochastic (i.e. prediction is risk-
based. or statistical).

Structural engineers designing steel structures
have typically concentrated their attention on limit-
ing stresses at places of maximum bending and
shear. Because steel is plastic and will yield and
flow if it is locally overstressed, and lack of fit and
its associated stress concentrations are not general-
ly a problem.

Designers cannot ignore stress concentrations
and cannot ignore lack of fit when designing glass.

Glass in panes can deflect by more than its own
thickness. This takes designers into the realm of
large deflection theory, which is unfamiliar territo-
ry for most engineers. One consequence is that it
has been customary to express stresses in glass as if
small deflection theory were valid. This gives rise
to the problem that the use of a realistic allowable
stress with small deflection theory can lead to the
calculation of glass thicker than it really needs to
be. Quoted design stresses for use with small
detlection theory will be larger than realistic design
stresses used with large deflection theory.

Basic properties of glass

This section draws heavily on Engineering materi-
als — an introduction to their properties and appli-
cations, by M. F. Ashby and D. R. H. Jones and on
Materials selection in mechanical design, by M. F.
Ashby.

604 Simple deflection
theory
50 -
‘Quoted’
design stress
g e
o
E
E
2
5 30
g Large
& deflection
'‘Real' theory
design
20 | Stress, i
e}
5
104 g
a
=
=
w
=1}
o
T LI
1000 2000

Uniform pressure (N/m2)
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Materials may be classed into five groups:

*  Metals and alloys

= Polymers

= Elastomers

*  Ceramics and glasses
= Composites

The difference between glasses and ceramics is that
ceramics are crystalline, inorganic non-metals;
glasses are non-crystalline (or amorphous) solids.
Most engineering glasses are non-metals but a
range of metallic glasses with useful properties is
now available. These are known by a number of
names: metallic glasses, glassy metals. metglass,
and so on. They are metals or alloys that are pro-
duced by cooling from the molten state so rapidly
that crystallisation does not have time to occur.
Scholze (1991) describes their properties. This
Guide is only concerned with non-metallic glasses.
Clear glass for glazing is typically of the soda-lime
silica type and its general physical and mechanical
properties are described in BS EN 572
Composition varies between manufacturers but is
generally as shown in Table 2.1.

Table 2.1 Typical composition of soda-lime-
silica glass

Silica Sio, 70-74%
Lime CaO 5-12%
Soda Na,0 12-16%

with small amounts of magnesium, aluminium,
iron and other elements

Materials can have properties that are intrinsic or
attributive. All these affect the way in which prod-
ucts are designed.

Intrinsic properties

e Bulk mechanical properties

*  Density

*  Modulus and damping

*  Yield strength, tensile strength and

hardness

Fracture toughness

*  Fatigue strength, thermal fatigue
resistance

*  Creep strength

Bulk non-mechanical properties

Thermal properties

Optical properties

Magnetic properties

Electrical properties

Surface properties

Oxidation and corrosion

Friction, abrasion and wear

Attributive properties

*  Price and availability

*  Production properties

*  Ease of manufacture

*  Fabrication. joining and finishing

*  Aesthetic properties

*  Appearance, texture and feel

To set glass in the context of other materials, with
which designers may be more familiar. the follow-
ing charts are reproduced from Materials selection
in mechanical design, by M. F. Ashby with permis-



Chart I: Young's Modulus
1000 plotted against density
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Chart 3: Fracture toughness
plotted against densiry

Chart 4: Young's Modulus
plotted against strength

IStructE Structural use of glass in buildings

1000

3. Fracture
Toughness-Density

1

Data for K, Valid Below 10 MPa m”?

Above 10 MPa m’ for Ranking Only
MFA'B8.91

100

uide Lines

or Minimum

o

- Weight Design
C E /’EI
C /%
- ,dd T

1
Fracture Toughness K. (MPa m'2)
5

0.1

0.01

W
Alloys I

4

-

S i =

%{0japfic s Engineering

Ceramics 1

E @ asses E
o (_Si0, =
N il FAocks ]

rami
Cgrnenl. 4
Dncrt; N
- Plaster / -
1 Ity L1 1
3 10 30

0.1

1000 —TTTTTT —
4. Modulus-Strength /’  Caming
Metals and F'olémers:‘(ield Strength o
Ceramics and Glasses:Compressive Strength|Engineéring SIS 76 S
|Elastomers:Tear Strength ANOYE > ..@
Composites:Tensile Strength MFA-Ba-Ql/ 7 \ '_=..I = -“' ]
’ C o S m
100 f— Min. Energy s mm&m m_[__/
~ | Storage per 7 e —— G ) ] g
| Unit Volume // > - _-Glfs_ﬁa’s'iE_ngMgf- 1
[ | Yield before p g2 Bemerl Y EES Ceramics /' 1
| | Buckling 7 nm;e “CFRP )\\ Engineering / )
// —— Laminates ngﬂsites ;’
e i GFRP TR
© . = ’ /
o 7/ / # Ash 4 /
4 Dak ’ 3
G 10k o 7
w F P Porous 7 L A .c
5 F / Ceramics Jif
7] B e s ! 1
=2 u / PMMA /‘,/ L 4
= 7. 1 S s
3 [ s %01 1,
S b % :
E- /{:\
w g
':g” 1.0 b .
e F // Design] 3
C /s Guide ]
- P Lines &
i ¥, / i
L _f_4p072 4
B Max. Energy
0.1 Storage per ||
" E Polymers_ Unit Volume [~ 3
F o 3K Bucking | 3
C Y, Elasiomers  before Yield | 7
A 7 .
-
A 4
E C
0 01 - 1 Ll L i1l L 1 L L1l
100 1000 10000

Strength o; (MPa)



Chart 7: Fracture toughness

plotted against strength

Chart 8: Loss coefficient
(damping) plotted against
Young's modulus
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Linear Expansion Coefficient « (1076/K™)

Chart 9: Thermal conductivity
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Chart 11: Linear expansion
coefficient plotted against
Young's Modulus

Chart 12: Normalised strength
plotted against linear
expansion coefficient
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Strength at Temperature o; (T) (MPa)

Chart 13: Strength plotted
Temperature (C) against temperature
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Chart 15: Strength plotted
against relative cost,

Chart 16: Young's Mochuluy
plotted against energy content
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Charr 17: Strength plotred
against energy content
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Fig. 2.2 Hlustration of large

telescopic mirror (courtesy of

Galaxy Picture Library)

Fig. 2.3 The main legs of the

Commerzbank, clad in glass

{courtesy of Foster & Partners)

sion from Butterworth-Heinemann and the author
and are gratefully acknowledged.
Structural design involves choosing a shape as

well as a material. The immensely wide choice of

materials is narrowed, first, by applying primary
constraints dictated by the design and then by seek-
ing the best subset of materials which maximise the
performance of the component.

Primary constraints are imposed by characteris-
tics of the design that are non-negotiable: tempera-
ture, chemical environment. that it must be a con-
ductor or an insulator of electricity. and so on. In
structural engineering we usually apply our primary
constraints unconsciously when we narrow our
material choice to steel, timber, concrete or, some-
times, aluminium or plastic.

Further narrowing is achieved by seeking the
combination of properties that maximise perform-
ance. For most load-bearing components perform-
ance is limited by a combination of properties, such
as E%%/p for a light stiff beam.

It may surprise some readers to be reminded that
glass is the preferred structural material for the

IStructE Structural use of glass in buildings

world’s largest ground-based optical telescopes.
Glass provides the right strength, stiffness. dimen-
sional stability and lack of thermal distortion and
has the right fabrication properties to support and
position a 6m diameter mirror with a precision
about equal to the wavelengths of visible light.

Another surprising use of glass is as a cladding
material to protect a steel structure. This is what
occurs on the main legs of the Commerzbank in
Frankfurt (1997: Architect: Sir Norman Foster &
Partners. Engineer: Ove Arup & Partners). Instead
of the more conventional steel or aluminium, glass
panels with insulation behind them provide durable
protection to the steelwork. In the past, glass ashlars
were used to line coal hoppers to protect the steel
from abrasion.

Many processes are possible to produce glass
with the right combination of properties to meet a
particular need. Float glass (see section 2.1.1) can

Table 2.2 Typical properties of annealed glass

Density 2500kg/m’
Modulus of elasticity 70-74kN/mm’*
Shear modulus 30KN/mm?
Poisson’s ratio 0.22

Theoretical value is
3600N/mm- but
behaviour is fracture-
governed

SO00N/mm” but
fracture-governed

Yield strength

Tensile strength

Tensile ductility 0

>1000N/mm* but
complimentary tensile
stresses will govern

Compressive strength

Hardness 6 MoH

Loss coefficient at

5 4
30°C 107 to 10

Toughness 0.01kI/m?

Fracture toughness 0.7MN/m**

About 530°C — varies

Softening temperature p 7
L= p with composition

Glass transition
temperature

About 570°C — varies
with composition

Approx. 280°C (but

Maximum service
temperature

beware temperature
differences, especially
in annealed glass)

Thermal conductivity

IW/m/K

Thermal diffusivity

6 x 107mYs

Coefficient of thermal
expansion

7.7-8.8 X 109K

Variation in rate of
crack growth with
humidity and stress

See Fig 2.5




Raw materials Melting furnace

1500°C

1600°C

Molten glass

be clear, tinted or coated. It can then be heat-treat-
ed or bent. It can then be further printed. laminated
and double-glazed. Button and Pye (1993) describe
these processes in more detail.

2.1.1. Average mechanical properties of

annealed float glass
Annealed glass is today usually made by the float
process.

The chemical ingredients, which include silica
sand. soda ash, limestone and salt cake, are blended
with cullet (recycled broken glass) and heated in a
furnace to about 1500°C to form molten glass. The
molten glass is fed onto the top of a molten tin bath.
While on the tin bath, controlled heating permits
the glass to flow. forming a flat ribbon of uniform
thickness.

At the end of the tin bath the glass is slowly
cooled. Then it is fed off the molten tin into the
annealing lehr (or oven) for further controlled grad-
ual cooling. Changing the speed at which the glass
ribbon moves into the annealing lehr can vary the
thickness of flat glass. The Chambers Dictionary
definition of anneal is to heat and cool gradually.
The glass edges are trimmed to give a constant
width to the emerging sheet. which is then cut to
length,

Annealed glass behaves perfectly elastically until
the moment it fractures. Shards of annealed glass
are dangerous. There is no creep (glass does not
‘flow’) and there is no fatigue in the metallurgical
sense. There is slow growth of cracks under sus-
tained or cyclical loading. Gy (1999) describes a
year-long experiment involving 19mm toughened
glass which concluded that the deformation of a
permanently loaded glass structural element should
increase by less than 3% over 50 years.

It is not only impact that causes brittle fracture of
annealed glass. Bending stresses. thermal stresses,
imposed strains — all of these cause elastic defor-
mation and may cause fracture. No warning is
given. Whether or not fracture will occur depends
on the flaws in the glass, the stress level, the
stressed surface area and the duration of the load.
The flaws in the glass may be inherent or may result
from the cutting or grinding or drilling of the glass
and from the environment to which the glass has
been subjected. Humidity encourages crack growth.
Cut edges of annealed glass are often weaker than
its flat surfaces. This means that annealed glass
beams are designed to lower stresses than glass
plates, unless limiting deflections is the governing
criterion.

The condition for the onset of fast fracture is
given by, in general:

ov(ra) = [(EG,)

where a is the half-length of the crack. E is the
Young's Modulus and G_is the toughness of the

bkl

Float bath Annealing lehr Cutting section

Malten tin

glass. G_has units of kJ/m? and is the toughness of
the glass, sometimes known as the critical strain
energy release rate.

The equation says that fast fracture will occur
when. in a material subjected to a stress o, a crack
reaches some critical size a or, alternatively. when
material containing cracks of size a is subjected to
some critical stress o.

This equation is the mathematical description of
the well-known phenomenon that annealed glass is
stronger under short-term loading than it is under
long-term loading. Charles (1958) and Inglis (1913)
describe early work in this field.

When annealed glass breaks it breaks into large
sharp pieces which can be extremely dangerous. On
the other hand, an annealed glass pane may not fall
out of its frame when broken and may continue to
be able to support light loads because alternative
load paths exist across the pane. Annealed glass
panes do not spontaneously fracture, as do some
other types of glass from time to time.

Wired glass (BS EN 572-3 and 572-6) is some-
times thought of as stronger than ordinary annealed

 Va
104 4
R 1540 m/sec
102 4
14
§ 10-2
£ Liquid water RT -
10-4 Liquid
water 2°C
10-6
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-8
12 50%_ relative
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10-10 T T s = | T ]
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Fig. 2.4 The float glass proces:
(courtesy of Pilkington)

Fig. 2.5 Graph of crack growtl
speed versus stress intensiry for
different humidities (after
Sedlacek)

Fig. 2.6 Graph comparing
stress/strain curves for steel
annealed glass (after Chaunac
and Serruys)
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Fig. 2.7 The stresses in
toughened glass both thermal
and chemical (after Creyke,
Sainsbury & Morrell)

e e T — T
Tension
Compression
e e et
Thermally Chemically
strengthened strengthened

glass because the wires are regarded as reinforce-
ment. Unfortunately the opposite is true. The wires
act as crack inducers and weaken the glass. The
Canadian Code Srructural design of glass for build-
ings. CAN/CGSB-12.20-M89, advises designers to
assume that wired glass is half as strong as ordinary
annealed glass of the same thickness. The advan-
tage of wired glass is that it holds together when
broken.

Patterned glass (BS EN 572-5) can be designed
to the same stresses as flat glass as long as the min-
imum thickness at any section is used.

The coefficient of thermal expansion of glass
depends on the chemical composition of the glass.
In normal float glass additives such as alkalines can
vary the coefficient between 8 and 9 X 10K.
Borosilicate glass has a coefficient of 3-5 X 10K
and purer SiO, glass, such as fused silica or quartz
glass, has lower values, around 5 X 107/K. which
makes it useful for use in the construction of cook-
ing surfaces (the so-called “ceramic hobs’).

2.1.2 Toughened glass

Thermally toughened glass (prEN 12150), which
the Americans call fully tempered glass, begins
with annealed glass. It is then heated to approxi-
mately 620°C and quenched (cooled rapidly) by jets
of cooled air. This has the effect of cooling and
solidifying the surface first. As the interior cools it
tries to shrink. The interior goes into tension and the
surface of the glass into compression, which in
European glass is usually between 90 and
I50N/mm-. The maximum obtainable stress level is
discussed by K. Blank in Kurkjian (1985).

The benefit that this confers is that surface cracks
do not propagate under compressive stress and so
toughened glass can sustain higher stresses than
annealed glass. The process is described by Vitkala
(1997, a. b & c).

One note of caution: Americans (and others)
sometimes use ‘tempered’ to mean ‘fully tem-
pered’.

A different pattern of stresses can be achieved by
chemical toughening in which the composition of
the surface of the glass is altered. This is done by
dipping the panes into electrolysis baths in which
the glass’s surface sodium ions are exchanged for
potassium ions, which are 30% bigger. This creates
an external layer under pressure. The advantages of
this process over thermal toughening are no thermal
deformation of the glass, and thinner sheets of glass
can be toughened. The disadvantage is a much thin-
ner surface compressive layer, which is likely to be
less robust than the thicker layer produced by ther-
mal toughening.

There are two principal types of thermally tough-
ening furnace: vertical. in which the glass is trans-
ported through the system suspended vertically
from special tongs: and horizontal, in which it is
transported horizontally on special rollers

ASTM standard C1048-85 specifies that the
surface compression be a minimum of 10,000 psi
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(69N/mm?). European manufacturers (including
the UK) can generally be relied upon to produce a
surface compressive stress of at least 85N/mm?.
Some manufacturers say they can produce much
higher stresses than this in thick sections of glass,

There are tests that can indirectly measure the
surface compressive stress. One approach is to use
the fragmentation test defined in BS 6206. In this
test a pane of glass is struck in a controlled manner.
When the glass breaks the number of fragments in
a standard area are counted. The surface compres-
sion can be deduced from the number of fragments.
It is anticipated that the forthcoming European
Standard prEN 12150 (Karlsson. 1997) will eventu-
ally supersede BS 6206. As the surface stress
increases so the number of fragments in a given
area increases but fragment count alone cannot be
used a measure of surface stress for design purpos-
es. It is suitable for use as a rough and ready quali-
ty control measure.

Another approach is to use an optical instrument
called a differential surface refractometer (dsr). It
measures the twist of polarised light from the tin
surface of the glass and this can be converted to a
surface stress.

Toughened glass panes exhibit high values of
bending strength because of the locked-in compres-
sive surface stresses and the inherent strength of the
annealed glass. The obvious analogy is with pre-
stressed concrete. In many cases, deflection may
limit the design and the strength of toughened glass
may not be fully exploited.

It has been found that bolt holes do not cause
large changes in surface stress. as long as their
diameter is at least equal to the thickness of the
glass. This enables cooling air to pass readily
through the holes so that they cool at a similar rate
to the rest of the glass. All cutting and drilling and
grinding of the glass must be carried out before the
glass is toughened. to avoid shattering it.

Float glass may contain impurities. If the glass is
simply annealed these do not usually cause any
problems but toughened glass is notorious for sud-
denly shattering for no apparent reason. The reason
is the presence of tiny inclusions of nickel sulphide
that undergo a phase change in which they expand.
This cracks the glass and the locked-in energy of
the toughening process does the rest. The glass
breaks into a shower of small cubes known as dice.
There is a quality control process known as heat-
soaking that causes most of the phase changes to
occur in the factory.

Toughened glass will also shatter if the surface is
deeply enough scratched for the crack to penetrate
the tensile zone of the glass.

The size of the manufacturer’s furnace will deter-
mine the largest pane that can be toughened.
Generally, sizes up to 4.2m X 2.4m can be made
horizontally and up to 3.5m X 2.5m vertically.
Longer and thinner toughened panes may be possi-
ble. Colvin (1997) provides further details of the
availability of processed glass products.

The Glass and Glazing Federation’s Glazing
Manual contains a Standard for the quality of
toughened glass. This will need to be supplemented
for specific projects. Chapter 16 provides a specifi-
cation checklist.

2.1.3 Heat-strengthened glass
Heat strengthening is a similar process to toughen-
ing but the levels of prestress that are produced are
lower. When the glass breaks it breaks like annealed
glass rather than toughened.

ASTM C1048 defines a pattern of breakage for
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heat-strengthened glass. It is anticipated that the
forthcoming European Standard (prEN 1863) will
define the range as 25 to 40N/mm-.

The Glass and Glazing Federation’s Glazing
Manual contains a comparison between heat-
strengthened and toughened glass and specifies the
surface compressive stress for heat-strengthened
alass as between 24 and 69N/mm-.

2.1.4 Laminated glass
Laminating is a process in which two or more
pieces of glass are bonded by means of an interlay-
er. The two principal materials for the interlayer are
Polyvinylbutyral (pvb) and resins such as acrylic.
The interlayer can be as little as 0.4mm thick or as
much as 6mm. Though two lavers of glass is the
most common arrangement. over 25 layers have
been successfully bonded in an assembly over
100mm thick. The forthcoming European Standard
is prEN 12543. For further information about what
the industry can produce the reader should consult
the Laminated Glass Information Centre, whose
address is given in section 1.6

Laminates can incorporate many thicknesses and
many combinations of glass types to give a range of
products with the required range of mechanical and
optical properties. Other materials such as polycar-
bonates can be included. Annealed. heat-strength-
ened and toughened glass can all be laminated. as
can bent glass. Heat-strengthening and toughening
both cause small amplitude waves (caused by the
rollers over which the heated glass travels) in the
glass. These increase the separation between sheets
being laminated and make pvb laminating impracti-
cal. The solution is to use resin laminating. Both
these processes are described below. Bent glass is
widely used in the automotive industry (Lappe,
1997) and generally uses pvb laminating.

Sheet laminating

The sheet interlayers can be pvb or polyurethane or
a pvb/polyester/pvb sandwich. pvb is the common-
est sheet interlayer material. The sheets of glass are
assembled with an extruded sheet of pvb between
them. The “sandwich® is then passed through an
oven that heats it to about 70°C, from which it pass-
es between rollers that squeeze out any excess air
and form the initial bond. The laminate then moves
to an autoclave where it is heated to about 140°C
under a pressure of about 120psi (0.8N/mm?). The
largest size that can be made by this process is
approximately 6m X 3m. Colvin (1997) provides
further details of the availability of processed glass
products.

Resin laminating

The two main resins used are acrylic and polyester.
The sheets of glass are brought together and held
the right distance apart by double-sided tape around
their perimeter. Resin is poured between the two
sheets and when all the air has been displaced the
open edge is sealed and the laminate stored hori-
zontally while the resin cures and solidifies. Curing
is by chemical reaction or UV light. Size is limited
by the ability of the fabricator or by the size of
panes available.

Structural behaviour

This depends on the type(s) of glass used and on the
properties of the interlayer. Hooper (1973) showed
that, for the interlayer materials he considered,
short-term out-of-plane loads were resisted by the
laminate acting compositely. Long-term out-of-
plane loads were simply shared by the two sheets of

Glass

Clear strong
plastic
interlayer

Meonolithic

Laminated

Layered

glass in proportion to their relative stiffnesses,
because of deformation of the interlayer. Later
research in the USA has refined these conclusions
and is described by Minor and Reznik (1990), by
Behr, Minor and Norville (1993) and by Norville
(1997). Jacob (1997) describes a new limit state
design model for laminated glass. Norville (1999)
argues that both test data and theoretical studies
indicate that laminated glass displays strength and
behaviour under short-term loading equivalent to
monolithic window glass of the same type and
nominal thickness. Sobek, Kutterer and Messmer
(1999) describe research at the University of
Stuttgart into the time and temperature dependence
of the shear stiffness of the interlayer.

Increasing temperature softens the interlayer and
reduces composite behaviour, which can be signifi-
cant in double-glazed units, which can act as solar
collectors.

Laminated glass offers a number of performance
benefits.

Fig. 2.8 The manufacture of a
laminate (courtesy of
Laminated Glass Information
Centre)

Fig. 2.9 A comparison between
composite behaviour and load-
sharing (courtesy Andrew Pye)
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Fig. 2.10' Laminate damaged by
bullet (WB & B Strategic com-
munications)

Fig. 2.1 Mustration of a
hermerically sealed unir,
labelled o show the main
components (after Beve &
Klein)

Fig. 2.12 Building B8 ar
Stockley Park, near London.
(courtesy of lan Ritchie
Architects)

Aluminium,
|~ galvanised steel

e Plastic sealant

r—-—DESICC&T‘It

Elastic sealant

Safety

IT an impact or other cause breaks one layer or both
layers of glass, the interlayer can prevent penetra-
tion and any broken pieces of glass will remain
bonded 1o the interlayer. This minimises the likeli-
hood of serious cuts or injuries caused by falling
glass.

Intumescent resin interlayers are available. In a
fire these turn into a foam which not only prevents
the passage of fire but also reduces the conduction
and the radiation of heat through the glass. This
protects people who may need to pass it on their
way out of the building.

Security
The use of thicker interlayers increases the penetra-
tion resistance of the panel, giving protection from
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sledgehammer attack. Multilaminates also provide
increased resistance. Some bullet-resistant lami-
nates include sheets of polycarbonate to improve
their performance.

Laminated panes can. if properly held at their
edges, also improve safety from bomb blasts. This
is discussed further in chapter 15.

Solar control
Tinted and translucent interlayers are available
which modify the passage of solar radiation. There
are even laminates which when examined minutely
show themselves to have interlayers that are lou-
vered in the manner of Venetian blinds. These can
be used to exclude, for example, high altitude sum-
mer sun while admitting low altitude winter sun.
Compagno (1996) describes a wide range of
modern glass compositions and surface treatments,
including body-tinted glass, photosensitive glass,
photochromic glass, dichroic coatings and ceramic-
enamel coatings. He also describes a range of fill-
ings for insulating glass units. Vitkala (1999)
describes the toughening of low emissivity glass,

Sound control

Laminated glasses are better than single sheets at
absorbing sound, because of the damping effect of
the interlayer. This is more effective at higher fre-
quencies.

Laminating is a versatile process. Manufacturers
are often willing to discuss new ideas with design-
ers. In many cases it may be possible to produce
special products simply by modifying an existing
product.

2.1.5 Multiple glazing

This is a term that covers two main types of glaz-
ing: hermetically sealed units and window or
walling systems that contain two or more separate
panes of glass.

Hermeticallv-sealed units

These are commonly known as insulating units.
Their construction is covered by BS 5713 and the
forthcoming European Standard prEN 1279 and
their historical and future development is described
by Beye and Klein (1997),

Secaled units are constructed in a variety of ways
but most have similar basic components.

A hollow spacer tube. normally aluminium. sep-
arates the panes of glass. This tube is filled with a
desiccant to keep the air in the cavity dry. The panes
of glass and the spacer tube are sealed together
around their perimeter with either a single seal of
epoxy polysulphide or butyl. or a dual system using
a primary seal of polyisobutylene and a secondary
seal of polysulphide. polyurethane or silicone.
These seals must be able to bond the glasses, allow
them to move a little and keep water vapour out of
the cavity.

Almost all imaginable thicknesses and types of
glass, clear. tinted. reflective. low emissivity, lami-
nated. toughened and patterned can be incorporated
into units (Davies. 1997). Cavities typically vary
between 6mm and 20mm. Cavities can be filled
with air or other inert gases.

The main benefits of such units are improved
thermal and acoustic insulation. Building B8 at
Stockley Park (1990: Architect lan Ritchie
Associates; Engineer Ove Arup & Partners) uses
1.385m X 3m insulating glass units. The inner pane
is 6mm toughened glass with a low emissivity coat-
ing: the outer pane is 12mm toughened and the
I6mm cavity is filled with argon. The larger than
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Fig. 2.13(a) Diagram of a double-glazed unit, the John
Hancock Building (reproduced from Why buildings fall
dovwn - Levy & Salvadori — by permission of W, W.
Norton & Company)

usual thickness of the outer panes carries the coun-
tersunk bolts, helps limit deflections and gives
some acoustic protection from a nearby heliport.
This thickness also gives rise to the characteristic
green tint of the glass facade.

Load sharing in insulating units

Atmospheric pressure is about 100kN/m’. Wind
pressures in the UK rarely exceed 2.5kN/m? (but
can be higher elsewhere). The question arises: do
the panes of an insulated unit share loads? In gen-
eral the answer is yes, though it is not so for small
stff panes of glass separated by deep cavities. The
analysis that leads to this conclusion is contained in
Appendix D.

Temperature changes and atmospheric
pressure changes

Because they are sealed. insulating units are affect-
ed by temperature changes and by atmospheric
pressure changes.

Temperature changes

During its life. an insulating unit will be exposed to
varying air temperatures on its surfaces and to the
effects of solar radiation. Both surfaces also lose
heat continuously by radiating long-wave radiation.

When the gas in the unit changes temperature its
pressure changes in accordance with Boyle's Law,
Low atmospheric pressure combined with high
temperatures produces the greatest expansion of the
gas. High atmospheric pressure combined with low
temperatures produces the greatest contraction of
the gas. Watch out for insulating units manufac-
tured somewhere cold at sea level and then installed
somewhere sunny in the mountains! For further
information see Appendix E.

The inner and outer panes will expand and con-
tract in response to thermal changes. How they are
separated and sealed and their shape and size will
all effect the stresses that are induced by this.

The John Hancock Building in Boston (Levy and
Salvadori, 1994) had a difficult time when it was
young, with glass falling from the building during a
windstorm that hit during construction. Failure of
its 1.35m X 3.45m double-glazed units was finally
attributed to the connection between the lead spac-
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er and the outer reflective pane. The connection was
found to be too stiff, resulting in unacceptable
strains being imposed on the outer pane, which
cracked it. All 10 344 double-glazed panels were
replaced by single sheets of toughened glass.

Atmospheric changes

At sea level, atmospheric pressure is about 14psi or
about 100kN/m”. It commonly varies as high and
low pressure systems cross the UK by plus or minus
5%, i.e. plus or minus SkN/m?> This may vary in
other countries.

If the glass panes are small and thick, i.e. stiff,
then atmospheric pressure changes can generate
significant stresses in the glass. This phenomenon
is reinforced by the use of rigid edge seals. If the
panes are relatively flexible then they can bow at
relatively low stresses but this can produce visible
distortions when viewing reflections in the glass.

An approach to the calculation of the effects of
atmospheric pressure and temperature on insulating
units is given in Appendix E.

2.1.6 Glass blocks

Hollow glass blocks are available in many sizes
from 115mm X | I5mm X 80mm thick up to 300mm
X 300mm X 95mm thick. Solid blocks are also
available, from 120mm X 120mm X 40mm up to
200mm X 200mm X 50mm.

Hollow blocks are manufactured in two halves
that are sealed together at high temperature. When
the sealed block is annealed to room temperature,
the internal pressure drops to about 0.3 of atmos-
pheric pressure. This partial vacuum improves the
thermal insulation and the acoustic insulation of the
block.

Traditionally, glass blocks have been used for
walls and floors. In the former, reinforcement in the
horizontal and vertical joints is used to deal with
tensile forces. in a way similar to a reinforced con-
crete wall,

In floors, the blocks are supported, via resilient

Fig. 2.13(b) The John Hancock
Building (courtesy of
Architectural Association/Joe
Ker)
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Fig. 2.14 The manufacture of
hollow blocks (courtesy of
Nippon Electric Glass)

Fig. 2.15 Glass blocks on a
grating (courtesy of Nippon
Electric Glass)
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As the glass in glass blocks is annealed. it may be
expected to have properties similar to those listed in
Table 2.2. Structural design with glass blocks
would be very similar to structural design of
masonry: the most practical structural uses would
be walls and elements in which the dominant stress-
es are compressive. Short-term tensile loads can be
carried with some confidence but long-term tensile
loads are either designed out or carried by rein-
forcement, which supplies all the ductility. Post-
tensioning may be of benefit here.

However. history has governed our perceptions
and there is reluctance to design glass block walls
to resist anything other than self-weight and out-of-
plane loads. Cracking is the issue. A glass block
wall acting as a loadbearing element in a building
will be subjected to forces and movements that may
crack the wall. The traditional solution has been to
provide soft joints around the wall so as not to sub-
ject it to these forces and movements. A structure
supporting a glass block wall should not deflect
more than span/600 in order to reduce the risk of
cracking the wall. The forthcoming European
Standard. prEN 12725, actually forbids the use of
glass blocks as loadbearing elements
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2.2 Non-structural issues that
influence design

2.2.1 Thermal transmission

In normal float glass, thermal transmission is a crit-
ical factor in heat loss and gain which in turn affects
the heating and cooling costs of the building.

The thermal resistance of glass as a result of con-
duction is only marginally affected by the thickness
of the glass. This has led to the widespread use of
insulating units with two or more layers of glass
separated by air or other inert gases. Load sharing
in insulating units is described in section 2.1.5 and
Appendix D.

The decision whether to use single glazing or
insulating units can depend on the expectations of
the users of the space and also on the level of ther-
mal analysis that the designers are willing or able to
undertake. In a transiently used space such as a
shopping mall it may well be reasonable to use sin-
gle glazing for the roof because people using the
mall will be dressed for the weather and will be sat-
isfied if they are sheltered from the rain and the wind.

For building B6 at PotsdamerPlatz in Berlin
(1997: Architect: Renzo Piano Building Workshop:

Waterproof
layer

Connection part
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Engineer: Ove Arup & Partners) extensive thermal
modelling was used to persuade the authorities that
heat losses from the single-glazed space were low
enough to be acceptable and that the users would be
comfortable.

Thermal stresses in glass can be significant. It is
an internal force created by a temperature differ-
ence between the centre and the edge of a piece of
glass. a common cause of which is partial shading.
A temperature difference of 1°C between the centre
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and the edge of a glass plate causes a stress of about
0.6N/mm?, according to the Canadian Code.

All types of annealed glass are susceptible to
thermal breakage and the risk increases when tint-
ed, heat absorbing, reflective or coated glass com-
ponents are used in double- or triple-glazed units. If
the annealed glass edge has been damaged or is
poorly cut, breakage is likelier at lower temperature
differences than in glass in good condition.

Section 6.3.3 provides a checklist of items to

Fig. 2.16 Reinforcement in
elass block wall (courtesy of
Nippon Electric Glass)

IStructE Structural use of glass in buildings



Fig. 2.17 Building B6 at
PorzdamerPlatz (courtesy of
Gotz Gmbh)

Fig. 2.18 Exterior of Waterloo
Imternational Station roof
{courtesy Nicholas Grimshaw
& Partners Lid/Jo Reid & John
Peck)

consider when thinking about thermal stresses in
glass. Appendix D of the Canadian Code covers this
issue in some detail.

2.2.2 Solar radiation
The transparency or translucency of glass are its
most important properties for use in buildings.
Because glass is not crystalline its properties are
isotropic and light passes through transparent glass
without being scattered,

Radiation from the sun and sky extends beyond
the narrow band that we can see, which has wave-
lengths between approximately 380 and 780nm.
Below 380nm is the ultraviolet region and above
780nm is the infra red (IR) region. Our eyes are, not
surprisingly, tuned around the peak spectral density
of solar radiation. which occurs at around 480nm.
Atmospheric scientists usually refer to radiation
between 1530nm and 3000nm as short-wave radia-
tion and that beyond 3000nm as long-wave radia-
tion.

Soda-lime-silica glass transmits radiation with
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Table 2.3 The relative energy content of solar
radiation

Region Energy content
uv 3%
Visible 53%
IR 449

wavelengths between 315nm and 3000nm. Radiation
outside these wavelengths is almost completely
absorbed. Objects (the soil, buildings. human beings)
at ‘normal’ temperatures radiate most energy at
wavelengths of between 8000 and 12000nm and
this energy is absorbed by glass. This is the origin
of the term “greenhouse effect’. In general terms a
glasshouse provides two forms of control: first. it is
a radiative filter: and second, it reduces turbulent
heat losses because it gives almost complete wind
shelter. The radiative filter was always held to be
the dominant heating mechanism but it can been
seen that shelter can be equally or more important.
As the glass absorbs this long wave radiation it
heats up and in turn begins to lose heat by a combi-
nation of radiation, conduction and convection.

2.2.3 Condensation

Condensation occurs when the surface temperature
of the glass falls below the dew point of the air in
contact with it. An insulating unit will usually have
higher temperatures on its inside face than a single
sheet of glass. It would therefore appear to be not a
safe choice to select single glazing but double-glaz-
ing may not be necessary and it may not be afford-
able.

With very low U-value insulating units (i.e. very
good insulators) external condensation is also pos-
sible. This occurs because there is insufficient flow
of heat from the interior to keep the outside surface
of the glass above the dew point.

The designers need to decide how much conden-
sation might occur and how frequently. Then they
need to decide what. if anything. should be done
about it.

At Waterloo International Station, London (1994;
Architect: Nicholas Grimshaw & Partners: Engineer:
Anthony Hunt Associates). the upper panes overlap
the lower panes. as in a traditional greenhouse. but
with a neoprene sealing lip which contains a tiny
channel to collect condensation and hold it until it
evaporates.

2.2.4 Rainwater runoff

In a facade. whether vertical or sloping. a crucial
consideration is that of water dammed by clamps or
other projections.

Water that runs down a steep or vertical face
needs to go somewhere when it reaches the bottom
of the face. The choice facing the designers is
whether to intercept some of the water part of the
way down or to collect a larger quantity at the bot-
tom.

On a flat roof, the issues are. again. those of
damming but also those of providing sufficient falls
and sufficient outlets of the right size to allow the
water to drain from the roof at an acceptable rate.
The design should take account of the possibility of
blocked drains and the effect of wind combined
with the build-up of water on the roof. Designers
should also carefully look at options available for
creating falls and at the deflections of the roof
under load.

At the Kemper Memorial Arena in Kansas City
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(Levy and Salvadori, 1994), one of the causes of its
sudden collapse on 4 June 1979 was ponding of
water during a severe downpour. The ponding was
made worse by strong winds and by the cumulative
deflections of the roof deck, the joists supporting
the deck. the trusses supporting the joists and the
long-span portals supporting the trusses. These cir-
cumstances combined to overload a bolt, already
weakened by fatigue. When the bolt failed it shed
load to its neighbours which failed in turn and the
roof began to collapse.

2.2.5 Fire

When talking of fire resistance it is important to
distinguish between integrity (the ability to hold
together) and insulation (the ability to resist the pas-
sage of heat).

Glass, being incombustible, can be used as a fire
protection material. Wired glass was made com-
mercially available at the end of the 19th century as
a product that would hold together, thus preventing
the spread of smoke and flames. Laminated glasses
with intumescent interlayers are now available.
With the right framing. both such glasses can pro-
vide up to 2hrs fire resistance (i.e. integrity).

The first real alternative to wired glass was
borosilicate glass, which has a different chemical
composition to ordinary window glass (i.e. soda-
lime-silicate glass). Borosilicate glass has been
used for many vears for ovenware and laboratory
glass. thanks to its low coefficient of thermal
expansion and its high softening temperature. A
modified composition of this glass. heat-strength-
ened. can provide fire resistance (integrity only) for
up to 120 minutes.

An alternative product with very good fire-resist-
ant properties is ceramic glass. Its coefficient of
thermal expansion is close to zero and. with the
appropriate framing, it can provide up to 240 min-
utes of integrity-only fire resistance.

It is important to remember that glass on its own
is not fire resistant. It needs a frame with the right
fire resistance too. Glass products that give full fire
resistance (insulation as well as integrity) should be
glazed into a frame that also gives insulation, oth-
erwise the whole assembly can be classified for
integrity only.

Particular care is required to detail timber frames
to support glass when resisting fire. The effect of
the charring of the wood must be considered. Steel
frames tend to warp when subjected to fire, break-
ing the glass and causing problems for bead fixing
methods. As a result, nearly all steel frames used for
fire resistance are proprietary systems, specifically

)

Water being dammed

Clamp plate

engineered to be more robust than ordinary frames
and to have better fixings. Steel is a good conduc-
tor of heat, so special designs are required for
frames used for full insulation fire resistance. Nolte
(1999) reports that harmonising European
Standards for fire testing building components has
resulted in establishing tougher requirements.

2.2.6 Acoustic behaviour

Glass can be used to reduce outside noise so that the
occupants of a building are not unduly disturbed.
Achieving this may require thick glass, or laminat-
ed glass, or multiple panes. Mass is the most impor-
tant factor.

To determine what is needed involves defining
the external noise level, and the required internal
noise level. From these it is possible to calculate the
degree of attenuation required. The attenuation pro-
vided by glass (or other building materials) is not a
constant across all frequencies.

Single panes of glass attenuate noise by using
their mass to absorb some of the energy in the
sound. Toughened and wired and patterned glass
behave the same way. The softer interlayers used in
laminated glass give it slightly better acoustic atten-

uation at some frequencies than the same mass of

single glass. Double-glazing generally gives worse
attenuation than the same mass of single glass
because of resonances in the system. Varying the
cavity width between 6mm and 16mm makes little
difference but wider cavities can improve perform-
ance again.

None of this means anything if air gaps are not
sealed effectively.

For more information the reader is referred to

Fig, 2.19 Warter being dammed

Fig. 2.20 An intumescent
interlaver (left) before and
{right) after it has done its job
(courtesy of Pilkington)
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Pilkington (1993) and the draft European Standard
prEN 12758-1.

2.2.7 Access

The CDM  Regulations (Health and  Safety
Commission, 1994) require designers and specifiers
to have adequate regard to health and safety in their
decision-making process.

The structure of this risk management process
includes the need for the designer/specifier to adopt
a hierarchy of risk control in the following
sequence:

= avoid foresecable risks
*  combat risks at source
*  give priority to measures that protect all
= provide information about residual risks

Ove Arup & Partners (1997) provides clear guid-
ance for designers on meeting their legal obliga-
tions, with sections specifically devoted to glazing.

Access will be needed for installation, cleaning,
inspection, maintenance. repair and replacement.
Glass will be used in the building envelope, which
means that it is very likely that workers will be work-
ing at height, and exposed to the wind and the rain,

Significant hazards associated with this are work-
ers falling and workers dropping objects. Glass
panes are often surprisingly heavy — a 2m X 3m
pane 12mm thick weighs about 1.8kN (approxi-
mately 180kgf or 4001bf),

The designer will need to consider the following
issues in particular:

*  Are there particular access problems for
people or materials?

*  Will the public need to be protected?

*  Will scaffolding be required?

2.2.8 Installation
The designer will need to consider the following
issues in particular:

*  Has access for installation been considered?
*  How much handling of the glass will be
required?

* On/off lorries
* In/out of storage
* Up/down the building

*  How will the glass be handled?

*  Will special handling equipment be needed?
Will the workers require special protective
clothing?

Will the public need to be protected?

Will scaffolding be required?

How are the elements to be lifted?

How are the elements to be fixed?

How are the elements to be sealed?

Can the glazing be prefabricated at ground
level and then safely lifted and fixed into
place in all locations?

= How is the facade or roof to be tested?

2.2.9 Cleaning
The designer will need to consider the following
issues in particular:

*  How is safe access for cleaning to be achieved?

*  How will windows be opened for cleaning?

*  Will size of opening lights limit cleaning
options?

¢ Will permanently installed equipment be pro-
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vided for the outside of the building and for
the underside of atrium roofs?

*  How will water be provided for cleaning the
alass?

*  How will the water be removed from the sur-
face of the glass?

2.2.10 Inspection
The designer will nced to consider the following
issues in particular:

*  What inspection is required?

¢ What frequency of inspection does the design
require or assume?

*  How is safe access for inspection to be
achieved?

2.2.11 Maintenance
The designer will need to consider the following
issues in particular:

= Life to first maintenance

*  The use of low maintenance materials

*  Will the maintenance/repair company be as
knowledgeable as the original designer and
installer?

*  How is safe access for inspection to be
achieved?

2.2.12 Repair and replacement
The designer will need to consider the following
issues in particular:

*  How is safe access for replacement to be
achieved?

*  Will the maintenance/repair company be as
knowledgeable as the original designer and
installer?

e Can elements of the facade or roof be safely

dismantled?
= Has access for replacement been considered?
*  How much handling of the glass will be
required?

* On/off lorries
» In/out of storage
* Up/down the building

*  How will the glass be handled?

*  Will special handling equipment be needed?

*  Will the workers require special protective
clothing?

*  Will the public or the building’s occupiers
need to be protected?

*  Will scalfolding be required?

*  How are the replacement elements to be lift-
ed?

*  How are the replacement elements to be
fixed?

*  How are the replacement elements to be
sealed?

~  Can the replacemen glazing and/or raming
be prefabricated at ground level and then safe-
Iy lifted and fixed into place in all locations?

*  How are the replaced areas of facade or roof
to be tested?

2.2.13 Availability

Designers are advised to consult one or more rep-
utable manufacturers early in the design process to
check on lead times for different types and sizes of
glass. Some glass is available ex-stock while other
products may be manufactured only once per year.



Special items will almost always have a long lead-
time. An example of what can be produced is the
50ft by 8ft pane of 3/8 inch polished plate glass
(15.2m X 2.4m X 9.5mm) installed in the Power and
Production Pavilion at the Festival of Britain in
1951.

Glass is a sophisticated product that may pass
through several hands before it is installed and it is
important to be aware of and record the supply
chain. When there are problems, traceability is
essential. The major glass manufacturers do buy
glass from each other, so the company contracted to
supply the glass may well not be the company that
made it. For example, a piece of glass may be made.
cut. drilled. coated. toughened, heat soaked and
laminated before being installed.

A reputable toughener will correctly mark the
glass to indicate the standard to which it has been
toughened, for example to BS 6206, class A. B or
C. Glass to be used as safety glass in the UK is
required to be permanently marked in a visible
location identifying it as safety glass.

Heat soaking is not carried out to the same stan-
dard by all manufacturers and is not carried out at
all by some. Bordeaux and Kasper (1997) discuss a
heat soaking process that is claimed to be a signifi-
cant improvement on the widely used DIN 18516
Part 4. It is expected that a new European standard
will be in place by the year 2000.

2.2.14 Appearance, fit and position

Moor (1997) provides well-illustrated examples of
the work of artists making increasingly wide use of
new experimental techniques and materials with
glass.

Glass is visually important in many modern
buildings. The Willis Corroon building (formerly
Willis Faber and Dumas) in Ipswich, England
(1975: Architect: Foster Associates: Engineer:
Anthony Hunt Associates) has walls entirely made
of glass, suspended from the roof and stiffened
against the wind by glass fins.

The accuracy of fit of the glass and its [latness are
crucial to the appearance of the facade.

Glass. like any building component. must fit into
the space allocated for it. [t must be connected to
the surrounding building or to its supporting struc-
tural frame in a way that delivers the forces that
require resistance while allowing relative move-
ments to occur that the glass cannot tolerate.

Ryan et al. (1998) cover this important aspect of
glass design in detail.

The 12m high glass walls at the main terminal
building at Stansted Airport. England (1991;
Architect: Foster Associates: Engineer: Ove Arup
& Partners) are supported by structural steel mul-
lions that run from floor to roof and by steel and
aluminium transoms that span between mullions.
Under extreme environmental conditions, analysis
showed that the roof structure might sway by up to
100mm. It was also visually important that the
walls not appear to support the edge of the roof,
which was then free to move up and down by
100mm. The architect and engineer devised a slid-
ing prop detail that allowed the rool to prop the wall
against wind loading but to slide parallel o the
wall. It also allowed the roof to rise and fall without
bearing on the tops of the mullions.

One surprising consequence of this was that the
corner bays of glass warped as the roof swayed.

Aluminium clamps with cover strips and neo-
prene seals hold the 1.8m tall by 3.6m wide panels
of insulating glass. These allow any inaccuracies in
manufacturing to be concealed in the overlap, lead-

—
Fig. 2.21 Willis Corroon

building (courtesy of Foster &
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In complete contrast to this is the roof of the new
Waterloo International Station, London (1994:
Architect: Nicholas Grimshaw &  Partners:
Engineer: Anthony Hunt Associates). The form of
the roof was very constrained by the route of the
rail tracks and local planning restrictions. This led
to a complicated doubly curved area of glass on the
northern side of the arched roof.

To avoid the need for thousands of differently
sized and shaped pieces of glass. the designers
developed a flexible support and jointing system for
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Fig, 2.24 Edge of glass in
clamp ar Stansted
{courtesy Foster & Partners)

Fig. 2.25 Curved roof ar
Warerloo (courtesy of George
Stowell)

Fig. 2.26 Structural
attachments ar Warerloo
(courtesy of Nicholas
Grimshaw & Partners Ltd)
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the glass. This flexibility also freed the glass from
being strained by thermal movements of the main
structural frame.

Upper panes overlap lower panes, as in a tradi-
tional greenhouse, but with a neoprene sealing lip
which contains a tiny channel to collect condensa-
tion and hold it until it evaporates and stops wind-
blown rain going back up between the panes. The
sides of adjacent panes at the same level are con-
nected by a concertina-like neoprene seal, which
can accommodate a varying separation between
adjacent edges. both in- and out-of-plane. Thus a
warping surface was constructed from flat rectan-
gular components.

This flexibility was not achieved without struc-
tural penalty. The supporting structure has to pro-
vide considerable adjustment in the location and
rotation of the points of attachment. The designers
developed a very elegant system of articulated con-
nection pieces. some of which were site-welded to
the main roof trusses, but the cost was high and the
degrees of freedom provided made it possible to
install panes of glass out of their desired locations.

In complete contrast again, and a direct design
descendant of Willis Corroon, are the many Planar-
supported glass facades on buildings all around the
world. The Planar system was developed by
Pilkington Glass and an early example is the
Renault building, Swindon. England (1982:
Architect: Foster Associates: Engineer: Ove Arup
& Partners). It is shown in Fig. 9.1. The feature of
significance to this section of the Guide is the sili-
cone seal between adjacent panes of glass. Unless
the glass is manufactured accurately and installed
accurately, the nominally 10 or 12 or 15mm wide
seals will vary in width unacceptably.

In Germany. Schlaich has developed a method of
generating doubly curved geometries that can be
tiled with parallel-sided panes of glass.

The Glass and Glazing Federation’s Glazing
Manual contains guidance on the manufacture of

Translationsflache

Maschenreihe

Detail A

Fig. 2.27 Schlaich’s doubly-curved geometry generation



curved glass. Car windscreens are advanced exam-
ples of what is possible (Pennells, 1997 and
Matsushita, 1997).

2.2.15 Durability
Glass is extremely durable. The oldest finds of glass
date from 10,000 BC in Egypt and some are still in
good condition. Appendix A provides more infor-
mation about the history of glass.

As chart 18 shows, glass has excellent resistance
to the following:

*  salt water

= strong acids

*  organic solvents

* ultra-violet radiation
*  aerated water

It has poor resistance to strong alkalis.

Borosilicate glass (any silicate glass having at
least 5% of boron oxide (B,0,)) is widely used for
applications in which resistance to heat is impor-
tant, such as oven dishes and laboratory glassware.

Glass can be abraded and it is common for the
surfaces of glass panes to be sand- or grit-blasted
before subjecting them to strength tests. This is
intended to achieve a controlled surface defect con-
dition.

The glass pyramid at the Louvre Museum in
Paris (1988: Architect: 1. M. Pei: Engineer: RFR)
contains 10mm-thick clear white glass which was
poured. then ground and polished to achieve as per-
fect a plane as possible with the maximum trans-
parency and the minimum reflectivity, The glass
was made very accurately and the structural details
reflect this.

There are applications. such as glass floors or
glass treads for stairs. in which it is desirable to
abrade the surface of the glass so that subsequent
abrasion by foot traffic will not result in further
changes to the appearance of the glass. The right
kind of abrasion can also make the glass less slip-
pery and hence safer to tread on, as is shown in
Chapter 13. Toughened glass should not be abrad-

ed, in case the process causes flaws that penetrate
the surtace compressive layer of the glass.

2.2.16 Environmental impact

There is growing awareness of the need to reduce
and reverse the environmental damage that our
species is causing through its use of technology.

This requires processes that are less toxic and
products that are easier to recycle, lighter and less
energy-intensive. Concern about environmental
friendliness must be injected into the design
process, taking a lifecycle view of the product that
includes manufacture, distribution, use and final
disposal.

All materials use energy, which is used to mine,
refine. fire and shape. When we use energy we use
the outputs of a power generating process which
produces pollutants: waste heat, CO,. oxides of
nitrogen. sulphur compounds and dust. One of the
environmental advantages of glass is that it can be
recycled. As was mentioned earlier, cullet is an
essential ingredient in the manufacture of float
glass. Witte (1997) describes how architectural and
automotive glass is recycled in Europe, with partic-
ufar reference to Germany. He identifies two plants
in the UK which recycle flat glass.

The use of glass in the envelope of a building will
also influence its energy consumption. The change
can be quite surprising to those who have not been
through the argument before.

A glass facade will not be as good an insulator as,
for example. a well-insulated cavity wall made of
brick and block. On the other hand, a glass wall will
allow natural daylight to replace electric light for
part of the vear. It may also be the case that the
internal heat gains (those generated by the occu-
pants of the building and all their plant or equip-
ment such as computers and printers) exceed the
heat losses through the comparatively poorly insu-
lated glass facade. In such an instance, to over-insu-
late the wall would increase the demand for cooling
plant to remove unwanted heat from the building, at
further energy cost.

IT the glass facade is on the southern elevation of

Table 2.4 A comparison of the energy content (also known as embodied energy) of glass with

other well-known materials (Source: Ashby (1997))

Material Energy content Energy content
Ml/kg Gl/m*
Cast irons 60-260 468-1500
Aluminium and alloys 290-305 754-884
Stainless steels 110-120 825-972
Carbon steels 50-60 390-468
Polypropylene 108-113 95-102
Polystyrene 96-140 96-154
Glass 13-23 32-57
Bone china 270 540-580
Bricks 3.4-6 6.8-12
Concrete 3-6 7-15
GFRP 90-120 160-220
Wood 1.8-4.0 1.2-3.6
Reinforced conerete 8-20 20-50
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the building (in the northern hemisphere) then the
designers will also need to prevent unwanted solar
gain during the summer. External shading is a com-
monly used technique, as at Building B6 at
Stockley Park. near London (1990; Architect: lan
Ritchie Architects; Engineer: Ove Arup & Partners).

2.2.17 Life cycle costing

Life Cycle Management aims to match the life and
performance attributes of the procured item to the
requirement defined by the client. or defined by the
designers in conjunction with the client as part of
the development of the brief.

The item under consideration should be selected
on a least cost basis including the costs of any pro-
visions for safe maintenance. Where the life of the
item is less than the intended life of the building,
the design should make suitable provision for casy
and safe removal and replacement.

Design life should be categorised as follows:

*  Replaceable: having a shorter life than that
intended for the building, with replacement
planned at the design stage. with the owner
operating the intended maintenance and life-
cycle management regime.

*  Maintainable: will last as long as the intended
life of the building with periodic treatment
and minor repairs, provided that a proper
inspection and maintenance regime is carried
out over the full life of the building.

*  Lifelong: will last as long as the building,
with minimal or no maintenance.

It is worth remembering that:

*  Usage of parts of the building cannot be fore-
seen, and the designer has no control over this.

*  Products at the leading edge of technology are
unlikely to have a history on which to lound a
sound prediction.

*  Large assemblies of components may
introduce interactions that reduce the life of
individual parts.

Cladding items such as sealants and sealed units
(i.e. double-glazing) arc likely to fall into the
replaceable category.

If glass is to be used structurally then access for
replacement in case of damage will be needed. This
is analogous to the access needed for inspection and
replacement of bridge bearings.

2.3 Behaviour of other materials
often used with glass

Designers should take care when choosing materi-
als to be used with glass. This is not simply because
of possible incompatibilities in intrinsic properties
of the base materials such as the coefficient of ther-
mal expansion. It is also because of the coatings
used with materials which may be incompatible or
which may need maintenance that is difficult to
carry out without harming the glass or its coatings
in some way. Examples are shown in Table 2.5,

A simple question might be: ‘will my chosen
adhesive stick to my chosen low emissivity coat-
ing?” A material that has some desirable properties
may also have some undesirable ones and the read-
er should investigate carefully.

Table 2.6 gives the properties of some materials
used in contact with glass and some materials used
instcad of glass,
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“Table 2.5 Coatings used with materials
Material

Coatings

Timber Preservatives, paints and stains

Paints, polyester powder coating,

Steel co
galvanising

Anodising. polyester powder

Aluminium | ° .
coating

Hard and soft solar control
coatings, low emissivity coatings,
fritting, acid etching, screen print-
ing, adhesive films, coloured
ceramic coatings

Glass

2.4 Fabrication

Most manufacturers have said that they can cut
annealed glass to the lollowing accuracy:

 Length + 2 to 4mm
*  Squareness (difference in length between
diagonals of a rectangle) +2 to 4mm

Because glass is produced by a process that
involves rollers, the surface of a pane of glass is not
completely flat. It may have surface waves with and
amplitude of 0.7 to 1.0mm.

The thickness of a pane of float glass manufactured
to BS EN 572-2 can vary as shown in Table 2.7,

In particular it should be noted that flat glass
manufactured to conform with US Standard ASTM
C1036-91 may be thinner than fTat glass of the saume
nominal thickness manufactured to conform with
UK standards.

Holes can be drilled to the following accuracy:

. Diameter: # ().5mm
«  Distance between centres of holes:
+ 0.5mm to 2mm

Computer-controlled cutters can achieve = ().5mm,
which is the accuracy needed for the positioning of
countersunk holes.

Edgle dip Roller wave

|
a4
6] o o] o] o]

T |

Roller wave + edge dip caused by sagging
in semi-molten state

Overall bow

QOverall bow caused by differential cooling
of the two sides of the plate

NB. These two effects can occur
together resulting in something like this:

Fig. 2.28 Bow, roller wave and edge dip
(courtesy Andrew Pye)
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Table 2.6 Some typical material properties

Yield
; strength/ Coelficient of Resistance to
Young s ultimate Hardnos; thermal attack by six
Material Maodulus _.I‘ MoH/Brinell/ ST L o e Remarks
(kN/mm2) lensile Other cxpansion common
strength (X 10%K) environments
(N/mm-~)
Glass 70 3600/5000 4.5-6.5 T.7-85.8 Sece chart 18 Fr_ucturc governs, not yield or tensile
strength
Mild steel 4-5/130 (not Corrosion protection may be needed.
BS 5950 275-355 yield |~ : Weld spatier will damage glass. Fire
( ) 205 yie Slenant 6 12 Sce chart 18 eld spatter will damage glass. Fire

Grades S275 10
§355

strength

metals)

protection may be needed for structural
steel

Austenilic
stainless steel
(BS 5950)
Grades 316 and
304

190-200

190/490-690

6.5
as above

16.5 Grade 316
17 Grade 304

See chart 18

Swimming pools require careful
selection of the correct grades of
stainless steel

Typical
ini extrusion, i i
':{::;];“F;::Ig 18) 70 i(}()r(l}lt:::c\; 2-3/27-80 23 Sce chart 18 | Corrosion protection may be needed
130/275
Softwood: UTS Janka Some timbers [all outside these ranges.
Hardness See chart 18 Inherently variable material. These
Parallel to grain 10-16 1O0-140 - 35 ee char results are for small clears with 9-12%
Perpendicular 0.4-1.3 34 2000-3000 24-45 moisture content. Properties dependent
on:
Hardwood: uUTS Janka - DCf‘CCtH (kn(]lh, gr‘din Slrilighlncss. etc)
Hardness 3.6 * Moisture content
Parallel to gruin 10-16 Can’t measure | - See chart 18 = D"_'mt"?n,:‘l Imld. . _ Gy
Perpendicular 0.4-1.3 10-12 1910-10450 32-39 * Use BS5268 Part 2 for characteristic
stresses which account Tor natural
vartations
74-80
Plasticised PVC - IHRD. to Sealed hardwood such as teak or
; A 3 S 5 Sce chy i
setting blocks RO : BS 903, st St 1 mahogany has traditionally been used
Part A26
Shore A
. 0.7-20 . hardness 80-90. .
Neoprene setting (at 100% 3.5-24 for all o BS 2782 Sow -l 1R Geometry can be as important as
blocks ¢ 2 WCOPrencs 7 T 2 ¢ material propertics
clongation) HESHREER Part 3. Method SR PERRRITe
3658
Vulcanised fibre This is an electrical product. detined by
gaskets the withdrawn BS2768
Nylon bushes 1.5-38 55/70 80-100 See chart 18
Polycarbonate 2.5 60/70 70 See chart 18
R T 2 Rapid loss of strength witl
ETFE film 1.3-1.6 30-35/40-46 110-170 See chart 18 pid loss of strength with
elevated temperature
Generally inert and resistant to all chemicals likely to
0.1-1.0 17-50 Shore A he encountered in a construction application. However
Silicone UTS/ strain | 0.5-1.3 UTS I)un" m; -t(-r Not measured they may be attacked by concentrated acids, some sol-
at failure et vents and some oils, depending on the duration and
J temperature of the contact
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Fig. 2.29 Comparison of the
strength of arrissed edges and
clean cur edges (reproduced
from Glass in Buildings, eds.
Button & Pye. by permission
of Butterworth-Heinemann)

Fig. 2.30 Inverted Lowvre
pyramid (courtesy RFR)

Table 2.7 Variations in thickness of float glass
manufactured to BS EN 572-2
Nominal thickness Tolerance

2 to 6mm + 0.2mm

+ 0. 3mm

810 12mm

1 5mm 0.5mm

H+

H

1.Omm

19mm and 25mm

@
=
&
B
2.
5
3
=
=]
o
o
Low risk 4
level [*— — _/
/1

Edae strength

Bow and warp of annealed float glass is rarely, if
ever, a problem.

The thermal toughening process introduces bow,
roller wave and edge dip, which are shown in Fig
2.28.

Toughened glass can be produced with the fol-
lowing flatness: bow: £ 3mm/m along edges and
diagonals.

Vertically toughened or heat-strengthened glass
may also have tong marks resembling small dim-
ples close to one edge.

You get what you pay for: accuracy is a function
of cost.

Ryan et al. (1998) discuss the interfaces between
steel and glazing in buildings. Glass may be
attached to steel, aluminium. timber. concrete. brick
and other materials. The normal accuracy of manu-
facture of the glass may be significantly better than
the installed accuracy of the materials it must inter-
tace with, so it may not be worthwhile to demand
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extraordinary accuracy of manufacture of the glass.
On the other hand. fine accuracy may be needed
visually for alignment.

A common complaint of contractors is the unnec-
essarily high accuracy often called for by designers
and specifiers. This may well have implications for
safety on site if, for example. it increases the time
that people must spend high off the ground.
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3 Design requirements

3.1 Introduction

This chapter draws heavily on Arup Research and
Development (1993)

It is assumed that the designer/specifier (on
behalf of the client) must always make the design
decisions specific to the contract. This chapter pro-
vides notes that the designer may wish to consider.

The development of the client’s brief, the design
requirements and their detailed description in terms
of constraints and requirements rest on judgments by
the designer in discussion with the client. users and
others. For a particular contract there may be other
factors that cannot be foreseen here and the design-
ers will need to incorporate them into this analysis.

Designers will have their own ways of describing
and initiating design requirements. In this section
two distinct descriptions of requirements arising
from the brief — constraints and targets — use the
same headings. Some can be expressed numerical-
Iy either for or by the designer. Some can be
expressed only qualitatively but nonetheless should
be as explicit as possible. It is against such descrip-
tions that the intermediate and eventual design deci-
sions are best assessed.

Constraints

These are externally imposed limitations or require-
ments which, at least in the short term. the designer
cannot change. The most obvious are those
imposed by national building regulations and other
legislation.

Targets

These are the requirements set by the designer,
either in response to the constraints or even where
constraints have not been defined. They may
exceed the constraints, for example where better
insulation is provided than that required by nation-
al building regulations. Targets may change. and
certainly more often than constraints.

The requirement headings
The headings used are:

*  Client’s programme and budeet
prog g

*  Form and function

«  Context

¢ Structure

*  Climate control

e Internal environmental control
L]

Durability and working life (including mainte-
nance and repair)

*  Health and safety

*  Environmental impact

Security

Construction method

Design process

Site processes

Contract administration

3.2 Client’s programme and budget

This heading covers those considerations that are
entirely a consequence of specific client require-
ments. These may include items in the following
paragraphs.

Type of work

New build, repairs and maintenance. refurbishment
or replacement
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Contract programme
For a roof or a facade, programme is likely to be a
significant constraint on a designer’s choices.

Sequencing

Some areas of the building may need to be water-
tight while still accepting the presence of following
trades, which could damage completed work.

Budget
There will be several ways in which budget con-
straints may be placed on a roof or facade. such as:

*  as part of an elemental cost plan

* as a specific budget limit

*  constraints on particular parts of the roof
and/or facade

*  via value engineering trade-offs between roof,
facade and other elements

e part of a life-cycle costing exercise

*  part of a general policy for maintenance budg-
eting

Existing design decisions

By the time the design of a roof or facade is
approached in detail other design decisions may
limit the choices available to the designer.

Preferred systems and materials
Some clients have strong views about particular
systems, perhaps influenced by earlier problems or
by the views of their maintenance staff. This may
raise CDM issues of design responsibility.

Some clients may wish to limit the use of certain
materials for ethical reasons or because of consid-
eration of their neighbours.

Building occupation

Where works are to be carried out adjacent to or
above an occupied part of a building. the designers
have a CDM duty to the occupiers and the public
(see sections 2.2.7 and 2.2.8).

Quality management regime
This may significantly affect the provision of infor-
mation and the checking procedures,

3.3 Form and function

This heading covers issues relating to the shape and
appearance of a facade or roof or other glass ele-
ments and their relationship to the function/purpose
of the building.

Appearance

Clients may not be aware of the eventual visual
impact of services penetrations, plant. attachments,
communications hardware. access gantries. win-
dow-cleaning platforms. rainwater disposal. solar
shading and lightning protection which may be vis-
ible through a roof or facade.

Geometrylconfiguration
There may be constraints because of planning
requirements:

* depth of plan of the building
*  overhead restrictions

*  perimeter conditions

* client’s corporate image



e location of points of support

* location of service penetrations

* the need to avoid intruding on protected views
*  rights of light

¢ lightning protection

= security

Targets will have to be set for:

* response to local or site features

*  consequences of internal or functional
requirements (e.g. the need for privacy or for
visual/acoustic isolation)

buildability

energy consumption

influence of building on local micro climate
control of sunlight penetration

*  control of rainwater runoff

Roof and facade zones and penetrations
The designers will need to define:

= the depths of the roof and facade zones
(which may vary across the building)

* allowable movements of the roof and facade
(both in- and out-of-plane)

*  location of movement joints

*  the number and type of penetrations

* discharges from services

Access/traffic

Considerations will include structural loadings,
abrasion, durability. and safety. For example. will
the roof ever be used as a terrace for assembly of
people or as a means of escape? (See section 2.2.7.)

3.4 Context

This heading covers local factors that are not a con-
sequence of the client’s brief.

Local climate
Rainfall. wind. exposure

Nature of the site
Views, local planting (may affect drainage).
cent buildings

adja-

Appearance
Local planning requirements

Local environment
Air pollution, ground pollution, fauna (birds which
eat silicone seals!)

Administrative systems

Legal constraints such as planning requirements,
easements, party wall arrangements or rights of
light, and land ownership issues

3.5 Structure

This heading covers all aspects of structural per-
formance. both by the primary structure and by
other components and elements.

Loadings

Dead loads. imposed loads. wind loads, seismic
loads (even in the UK in certain circumstances).
Annealed glass is weaker for long-term loads than
for short-term loads. Whether a pane of glass is hor-
izontal or vertical can make a significant difference.

Deflections

The deflection of the primary structure may be lim-
ited by the relevant codes. The deflection of the
facade or roof may be limited by other factors, such
as watertightness, control of ponding, or the accept-
able strain in flexible sealants (see section 2.2.4).

Movements

Glass facades and roofs may bridge between ele-
ments of the primary structure that are separated by
movement joints or they may abut elements of
structure that move significantly. A glass facade or
roof may be very stiff in its own plane and intoler-
ant of imposed movements. Early consideration of
how movements are to be accommodated may sig-
nificantly influence decisions about support for
glass.

3.6 Climate control

This heading covers the general implications of cli-
mate.

Sun

Solar radiation affects a building’s heat balance:
strong sun and shade can induce high stresses in a
single pane.

Wind

Wind uplift can be particularly high at the edges of
roofs: outward wind pressures can be high at the
corners of walls; movements of glass can be dis-
turbing to the occupants.

Rain, hail and snow

The exclusion and disposal of water is a dominant
issue in flat roof design; the build-up of snow loads
at changes in geometry can be significant struc-
turally.

3.7 Internal environmental control

This heading covers the principal parameters of a
building’s internal environment and their relation-
ship to the design of roof and facade.

Humidity & condensation

Unless a building is air-conditioned, its internal rel-
ative humidity will be determined by external con-
ditions. internal temperatures and any internal func-
tions which generate water vapour.

Acoustical control

The acoustical environment will be determined
mostly by the arrangement of internal volumes,
their surface absorptions, and the insulation of
internal divisions. Roofs and facades may be
required to contribute to preventing noise from out-
side breaking in or noise from inside breaking out.

Lighting control

Natural daylighting through a roof or facade can be
a real benefit to the building’s occupants but the
designers need to be aware of the risks of too much
light, high contrast and glare. Careful co-ordination
with artificial lighting is required. External and/or
internal shading of some form may also be
required.

Special internal environments
In some cases the internal environment required
may imply severe constraints, such as:

e unusual levels of relative humidity
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intolerance of noise intrusion
*  particular control of air intakes
* natural light required across a deep plan

3.8 Durability and working life (see
section 2.2.15)

This heading covers the performance of a roof or
facade or other glass elements over the building’s
life. Particular considerations include:

Muaintenance

*  Can the roof and facade be accessed easily?
(See section 2.2.7)

» [s detailed inspection easy? (See section
2.2.10)

* Is any pattern of staining likely?

*  Does the detailing allow easy component
replacement? (See section 2.2.12)

* Is the design resistant to vandalism?

Planned maintenance
See section 2.2.11 and Chapter 17.

3.9 Health and safety

CDM

The CDM Regulations (HSC. 1995) require design-
ers to consider the health and safety of the con-
struction workforce and those affected by construc-
tion work. The CDM definition of construction is a
broad one and it includes maintenance, cleaning,
repair, replacement and eventual demolition.

Fire

The principal aspects are:

e fire resistance, including the protection of
means of escape

*  flame spread

*  combustible materials

See also section 2.2.5.

Lightning protection
Needs to be considered early if it not to spoil the
appearance of the glass.

3.10 Environmental impact
(see section 2.2.16)

Much more attention is being paid these days to the
environmental impact of materials used in build-
ings. Potential constraints or targets include:

Excluded materials

Often clients will want certain materials excluded.
Designers may also wish to check if products are
harmful to the environment, even if not prohibited
by current legislation. This consideration could
extend to products needed to clean a glass roof or
facade. Advice on good practice in the selection of
materials in construction may be found in Sheehan
(1997).

Non-renewable materials
Glass is definitely a renewable material but the
designer may wish to check the other materials that
make up the facade or roof.
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Embodied energy and energy consumption
See section 2.2.16.

3.11 Security

This covers the following items:

«  control of entry
s resistance to vandalism,

3.12 Construction method

This heading covers how the roof or facade or other
glass elements are to be installed. which may have
significant implications for how they are designed.
Particular issues include:

Reference to suppliers and manufacturers
There are specialists with considerable experience
in installing large areas of glass: some offer a
design service as well, perhaps linked to the use of
proprietary products and systems,

Dimensions
Considerations include:

* dimensional co-ordination

* tolerance and fit

*  general movements of the primary frame and
of the facade and/or roof system

*  designed movement joints

Particular guidance may be found in Ryan er al.
(1998)

Buildability

This means taking account of site factors and site
processes. The designer may be able to take advan-
tage of the special skills of a specialist installer.

3.13 Design process

How the design process is organised can affect the
esign choices, for three main reasons:
design choices, for three main reasons

»  Division of design responsibilities — how
much will be left to the sub-contractor?

«  Extent of research — the extent to which
designers research roof and facade systems
depends on the particular contract and on their
familiarity with appropriate systems,

«  Contract programme — the allocation of time
and resources to the many tasks needed may
well be made in the context of early assess-
ments of potential solutions.

3.14 Site processes

Designers should consider, when developing the
scheme design. factors such as:

*  Access — onto the site. across the site, up the
building

«  Storage — inadequate storage space may
adversely affect the quality of what is built

*  Off-site work — prefabrication under con-
trolled conditions is likely to produce better
quality more safely than assembling pieces
high off the ground in the wind and the rain.

*  Availability — the availability of labour and/or
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materials may affect design choices.

*  Health and safety — designers must always
consider the health and safety of the construc-
tion workforce and of those affected by the
activities of the construction workforce,

3.15 Contract administration
(See Chapter 17)

The administration of the contract can affect the
balance of decision between design choices. for
example:

Procurement
How the work is bought can affect design choices:

* the use of nominated suppliers

* tendering procedures and criteria for accept-
ance

*  warranties and guarantees

* the requirement of site labour of a particular
quality

¢ form of specification (performance or materi-
als and workmanship)

Tvpe of contract

Latham (1994) contains a good summary of the
main features of the different forms of contract
commonly used in the UK construction industry.
providing a starting point for a more detailed
review,

3.16 References and other suggested
reading

Arup Research and Development: Flar roofing:
Design and good practice. CIRTA/BFRC, 1993
Construction Industry Advisory Committee (1995):
Designing for health and safety in construction: a
auide for designers to the Construction (Design
and Management) Regulations. HSE Books, 1995.
Health and Safety Commission (1995): Managing
constriction for health and safetv: Construction
(Design and Management) Regulations 1994:
approved code of practice. HSE Books.

Latham. Sir Michael (1994): Constructing the
Team. HMSO, July 1994

Ryan. P.. Otlet. M., and Ogden, R. G. (1998): Sreel
supported glazing systems. SCI Publication 193
Sheehan. A. (1997): Good practice in the selection
of construction materials. British Council for
Offices and British Property Federation

See Appendix B for UK national building regula-
tons.
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Fig. 4.1 The Serres ar La
Villette (courtesy of RFR)
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4 Design selection

4.1 General approach

The purpose of design selection is to arrive at a
description of the roof or facade or other glass ele-
ment. cither as a performance specification or in
terms of materials. workmanship and details.

Roofs and facades are defined in terms of the fol-
lowing principal items:

*  Dimensions and geometry

*  Structure (including roof falls)
*  Drainage system

*  Thermal insulation

*  Solar control

*  Acoustical control

*  Health and safety

*  Details. joints and junctions

Other glass elements may be defined more simply,
because they are not part of the envelope of the
building.

For an extensive selection of modern design of

glass in buildings the reader is referred to:

*  The Architectural Review, May 1998

*  Detail Zeitschit fiir Architektor and
Baudetail, April/May 1998 (in German, with
summaries in English)

*  Krewinkel (1998)

4.2 Gravity system

4.2.1 Facade

The designers are immediately faced with a funda-
mental decision. that of how best to support the
glass. It is not a decision that can be taken in isola-

tion of other decisions that must be taken. such as
how the facade resists lateral loads, how it copes
with damage and how it accommodates move-
ments. For simplicity of description however. this
section will concentrate on the different ways that
gravity can be resisted.

Many modern glass facades are suspended.
Examples include:

* the Serres at La Villette in Paris (1986
Architect/Engineer: RFR)

*  the NCM Building in Cardiff (1995:
Architect: Holder Mathias Alcock with
Nicholas Hare: Engineer: Ove Arup &
Partners)

¢ the Kempinski Hotel at Munich Airport
(1993 Architect: Helmut Jahn: Engineer:
Schlaich Bergermann & Partner)

* the Centro de Arte Reina Sofia in Madrid
(1992; Architect lan Ritchie Architects:
Engineer Ove Arup & Partners)

At La Villette, the glass is suspended in vertical
rows of four panes, one above the other, each con-
nected to the other by connection pieces at their
corners, The upper pane of each vertical row is
hung from the main frame at the centre of its top
edge. With this central suspension point. the glass is
able to find its own balance and to hang perfectly
vertical, irrespective of the straightness or deflec-
tion of the support tube. Deflection of the support
structure can be the main problem with two point
fixings.

Each pane of glass is suspended from the one
directly above by two-hole connections which:

»  fix the distance between the horizontal edges
of the panes so that the joints are of even
width

e articulate so that they can rotate sideways to

ensure that they cannot attract lateral load.

Fig. 4.2 NCM headguarters, Cardiff
(courtesy of M. B. P)
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Bergermann) (courtesy of Ove Arup & Partners/Peter Mackinven)

Fig. 4.5 Glass to glass
connections at La Villerte
(reproduced by permission of
E & F N Spon from Structural
elasy — Rice & Dutton (eds.))
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Fig. 4.6 Movements of main
frame of NCM Building
relative 1o the glass wall

Fig. 4.7 Cable net structure at
Kempinski Hotel (courtesy Schlaich
Bergermann)

Fig. 4.8 Reina Sofia glass support structitre
{courtesy of Ove Arup & Partners/Bruce Gibbons)
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The disadvantages of supporting the upper panes by
a single central bolt are that they are more highly
loaded than with two bolts and that two bolts pro-
vide better redundancy than one. The detailing at La
Villette provided a large adjustment capacity for out
of tolerance glass. Later projects, such as the
Louvre Pyramid, have details that rely on greater
accuracy in the manufacture of the glass.

At the NCM Building, each pane of glass is con-
nected to vertical fins of glass which are suspended
from the roof structure. The vertical fins are made
of sections 4m long that are bolted together via
stainless steel plates. Pilkington’s patented Planar
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plates. At its tallest point the glass facade is 35m
tall.

The decision to suspend such a height of glass
was taken after considering how best to ensure that
the movements of the main building frame did not
affect the glass.

The glass wall at the Kempinski Hotel is sup-
ported by a tennis racket structure of horizontal and
vertical cables. Panes of glass 1.5m square are
attached at their corners to the intersections of the
cables. The horizontal cables are prestressed to
85kN each and the vertical cables much less.

It was considered inappropriate to prestress the
vertical cables as much as the horizontal because
they are suspended from an arched girder that spans
40m between the wings of the hotel. The vertical
cables carry the weight of the 10mm-thick glass
panels.

At Reina Sofia, glass towers 35m tall enclose lifts
and stairs. Each pane of glass is carried on its own
central support arm with a balancing downward
load carried in the tie-down rod.

The loads from these support arms accumulate
along the length of the rods to maxima at the top of
the support rod and the bottom of the tie-down rod.
In order to minimise the effects of temperature
causing differential movements between adjacent
vertical chains of glass panels. the designers chose
to anchor the tie-down at the top and provide a
spring at the bottom

This did not limit movements enough. so two dif-
ferent stainless steels, with different coefficients of
thermal expansion. were used for the support rod
and the hanger. For more detailed information sec-
tion 4.8 lists two papers, one by the architect and
one by the engineer. which describe the glass tow-
ers and the design process.

If a facade is not suspended then it is probably
supported from below. Support can come from a
steel or aluminium framework. such as at Stansted
Airport. In such a case the critical issues for the
glass are resistance to lateral load and dealing with
movements imposed by the deflections of the
frame, rather than gravity. Of more immediate
interest are those facades in which the glass itself
resists gravity. This would, on the face of it, appear
to be a sensible approach because the long-term
gravity load is resisted by compression. However,
buckling of thin panes or fins can become a design
constraint, particularly when gravity and bending
combine to produce large compressive stresses.

In the 1980s and 1990s the engineer Roland Hill
designed a number of glass squash courts. These

Fig. 4.9 Springs at Reina Sofia
(courtesy of Ove Arup & Partners/Bruce Gibbons)
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used base-supported glass up to 4.5m tall, with the
panes held by base steel supporting angles with
fibre gaskets to prevent any glass to metal contact.
Glass fins provide out-of-plane stability.

In 1994 the same engineer designed a 6m-tall
glass tower sculpture for the opening of the
Channel Tunnel. Itis 1350mm x 1350mm square on
plan and 6m tall. with one lift of glass of 4150mm
and another of 1350mm. An internal diagonal glass
pane is provided for redundancy. in case of damage.

At St Donat’s Arts Centre in South Wales (1997
Architect: Loyn & Co.: Engineer: Ove Arup &
Partners) double glazed panels are bolted via
Pilkington’s Planar fixings to vertical glass fins up
to 4.5m tall (Marshall. 1997).

The fins rest in steel channels bolted to the con-
crete slab. The crucial issues for the fins were later-
al load and resistance to buckling. The final fin
dimensions were established by considering per-
missible deviations in the positions of the concrete
floor and steel roof, as well as dead load deflections
of the floor and roof before the glass was installed
and live load deflections afterwards.

At a small elegant conservatory in London
(Architect: Bere Associates: Engineer: Campion &
Partners) the 2. Im-tall 12mm toughened glass walls
are base-supported. Lateral restraint for the walls
and gravity support for the glass roof beams comes
from ingenious columns made of stacked glass cast-
ings. Threaded through the castings, which are usu-
ally used as isolators for high voltage cables on
electricity pvlons. is a 20mm diameter stainless
steel tie rod.

The entrance canopy to KP Foods at Billingham.
Teeside (Dawson, 1995). is a shallow *V" shape,
made of stainless steel and glass, supported at each
end on three free-standing glass panes arranged in a
T (1995: Architect: Studio BAAD: Engineer:
Techniker). These panes provide both gravity sup-
port and lateral stability. Each pane is 2.1m high by
1.425m wide and is a laminate of 2 sheets of |0mm
toughened glass with a 3mm cold-poured resin
interlaver. The connection between canopy and
glass involved thin stainless steel fins that were UV
bonded into the 3mm gap between the laminated
vlass panes.

4.2.2 Roof

As with the facade, the designers are immediately
tfaced with a fundamental decision, that of how best
to support the glass. Again, it is not a decision that
can be taken in isolation of other decisions that
must be taken, such as how the roof copes with
damage and how it accommodates movements, For
simplicity of description however, this section will
concentrate on the different ways that gravity can
be resisted.

One fundamental difference between horizontal
(or sloping) and vertical glazing is that horizontal
glazing is subjected to permanent gravity loads
from its self-weight and. possibly. to long-term
gravity loads from snow, Codes of practice in the
UK and elsewhere have addressed this either by
factoring up the long-term or permanent loads or by
factoring down the glass strength. This makes sense
when considering annealed glass but is question-
able when it comes to toughened glass. The proper-
ties of toughened glass are not time-dependent. as
long as the precompression is not overcome.

Glass roofs are more susceptible to impact from
falling objects than glass facades. Broken glass in a
roof is more likely to fall on people than broken
glass in a facade. Because the glass may be more
nearly perpendicular to the sun’s rays than facade

Fig, 4.10 Squash court in
Bristol designed by Roland
Hill (courtesy of Roland
Hill/Stephen Line)

:“'.r'_‘.,’. 4.1 Glass tower \t'“flf}””'l'
at the Channel Tunnel entrance
(courtesy ol Roland Hill
Consulting Engineers)

Fig. 4.12 Glass walls ar St.
Donar’s Aris Centre (courtesy
of Martin McCabe)
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Fig. 4.13 Conservatory at a house in Clapham, South London
(courtesy Bere Associates/Michael Heyward)

Fig. 4.14 Entrance canopy to KP Foods at Billingham
lcourtesy of Jeremy Cockayne/Studio BAAD)
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Fig. 4.15 Mrs Beaumont'’s Dome (courtesy of Royal Horticultural Society, Lindley Library)
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elass and because it is at the top of the enclosed
space. roof glass may reach higher temperatures
than facade glass. The thermal stresses may well
caeseewion ol dosigror co chouse woagliened’ glass.

We are all familiar with images of the Palm
House at Kew (1848: Architect Decimus Burton:
Engineer: Richard Turner). the Crystal Palace in
London (1851: Architect and Engineer Joseph
Paxton) and with the great Victorian Railway sta-
fions. All used or use glass extensively in their
roofs, supported by frames of steel or iron. These
were preceded by some bulging curved glass hous-
es designed by J. C. Loudon and built by W. & D.
Bailey in the second quarter of the 19th century.
The delicate wrought iron frames were braced in-
plane by the glass, It is reported that the frame of
Mrs Beaumont’s dome. built in 1827 at Bretton in
Yorkshire., swayved alarmingly in the wind during
construction but once glazed was steady as a rock.

In all of these wonderful buildings. small panes
of glass are supported on two or four edges by
frames to which they are attached by putty. This is
still a valid way to support glass roofs (but not dou-
ble-glazed units), even if nowadays we use more
elaborate arrangements of structure. glass and
sealant.

An obvious successor to the great 19th century
glass roofs is the Waterloo International Terminal.
with its sinuous roof glazed like the scales on a
lizard’s back.

Grid shells have long held a fascination for engi-
neers, probably because of their economical use of
material but they can be susceptible to unbalanced
loads. such as wind-driven snow. The History of
Hamburg Museum (1989: Architect: von Gerkan,
Marg + Partner: Engineer: Schlaich, Bergermann
and Partner) has a modern glass roof that covers a
large L-shaped courtyard of a 1923 building. The
form of the structure is a pair of intersecting barrel
vaults. one about 14m wide and one about 18m
wide.

The structure consists of a grillage of 60mm-
wide by 40mm-deep solid galvanised steel glazing
bars bolted together to form a loadbearing grid of
quadrilaterals approximately 1.7m on each side. In-
plane stiffness is provided by pairs of 6mm diame-
ter diagonal steel cables. The glass could have pro-
vided this itself but Schlaich preferred to make evi-
dent the elements that provide the in-plane stiffness
and hence chose to use steel cables rather than the
glass. Engineers may be confident that the glass can
provide all the in-plane stiffness needed but if they
want to do so they will need 1o persuade the check-
ing authorities and the insurers. At three locations
fan bracing provides additional out-of-plane stiff-
ness to the vaults,

The size of each glass pane was calculated and
cut by computer. The panes are laminated using
6mm sheets of annealed glass. Each pane sits on a
strip of neoprene silicone rubber on top of the frame
and fs restrained at the corners by a wide circular
plate at the intersection of the glazing bars. The
plate is large enough to restrain the corners of four
adjoining panels of glass, using a simple bolt fixing.

The relatively small panel size and the bedding of
the neoprene gave a tolerance to accommodate the
double curvature of the roof. In places where the
curvature was most marked, some glass panels
were folded across a diagonal by cutting the upper
and lower glass sheets on site and allowing the
interlayer to support the fold, protected by site-
applied silicone.

Heating cables are provided. not to prevent con-
densation, but to prevent excessive snow build-up.



The design is well described by Holgate (1997).

The development of point-supported glass. as
exemplified by Pilkington’s Planar system or St
Gobain’s Spider system, can be used with great ele-
gance to produce simple roofs that come close to
floating. In Terrasson, south-west France, lan
Ritchie Associates and Ove Arup & Partners
designed a greenhouse which provides shelter,
information, exhibitions and coffee to visitors in a
new park (Conolly. 1995). A horizontal transparent
glass roof hovers above a space enclosed by mas-
sive gabion walls.

The extension to a private house in Hampstead,
London was one of the first buildings to use glass
beams to support a nearly horizontal glass roof
(1992: Architect: Rick Mather; Engineer: Dewhurst
McFarlane & Partners). The beams are fabricated
from 12mm-thick anncaled glass sheets cut to a
curved profile 200mm deep at the supports and
275mm deep at mid-span. Each beam consists of 3
sheets of glass laminated by 2mm-thick resin. pro-
viding redundancy should one or even two sheets
crack. The roof panels are double glazed (tough-
ened outer and laminated inner) and are connected
to the beams by structural silicone.

The beams are bolted at one end to metal brack-
ets attached to the wall of the original house. At the
other end they are supported, via a mortice and
tenon connection, by laminated glass fin columns,
Walker (1996) describes the extension.

Glass beams are constrained by considerations of

permanent tension in cut edges. This starts engi-
neers thinking about structural arrangements in
which glass is kept in compression and other mate-
rials, better suited. deal with tension. At Schloss
Juval in the South Tyrol (Anonymous, 1997), steel

trusses spanning up to 13.4m support a glass roof

over a courtyard of an ancient building. What is
special about this is that the glass spans the 4m
between the steel trusses by acting as the compres-

Fig. 4.18 History of Hamburg Musewm courtvard roof
(courtesy Schlaich Bergermann)

sion boom of a simple truss. with a steel cable tak-
ing the tension,

The glass panes are made of two 8mm toughened
heat-soaked sheets with a 1.52mm pvb interlayer.
(1997; Architect and Engineer: Danz)

4.3 Lateral load system

Glass roofs and facades may be subjected to lateral
loads both in-plane and out-of-plane from explo-
sion, wind and seismic activity. In this they are no
different from roofs and facades made of other
materials.

The difference comes from the unforgiving
nature of glass. The designer needs to consider very
carefully what forces or deformations may be
applied. how they will be applied. if they are to be
resisted and how they will be resisted.

At Parc de La Villette. the glass facades of the
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Fig. 4.16 Diagram of structure,
glazing and seals (courtesy
Foster & Partners)

Fig. 4.17 Warerloo
Inrernational Terminal
(courtesy of Nicholas
Grimshaw & Partners Lud/ITW-
Reid & Peck)
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Fig. 4.19 Cunting and folding
of panes (courtesy of Schlaich
Bergermann)

Fig. 4.20 Roof ar Terrasson,
France {courtesy of C. J. Van
Den Bossche)

Fig. 4.21 Glass beams
supporting glass roof in
Hampstead (courtesy of
Dewhurst Macfarlane &
Partners/Rick Mather/Chris
Gascoigne)
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Fig. 4.22 Glass roof ar Schloss Juval in the South Tyrol
(courtesy of Ines Schéttle)

Serres were articulated so that the glass could not
even try to resist any in-plane forces. If blockwork
had been used instead of glass the designers would
have had the option of jamming in the blockwork so
that it resisted any in-plane forces or of providing
soft joints all around the blockwork so that it did
not try to. Even if the workmanship had not been
very good and a soft joint became a hard joint, the
worst that would have happened would have been
some cracking of the blockwork. With glass sub-
jected to stresses it was not designed to carry, or
compelled to deflect in an unacceptable way, sud-
den failure may be expected.

4.4 Alternative load paths

The key question for a designer to ask when design-
ing a glass roof or facade is, “What happens it a pane
is broken?" In order for a small breakage not to have
a disproportionate consequence, the structure must
be able to carry its loads by more than one path.

Damage may be caused by accident or it may be
deliberate.

Once more La Villette provides a model of clear
thinking about a significant aspect of glass design.
If an upper sheet in a vertical row of four sheets
breaks, then it can no longer support the three
remaining sheets below it. They will then transfer
their loads to the adjacent sheets of glass through
the horizontal castings of the four-hole connections
and via shear stresses in the silicone joints. The pos-
sibility of sudden changes in load paths causing vio-
lent shocks at the suspension points was addressed
by the use of shock absorbers and springs.

The springs provide another service at La Villette
and in other glass walls that followed. They enable
the engineer to ensure that the supporting beam
from which the glass is suspended is uniformly
loaded by the weight of the glass. Without the
springs a deep glass wall would try to act as a deep
beam, transferring all its weight to its end supports,
as shown in Fig. 4.23.



At the small private house extension in
Hampstead mentioned previously. even if an entire
laminated glass beam fails, the glass panes of the
roof will still stay up by adjusting from 4-edge sup-
port to 3-edge support.

At a domestic scale annealed window glass will
often stay in place even when severely cracked.
Alternative load paths exist within the sheet of glass.

4.5 Serviceability

Facades and roofs exist to keep the rain out of
buildings. It is therefore important that designers
understand the deflections that a roof or a facade
may be subjected to during its life, so that they can
design the appropriate seals. The strain to which a
seal may be subjected will crucially influence the
choice of material for the seal.

Flat roofs may be susceptible to ponding. This
can occur on a large scale as a result of the sums of
all the deflections of all the components in the roof.
[t can also occur on a smaller scale when a salient
capping profile or other projection dams the flow of
water.

The 40m wide by 25m tall facade of the
Kempinski Hotel at Munich Airport bows in up to
90cm under full design wind pressure. This sounds
a lot but a closer look at the deflected shape shows
very little strain imposed on the seals between adja-
cent panes.

The designer should not assume uniform wind
pressures across, for example, a glass facade.
Partial load cases will often dominate the design
because of the need to control movements, as
shown in Fig. 4.24.

A deflection of this magnitude suggests that the
wall has a low first natural frequency. low enough
to be susceptible to wind-excited vibration.
However the volume of air in the atrium behind the
glass wall acts as a damper and controls vibrations
to an acceptable degree.

It is not only large-scale facades that can deflect
noticeably. Glass panes spanning of the order of a
metre are large deflection structures. Under strong
winds they will deflect in a way that can cause seri-
ous concern to people who have not seen this before.

The deflections of the supporting or adjacent
structure should also be taken into account. For
example, a glass facade suspended from a steel
structure that spans, say. 20m or 30m, can expect
noticeable deflections at mid span which must be
taken into account when detailing the connections
at the bottom of the facade and when installing the
facade.

4.6 Accommodation of movement

The movements of supporting structure, both in and
out of the plane of the glazing, need to be accom-
modated in a way that does not lead to unacceptable
stresses in the glass. There may well be serviceabil-

Without the cable, the centre of rotation
would be at the vertical mullion, causing
unacceptable strains at the seals
between panes

ity criteria associated with weathertightness or
appearance that govern acceptable movements. The
Kempinski Hotel (Holgate, 1997) (Fig. 4.3) is a
good example of a fresh approach to the sometimes
unthinking compliance L/175 or other arbitrary rule
(see Table 6.4).

Ryan et al. (1998) list all the possible movements
of the glass and its primary and secondary support
structures and point out the special care needed to
limit imposed rotations on the glass at bolted con-
nections.

Dawson (1996) describes the articulation
designed into the glass-clad vault of the 244m-long.
79m-wide and 28m-tall Leipzig Neue Messe (1996:
Architect: von Gerkan. Marg + Partner with lan
Ritchie Architects: Engineer: IPP with Ove Arup &
Partners).

4.7 Safety — accidental or
deliberate damage

The design and selection of glass for overhead and
sloped glazing requires special attention for a num-
ber of reasons:

*  Sloped glass is more susceptible to impact
from falling objects. wind-borne debris and
thrown objects than vertical glass.

= Sloped glazing in most cases is more likely to
fall from the opening when it breaks than ver-
tical glass. Good design indicates that the
choice of glass must be based on eliminating
or minimising hazards so far as is reasonably
practicable.

*  Snow loads may be imposed on the glazing for
long periods. The strength of annealed glass
and the contribution of the plastic interlayer in
laminated glass are both time dependent.

Cable defines centre of rotation
of panes of glass under
non-uniform wind loading

J

Cable stressed to
stiff anchorages

J u

Fig. 4.23 Shock absorbers ar
La Villetre (courtesy of RFR)

Fig. 4.24 Diagrams based on
Roissy, showing how large
movements could occur and
how 1o prevent them
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*  For most orientations, sloped glass and over- Woods. M. and Warren. A. (1990): Glass houses.
head glass may reach a higher temperature Aurum Press
than vertical glazing because the sun’s radia-
tion is more nearly normal to the glass surface
and because of stratification of warm air in
the building. The converse is also true, and
the orientation of the sloped or overhead glass
may allow its temperature to fall further than
that of vertical glass on clear nights.

Further guidance on the selection of non-vertical
overhead glazing from the point of view of safety
may be found in section 7.1 of The Glass and
Glazing Federation's Glazing Manual.

Guidance on the selection of glass for impact
resistance in buildings in the UK may be found in
BS 6206, BS 6180, BS 6262 and The Building
Regulations Approved Document N.
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Fig. 5.1 A comparison of small and
large deflection theory

(reproduced from Glass in
Buildings, eds. Button & Pye. by
permission of Butterworth-
Heinemann)

5 Calculations

5.1 Introduction

Before carrying out any calculations. it is most
important that the designer has a clear idea of how
the structure will behave. There is nothing unusual

about this notion and it applies as much to steel or

concrete as it does to glass. The reason for its
emphasis here is that an engineer inexperienced in
glass design may feel tempted to take refuge in the
calculations. Because of the brittle nature of glass it
is also important that the designer has a clear idea
of how the structure is to behave after one or more
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glass elements have failed. It is also important to
assess the safety implications of failure of a piece of
glass: what is the likelihood of people being injured
by falling glass, for example?

It is only when the structural behaviour is under-
stood that decisions can be made about what calcu-
lations are appropriate. As a simple example. con-
sider a pane of glass supported along all four edges.
Under wind load it may behave like a plate. in
which case Kirchoff’s linear theory, which can be
found in Timoshenko’s (1939) Theory of plates and
shells. is applicable. However, if the plate defects
laterally by more than half its thickness. then large
deflection non-linear theory comes into play. to
take account of the membrane stresses that are set
up.

As most modern design seems to involve large
thin panes of glass, it might be assumed that for
even the simplest design it would be necessary for
the designer to solve some complex differential
equations. Fortunately this is not so, which is just as
well because obtaining appropriate material data
(for example the characteristic strength of weath-
ered annealed glass) can be a challenging business.

For rectangular panes of glass. with continuous
lateral support along all four edges. the internation-
al standards listed in Table 5.1 provide simple ways
of determining the appropriate glass thickness to
resist specified design loads,

Care should be taken when using design stan-
dards from one country with materials from anoth-
er. For example. variations in allowable glass thick-
ness may differ. Design calculations should be
based on the thinnest glass that could be produced.
for a given nominal thickness, with appropriate
allowances for weathering of the surface of the
glass. Weathering normally affects strength rather
than thickness.

Most manufacturers will provide guidance on
what thickness glass should be used. based on their
experience. Engineers should satisfy themselves
that the guidance is appropriate.

Table 5.1 International Standards

UK BS 6262

Glazing for buildings

Under revision

The Netherlands

Concept Richtlijn:
Constructief Glas

Gives design stresses and
material factors

The Netherlands | NEN 2608 and

Vlakglas voor Gebouwen

Gives load factors

NEN 2608A
Australia AS1288-1994 Glass in buildings — Selection and installation
Standard practice for determining the minimum thick-
UsA ASTM E1300-94 ness and type of glass required to resist a specified load
Canada CAN/CGSB-12.20-M89 | Structural design of glass for buildings
Draft for ‘Design of glass
EC CEN/TC129/WG8 panes Part 2: Design for In draft

uniformly distributed load”
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5.2 Limit state approach

The draft European standard adopts a limit state
approach to the structural design of glass. This is
rational and familiar to most engineers.

5.2.1 Strength

The US and Canadian standards are based upon a
failure prediction model developed at Texas Tech
University (Beason and Morgan, 1984). The
American Code charts are said to be based on a
probability of failure under design load of 8/1000
for annealed glass but in practice they achieve bet-
ter than this. In the USA the applied loads and the
allowable loads are expressed in working, i.e.
unfactored terms. In Canada and The Netherlands
and the forthcoming European Standard the fac-
tored load is compared with the factored resistance.

5.2.2 Serviceability

Deflections of the glass and its supporting structure
should be considered carefully. How people per-
ceive the deflections is a function of their expecta-
tions. Apparently large movements in a glass
assembly that is detailed to look rigid would be
more alarming than in one which is detailed differ-
ently. Generally, toughened glass panes will deflect
much more than annealed glass panes of the same
strength. because they will be much thinner.

5.3 Loads

Because the strength of annealed glass in tension is
time-dependent. it is appropriate to consider the
duration of loading and to apply appropriate fac-
tors. The Canadian Code makes the distinctions
shown in Table 5.2. This is consistent with practice
in The Netherlands which considers dead load. stat-
ic live load and dynamic live load (i.e. wind gusts).
[t is also consistent with the recommendations of
Sedlacek er al. (1995),

The American Code involves the calculation of
an “equivalent design load’. which it defines as “the
magnitude of a 60s duration constant load provided
by the specifying authority to represent the cumula-
tive effects of the components of all loads acting on
the glass’. Unfortunately it goes on to say. “The
transformation of loads to account for variations in
magnitude, direction and duration is bevond the
scope of this document’. Fortunately, guidance is
available from a number of other sources, including
Figure 3 of Sedlacek er al. (1995). which shows
how the relative strength of annealed glass varies
with load duration.

5.4 Strength

There is a phenomenon known as the static fatigue
of glass. which some consider a misnomer. A more
accurate title would be sub-critical crack growth.
Cracks or flaws grow slowly with time under sub-
critical stress until a length is reached at which the
stress intensity at the crack tip reaches a critical
value, the highly strained atomic bonds at the crack
tip break very quickly and rapid fracture occurs.
This is described further in section 5.5. The expres-
sion “stress corrosion” is sometimes used. with the
slope of the graph of crack growth velocity versus
stress intensity factor on log-log paper being
referred to as the stress corrosion constant. Alkaline
solutions make most glasses more prone to slow

Table 5.2 Canadian Code load durations

Approximate equiva-

Load type lent load duration

Wind and earthquake | minute

Sustained (snow,

ponding) I week to | month
&

Continuous (dead load.

: vear to 10 vears
hydrostatic pressure) L3 8

Table 5.3 Typical properties of annealed float
glass

Characteristic compres-

sive strength over 1000N/mm-

Characteristic tensile

10 to 10ON/mm-
strength

14
0.8 4
0.6 4

0.4

Relative strength

T T T T
1072 100 102 104 s 108
L L b {—— J

e L
1s  1min 1h 1d 1a
Load duration

Table 5.4 Variation of exponent n with
environment

Environment n

Water at 25°C 16.0
Air with 50% RH at 25°C 18.1
Air with 10% RH at 25°C 27.0
Vacuum at 25°C 70.0
Melting snow at 2°C 16.0

crack growth, as does increasing temperature. For
further data the reader is referred to Creyke,
Sainsbury and Morrell (1982).

The relationship between time to failure and
applied stress has been extensively researched and
can be summarised by the equation:

o"T = constant
O is stress

T is duration of stress and
1 is a constant,

where:

Sedlacek (1995) presented values of i as shown in
Table 5.4. Sedlacek recommends using n = 16 for
design purposes and this value is also recommend-
ed by Pilkington Glass Consultants.

The equation implies that for extremely long
duration loads allowable stresses must decrease to
negligible values but in practice it has been found
that this does not occur. There is a lower limit
below which glass strength does not fall. Figure 3
of Sedlacek er al. (1995) shows a reduction in rela-

Fig. 5.2 Diagram illustrating
the relationship between time
to failure and applied stresy
(after Sedlacek)
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Fig. 5.3 Stresses ar the tip of
an elliptical crack

Table 5.5 Time-dependent strengths of
annealed glass in the Netherlands

Dead load |

Static live load 2.4

Dynamic live load (i.e. wind gusts) | 4

i

tive strength from 1 for a one-second duration load
to around 0.5 for a one-year duration load.
Conversely, for a load of duration of 0.01 second
glass has a relative strength of about 1.6. These fig-
ures are roughly consistent with BS 5516. in which
short duration wind loads are resisted by 2.6 times
the strength available to resist long duration snow
loads.

Table 5.5 shows the relative strengths for ordi-
nary, i.e. annealed. float glass used in The
Netherlands.

In summary, the strength of a piece of annealed
glass depends on the following main factors:

* the duration of application of the load

* the environmental conditions. especially the
humidity

*  the size of the stressed area

s the distribution of stresses across the stressed
area

* the condition of the surfaces and edges of the
glass

5.5 Fracture mechanics

If, by heat-strengthening or toughening. the surface
of the glass is prevented from experiencing any ten-
sion in service. then cracks cannot grow and it is not
appropriate to carry out any fracture mechanics cal-
culations. Similarly, if annealed glass is to be used
in circumstances in which the engineer is confident
that it will not experience tensile stresses in service.
then cracks cannot grow and it is not appropriate to
carry out any fracture mechanics calculations.

The foundations of fracture mechanics were laid
by a British naval architect. Professor Inglis. in
1913. He recognised that a slot, hole or notch in a
metal plate tended to reduce its tensile strength by

%

Tip radius p Stress attip om

2a

Elliptical crack

Sm= 20-.'%

Stress at tip of crack

[EG,
Ge= rrac

Fast crack propagation
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more than would be predicted from considering
only the reduction in tensile arca. He showed that
the stress field near the discontinuity is magnified
by an amount that depends on the radius of curva-
ture of the discontinuity compared to its length per-
pendicular to the stress field.

Following Inglis. A. A. Griffith carried out pio-
neering work in fracture mechanics at the beginning
of the 20th century and the randomly distributed
flaws or discontinuities across the surface of a piece
of glass are referred to as Griffith flaws.

While Griffith flaws are present on the surface of
any glass, the strength of glass is also modified by
the presence of major (visible) defects. which can
be the origin of cracks under applied tensile stress-
es. The edges of a plate of glass are more prone to
damage from accidental contact than the surface,
The energy of an impact on the face of a piece of
glass can usually be absorbed by deflection (bend-
ing) of the glass but edge impact is resisted by the
full in-plane stiffness of the glass plate or beam and
delivers a higher and more damaging impulse.

Under load, stresses concentrate at the tips of
these flaws or cracks, which may well be invisible
to the naked eye. Griffith stated that crack propaga-
tion will occur if the energy released upon crack
growth is sufficient to provide all the energy that is
required for crack growth. This can be expressed
mathematically as:

< (see Fig. 5.3)

. [EG
¢\ ma

where o_is the stress required to fracture a plate
with a crack of length 2a, E is Young's Modulus
and G is the critical elastic energy release rate or
toughness of the glass, with units of energy per unit
plate thickness and per unit crack extension. This
equation indicates that fast fracture will occur
when, in a material subjected to a stress o, a crack
reaches some critical size a, or, alternatively, when
material containing cracks of size « is subjected to
some critical stress 0. The equation shows that the
critical combination of stress and crack length for
fast fracture is a material constant.

Fracture mechanics can provide a rational basis
for the design stresses given in national codes and
standards (Sedlacek er al. 1995). For everyday
engineering calculations it is not an appropriate
approach. because of its length and complexity.

For an application where the engineer decides
that fracture mechanics calculations are necessary.
then Sedlacek er al. show how it is possible to cal-
culate the integrated life experience of the glass. i.c.
the damage accumulated by loads of varying inten-
sity and duration under different environmental
conditions. Chapter I8 of Ashby and Jones (1998)
describes very clearly the statistics and the time
dependence of brittle fracture. Creyke, Sainsbury
and Morrell (1982) provide a clear guide to design
with non-ductile materials: chapter 3 covers brittle
fracture and strength and chapter 4 the effects of
time under load. Porter and Houlsby (2000) pro-
pose a new design method for crack-abraded glass
members, based upon a “design crack’.

Some observers have noted that glass has the
ability to reverse damage (i.e. heal the microcracks)
if it is returned to an unstressed state and some
therefore question whether wind damage is accu-
mulative. Conversely, the surface condition of a
sheet of glass is changed every time the glass is
cleaned (i.e. new microcracks are generated). The
engineer must decide whether damage reversal is
something that can be relied upon in design.
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5.6 Stress concentrations

Because steel is plastic, it yields and flows if it is
locally overstressed. Glass does not do this. When
it is overstressed it breaks without warning. It is
therefore very important that the designer tries hard
to eliminate any design features that may cause
stress concentrations. Section 9.5 illustrates some
bolted glass details in which the reader can see the
efforts made to avoid stress concentrations.

Bolted glass is widely used because of its trans-
parency. What may also be invisible to the casual
observer is the extraordinary effort by bolted glass
designers to avoid stress concentrations around the
bolts. Bolted design does need very careful atten-
tion.

Whenever glass is used, there will be forces that
have to be transmitted from the glass to another
material, often a structural frame. Traditionally soft
setting blocks. fibre gaskets. protective bushes and
rules such as ‘avoid glass to metal contact” have
been used to limit stress concentrations to accept-
able levels.

Research work is underway at Oxford University
into the behaviour of different materials and differ-
ent shapes of setting blocks. Pilkington recommend
the long-term average bearing stresses for setting
blocks in Table 5.6, based on BS 6262.

Chapter 9 illustrates some of the different ways in
which designers have dealt with stress concentra-
tions at bolted connections.

Pilkey (1997) and Roark & Young (1977) can be
of help in assessing stress concentrations.

5.7 Fatigue

Glass is not subject to fatigue, The perfect linearity
of the stress—strain curve means that reversals of
stress perform no net work on the material and so
no damage or work hardening can occur.

Glass always fails by brittle fracture. never by
ductile fracture. Cyclic loading can cause cracks (o
grow (in ductile materials as well as in glass). For
many materials there exists a fatigue limit: a stress
amplitude below which fracture does not occur, or
oceurs after a very large (> 10%) number of cycles.
The fatigue ratio is the ratio of the fatigue limit to
the yield strength. As glass does not have a yield

Table 5.6 BS 6262 allowable bearing stresses

. Allowable bearing
Material =
stress
Hardwood 2.5N/mm?
Plastics and hard rubbers | 1.5N/mm?

strength, other than in theory, this ratio is not much
use for glass designers. It is mentioned to help com-
pare and contrast glass with other. more familiar,
materials.

In metals such as steel. the stress amplitude
below which fracture does not occur is referred to
as the endurance limit. Following the work of
August Wohler, the graph that plots stress ampli-
tude against number of stress reversals to fracture is
referred to as a Wohler line. An example is given in
Alexander and Street (1982). Sedlacek et al. (1995)
show how the behaviour of glass can be described
by equations analogous to the equation for the
fatigue strength of steel members and may be inter-
preted as a kind of Wohler line.

Fatigue strength of steel

AoMN = AURIHNR = constant

where: Ao is the stress amplitude
N is the number of cycles
m is an exponent.

This is shown in Fig, 5.5.
Survival probability of scratched glass loaded
ar a constant rate

S, = constant

b g —gb
o .‘ilSI a S0

where: o is the tensile stress in an area §
[ is an exponent of value 25
S, is 2400cm?, which is the
reference surface area used in
DIN 52 292 Part 2 R 400.

This is shown in Fig. 5.6.

Fig. 5.4 Diagrams of some
1vpical stress concentrations:
elliptical crack (Griffith theory)
and circular hole in tension

field (from Peterson’s Stress

concentration factors, Walter D
Pilkey, © 1997 John Wiley &
Sons. Inc.)
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Fig. 5.5 Wahler line for a steel
(Reproduced from Metals in
the service of Man — Street &
Alexander, by permission of
Penguin Books)

Fig. 5.6 Survival probability
graph
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Time dependence of glass strength

A to"= AT 0" = constant,
s stress

t and T are time

A and n are constants for undercritical
crack growth, which varies with
temperature and humidity.

where:

Sedlacek er al (1995) give a range of values of A
and n. The subscript ‘0" refers to the conditions in
the DIN 52 292 test. This is shown in Fig. 5.2.

For a clear explanation of static fatigue and life
under load, the reader is referred to section 4.4 of
Creyke. Sainsbury and Morrell (1982).

In the Netherlands, float glass is allowed to sus-
tain stresses four times higher under wind gusts
than under dead load.

By prestressing the glass it is possible to ensurce
that its surfaces always remain in compression.
There is then no question of cracks propagating or
of time-dependent strength. The two basic types of
prestressed glass are known as heat-strengthened
glass and toughened glass (known as fully tempered
glass in the USA and clsewhere). These are
described in sections 2.1.2 and 2.1.3.

There is no British Standard for heat-strength-
ened or toughened glass, so the designer is advised
to consult one or more reputable manufacturers to
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Table 5.7 Load duration factors

; y Modification
Duration of et factor
load ixample actor on

strength

Short Wind 0.72

Medium Snow (.36
Climate (for

Medium insulating (.36
alass units)

Permanent Self-weight 0.27
Altitude (for

Permanent insulating 0.27
glass units)

[carn what levels of prestress arc available and what
variability exists in the prestress achieved.
European Standards are in draft (prEN 1863 and
prEN 12150). Figures around 90 to 120N/mm* or
sometimes even higher are commonly quoted for
toughened glass in the UK, although the American
standard defines a minimum level ol only
6YN/mm?, These are actual. unfactored stresses,
determined by optical mcasurement techniques.
69N/mm* is insufficient to ensure that the glass
behaves as safety glass, because it will not always
break into dice.

Heat-strengthened glass is limited in its upper
value of surface compression by the requirement
that it breaks like annealed glass. In the UK, actual
surface compressions of between 25 and 70N/mm’
are quoted for heat-strengthened glass, though
JUR/Mmm-="may Berave more 1iKe baaly tbughenca’
than heat strengthened. Again, the designer should
consult one or more reputable manufacturers and
should refer to prEN 1863.

The American Standard for both heat-strength-
cned and toughened glass is ASTM C1048-92 and
the equivalent German standard is DIN [8516: Part
4: February 1990. Draft European Standards prEN
1863 and prEN 12150 are recommended over both
of these.

In The Netherlands, designers use ‘allowable’
stresses in toughened glass that are about seven
times those in annealed glass for dead load. three
times for long-term live load such as snow and
twice for short-term live load such as wind gusts.
Their ratios for heat-strengthened to annealed are
approximately 3. 1.5 and 1.3.

The draft European Standard for glass panes
gives the following modification factors to take into
account the effect of load duration on strength.

Sedlacek et al. (1995) present a range of German
allowable stresses for annealed and toughened
glass.

5.8 Stiffness

The Young's Modulus of glass is around 70-
74kN/mm?°. Lincar elastic theory can be relicd upon
when deflections are small but when, for example,
deflections of a plate approach one half of the plate
thickness, then non-linear membrane theory is
needed to predict stresses and deflections accurate-
ly. If the glass has a free (unsupported) edge. then
simple deflection formulac are often accurate
enough for engineering design purposes. Modelling
of the boundary constraints with non-linear analy-
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sis is particularly important if accurate answers are
required.

Vallabhan (1983) and So and Chan (1996)
describe finite element models which can be used to
model non-linear plate behaviour.

Vallabhan ef al. (1994) present a parametric study
of the stresses and deflections of axisymmetric cir-
cular glass plates. which may be used. of course, for
circular plates but also for approximating to other
shapes. subject to the judgment of the engincer.

Vallabhan (1999) describes the evolution of non-
linear stress analysis of different types of window
glass. Analysis of the glass is extended to consider
dynamic pressures using a step-by-step integration
procedure.

5.9 Movement

Glass facades and rools may bridge between cle-
ments of the primary structure that are separated by
movement joints. Even if that is not the case, they
will be attached to clements of structure that will
move. The glass itself will also move. Movements
may be both in and out of the plane of the glass and
they may also involve rotation. Early consideration
of how movements are to be accommodated may
significantly influence decisions about support for
glass. Particular attention should be given to the
strains that may be applied to weather scals.

Ryan et al. (1998) provides comprehensive guid-
ance on movement as a design issuc for the inter-
faces between steel and glazing in buildings. BS
6180: 1995 gives deflection limits for balustrades,
including those made of glass.

5.10 Stability

When preparing structural designs engineers’ aims
include the following:

* to provide adequate rescrves of strength in the
framework and structural elements to carry
the applied loads, and

= to confirm that the stilfness of the framework
and clements is such that reserves of clastic
stability are high so that load factors comput-
ed on the basis of strength alone will not be
materially reduced, or

* in the event that stability is a critical factor, to
increase the amount or change the distribution
of material in the framework and structural
elements. to sustain minimum load factors
against collapse.

A structure that relies on glass clements should
therefore be configured in a way that recognises the
glass’s contribution in terms of strength and stiff-
ness but is not compromised by the lailure of a sin-
gle glass element. Because glass is brittle it is
unlikely that a single glass element can be treated as
a key structural clement.

5.11 Robustness

Robustness and stability are closely allied when glass
is involved. Robustness is a structural quality to be
sought at all times and therefore a structure that uses
glass elements should be configured in a way that

recognises the glass’s contribution in terms of

strength and stiffness but whose robustness is not
compromised by the lailure of a single glass element.
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In the discussion that followed his paper at the
Institution of Structural Engineers. Professor
Sedlacek said that the inclusion of a system that
gave warning that glass was in distress was essen-
tial for the acceptance of the design of loadbearing
glass structures. He felt that, in general, a multilay-
er system used for plates or beams was such a sys-
tem, with the outer plates considered as damage
indicators.

5.12 Stress analysis

5.12.1 Analytical

Glass fails in tension or by buckling. Analytical
techniques should therefore be directed towards
determining the highest tensile stresses under load
and in determining the elastic stability of the cle-
ment or framework. Tensile strains may be dircctly
applied or may occur as the result of the Poisson’s
effect when compressive stresses are applied.

[t should be noted that the presence of holes leads
inevitably to stress concentrations and that it is
important not to ignore this. Even the simplest case.
that of an infinite thin element with a hole under
tensile load, has peak stresses near the hole three
times as large as those away from the hole. When
the plate under tension is of finite width the stress
concentration factor is always more than 3.

Manufacturers have traditionally been reluctant
to quote allowable tensile stresses for usc in the
design of their own glass but some figures have
found their way into designers” files. These have
almost always been developed based upon simple
linear models of behaviour. They should under no
circumstances be used when the analytical method
takes account of non-lincar behaviour. To do so is
definitely non-conservative.

A glass plate that has sufficient thickness to resist
its design lateral pressures may still be too thin and
flexible to be serviccable. Maximum out-of-plane
deflection under lateral load may be limited by con-
siderations such as:

*  appearance and occupant acceptance

*  durability of scalants and plate retention in
waskets

= salety of installation or replacement.

[t will then be necessary to calculate deflections as
well as stresses.

Haworth & Hooper (1981), Vallabhan (1983),
Beason & Morgan (1984) and So & Chan (1996) all
show how non-lincar plate analysis may be used to
calculate stresses and deflections. Fig. 5.7 shows a
finite clement idealisation used by Pilkington in
developing their Planar system of bolted glass sup-
port. It shows the level of detail required to model
local stresses around a bolt hole.

Consideration of elastic stability of structures is
familiar to engineers in applications such as column
design or the design of deep thin cantilevering
beams. Roark & Young (1977), Timoshenko &
Gere (1970) and Horne & Merchant (1965) provide
guidance on establishing elastic critical load factors
for a wide range of structural clements and load-
ings. It is up to the engineer to decide on the appro-
priate value of the elastic critical load factor.

5.12.2 Experimental
Calculations are uselul but in some circumstances it
is appropriate to carry out physical tests as well.
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Exploded view of the componmnts

Fig. 5.7 A finite element model
of a planar bolted connection
and some stress contours
(courtesy of Pilkington)
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Pilkington used finite element analytical techniques
when developing their Planar system of bolted
glass. They also carried out physical tests and these
showed:

*  good correlation with predicted displacements
*  poor correlation with predicted stresses, espe-
cially around holes.

Sometimes the engineer may be confident that cal-
culations alone will suffice but the checking author-
ity or the insurer may require tests. For example.
tests on glazing systems are commonly required in
China and in France.

In general the engineer must decide what combi-
nation of calculation and load test is appropriate for
the structure he or she is designing. He or she must
also decide whether or not the test is to be destruc-
tive and how many specimens to test.

The decision will be influenced by consideration
of a number of factors including:

*  cost

*  whether there are precedents for the intended
application of structural glass

* the consequences of failure of one or more
glass elements

* the degree of redundancy in the structure

* the extent and nature of the warning system
that indicates glass in distress

*  the anticipated stress levels in the glass

*  the relevant experience of the intended manu-
facturer and installer

* the quality assurance systems of the intended
manufacturer and installer.

In Germany. if an application of a material or prod-
uct is not covered by a national standard. it is still
possible for it to be used under closely controlled
circumstances. For example, high strength steels in
Germany are not currently covered by DIN stan-
dards. A procedure known as “Zulassungen” allows
a group of experts to define acceptable combina-
tions of production. calculation. testing and use of
high strength steels in buildings.

If there is no Zulassungen in place, then a proof
engineer, in collaboration with the appropriate local
authority. will define the tests necessary for the der-
ivation of acceptable loads for the particular appli-
cation in question.

There is a philosophical difficulty with tests.
described by Popper (1972). He points out that the
best that can be hoped from a test is the survival of
the conjecture being tested. It cannot be established
as certainly true nor even as probable. However, a
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test can disprove a conjecture. By bringing out
mistakes it makes engineers understand the diffi-
culties of the problem they are trying to understand.
Popper quotes John Archibald Wheeler as saying.
*Our whole problem is to make the mistakes as fast
as possible’.

In comparison with steel or concrete. structural
glass has not been tested very much. It is therefore
prudent to assume that it is yet very well under-
stood. As a consequence of this, the engineer may
well wish to carry out more tests than perhaps
would be done with a more familiar material.

5.12.3 Statistical

The analysis of test data requires careful considera-
tion. Engineers are familiar with the Normal
Distribution model but the Weibull Distribution
model is often used in experiments involving tests-
to-failure because it takes into account the random
nature of the causes of failure. This is particularly
relevant for a brittle material like glass in which the
failure-causing flaw may not be located at the point
of maximum tensile stress. The Weibull
Distribution is described in Weibull (1939 and
1951), in Crowder er al. (1991) and in Ashby &
Jones (1998).

Section 4.7 of Creyke. Sainsbury and Morrell
(1982) shows how to set proof test conditions so
that those components that would fail in less than
the desired lifetime do so in the proof test.

It is sometimes tempting to remove outlying data
to improve the fit of data to distribution models but
before doing so it is prudent to check that this is
valid. Chauvenet (Fair. 1996) proposed a widely
accepted method of deciding whether to accept data.

Proof testing can be used to cheat the statistics by
selecting and rejecting the low-strength tail of the
distribution. Unfortunately slow crack growth will
occur during the process, which hastens the demise
of the surviving samples.
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6 Panes supported
edges

6.1 General description

Edge support is the traditional way of supporting
glass. The USA. Canada. Australia and the UK all
have Codes of Practice or National Standards for
the design of 4 cdge-supported glass. There is a
European Code under development for the design
of edge-supported glass, The glass can be held in
place on its supporting frame by a wide range of
products and materials beginning with putty and
only limited by budget and human imagination.
With annealed. heat-strengthened and laminated
panes, three, four and more edge support provides a
degree of redunduncy. Even if the glass cracks it
can still continue to span across the supporting
frame and stay in place long enough to be noticed
and repaired. Toughened glass may stay in place if
it is well held around its edges but its ability to
carry any load will be eliminated by the cracking.

6.2 Rules of thumb

6.2.1 Strength
Traditional variations in national design stresses
can be traced to differences in loading. For exam-

on 2, 3, 4 or more

ple. Belgium uses a | in 20 year 10 minute wind
pressure, compared with the UK’s and Holland’s |
in 50 year 3 second gust pressure.

The Dutch design stresses in Table 6.1 are slight-
ly more conservative than those in Table 6.2.

6.2.2 Deflection
Section 4.6 addresses the accommodation of move-
ment.

If the anticipated deflection of a glass pane with
all edges supported and held is more than one half
of the pane’s thickness then its behaviour cannot be
modelled accurately by linear theory. Membrane
stresses can occur in plates whose edges are sup-
ported but not clamped. for example a circular plate
supported by a ring. Even if the plate is free to slide
over its supports. in-plane circumferential compres-
sive stresses can balance in-plane radial tensile
stresses in resisting out-of-plane loads.

Excessive deflection of glass spandrel punels
may cause contact between the glass and the mate-
rial behind (concrete or blockwork, for example)
and this may lead to breakage. In cities such as
Hong Kong, where land is very expensive, the
architect will be under pressure to save every mil-
limetre and may wish to detail very small gaps
behind the glass.

Table 6.1 Design stresses (source: Concept Richtlijn: Constructief Glas (Holland). October 1996)

Table of design stresses for use with factored loads and, where appropriate, non-linear analysis. The
first figure is for single panes. whether monolithic or laminated. The second figure is for each pane of a
double glazed unit, The reader should not use these or any other stresses without careful thought

and further enquiry where necessary

Type of glass Permanent loads

Medium-term loads Short-term (gust) loads

7N/mm?*-single

Float glass X 2
= 6N/mm--double

28N/mm--single
24N/mm?-double

I 7N/mm?-single
14N/mm’-double

22N/mm--single

Heat-strengthened glass 5
I9N/mm--double

50N/mm?-single

Toughened glass "
& = 43N/mm--double

24N/mm?-single
2 IN/mm-*-double

37N/mm2-single
32N/mm2-double

S53N/mm’-single
46N/mm-=-double

56N/mm2-single
48N/mm2-double

Table 6.2 Short-term allowable tensile stress for use with unfactored loads

(source: Pilkington Glass Consultants)

Glass type

Short-term allowable tensile stress for use with
unfactored loads

Float glass up to 7 = 6mm

41N/mm?

Float glass with 1 = 8mm

34 5N/mm’

Float glass up to ¢ = 10mm 28N/mm’
Patterned glass 27N/mm?
Wired glass 2IN/mm?
Toughened glass S‘JNhnmmf
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Table 6.3 Allowable tensile stresses under medium- and long-term loads for use with unfactored

loads (source: Pilkington Glass Consultants)

Load type Annealed glass

Toughened glass

Snow

Water and shelves TN/mm”

Short-term value/2.6

Short-term value/2.6

35N/mm?

Floors 8.4N/mm’

Sclf-weight
arately

As the load type it is associated
with or 7N/mm? if assessed sep-

35N/mm?

As the load type it is associated
with or 35N/mm? if assessed
separately

NOTE: Some engineers use 30N/mm? (i.e. one half of the short-term figure) instead of 35N/mm”. In
the case of annealed glass in floors, long duration working stresses are used only when all the edges of
the glass are fully supported perpendicular to the plane of the glass by adquately stiff members

Table 6.4 summarises the limits on defllections set
by various international codes and trade organisa-
tions.

2 edge support

The deflection of one-way spanning plates in bend-
ing is covered by simple linear theory, to be found
in any structural handbook.

Non-linear theory deflection will be somewhere
between the detlection calculated using linear
bending theory and the deflection calculated
assuming the pane acts as a catenary. The engineer
must decide what support stiffness and degree of
attachment are available to permit catenary action.

Triangular pane with 3 edge support

Linear theory deflections may be calculated using
formulae given by Roark and Young (1977), table
26. cases 17 (cquilateral triangle) and 18 (right
angled triangle).

Non-linear theory deflection may be calculated
accurately by finite clement analysis. An approxi-
mate answer can be found by estimating the size of
an ‘equivalent’ circular pane and using the para-
metric study by Vallabhan et al. (1994) or by esti-
mating the size of an equivalent rectangle and using
the Canadian formulae given on this page.

Rectangular pane with 2, 3 or 4 edge support
Linear theory deflections may be calculated using
formulae given by Roark and Young (1977), table
26. cases | to 13.

Non-linear theory deflection with 4-edge support
is covered in section 5.12,

Quudrilateral pane with 4 edge support.
Lincar theory deflections may be calculated for par-
allelograms using formulae given by Roark and
Young (1977). table 26, cases 14, 15 and 16.

Non-linear theory deflection may be calculated
accurately by finite element analysis. An approxi-
mate answer can be found by estimating the size of
an “equivalent” circular pane and using the para-
metric study by Vallabhan er al. (1994). The
Canadian Code presents a formula for 4 edge-sup-
ported glass which it believes will give answers
within 10% of measured deflections. The formula is
as follows:

w=hexplr, +rx+rx)

64

w = centre deflection (mm)
x = In[In{ptab) (Eh*)}]
a = short dimension (mm)
b = long dimension (mm)
h = actual glass thickness (mm)
,fJ = uniform lateral pressure (kPa)
= Young's Modulus (kPa)
(70, 000 L000kPa)
- and r, are coefficients dependent on
‘the ratio bla:

where:

‘-

=(0.553 - 3.83(b/a) + 1. 11(b/a)’ - 0.0969(b/a)’
- = 2.29 + 5.83(h/a) - 2.17(bla)* + 0.2067(b/a)?
L= 1.485 - 1.908(h/a) + 0.815(b/a)* - 0.0822(b/a)’

Because of the double natural logarithm, the for-
mula is clearly only valid when the expression
inside { } is greater than 2.718. It does not work
with thick panes spanning short distances under low
loads. such as the worked example in chapter 13.
The Canadian Code gives the following example:

a = 1000mm
b = 2000mm
h=5.6mm (minimum thickness of 6mm glass to

Canadian standards)
From these figures it calculates:

< =-3.4422
1—2‘4"‘)
r,=02714

From these it calculates:

Pressure Centre deflection
1kPa 8mm

2kPa 13mm

4kPa 2Ilmm

To these figures should be added the deflection of
the supports. Rotational and in-plane restraints will
reduce the calculated deflections but may rapidly
increase stresses around the edges of the plate.

The Canadian Code’s calculated deflections agree
closely with those derived from the use of Moore’s
charts in United States Departments of the Army,
the Navy and the Air Force (1990). Moore’s charts
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Table 6.4 Deflection limits

Document Deflection limit Notes
. L/125 (single glazing) or L/175 Ail(}‘\fxahie deflections of Fhe
BS 6262 e SR edges of four-edge fully-sup-
(insulating glass units) 2
2E ported glass
Allowable deflection of the
BS 5516 Single glazing: (8% x 1000)/180 edges ug‘ 2-edge-supported glass
o or 50mm, whichever is the less | where § = span (m) of support-
ing edge
Hermetically sealed double glaz- A“m’_"“hle deflection of the
BS 5516 ing: (52 x 1000)/540 or 20mm, | S48es of 2-edge-supported glass

whichever is the less

where § = span (m) of support-
ing edge

BS 5516

Single glazing: 8§

Allowable deflection of the
edges of 4-edge-supported glass
where S = span (m) of support-
ing edge (§ = 3m)

Allowable deflection of the
edges of 4-edge-supported glass

BS 5516 Single glazing: 12 + (45) where S = span (m) of support-
ing edge (§ > 3m)
Hermetically sealed double glaz- A[l()\"vab_lc dcl'lect.ion of the B
BS 5516 ing: (S x 1000)/175 or 40mm, | S4ges of 4-cdge-supported glass

whichever is the less

where S = span (m) of support-
ing edge

CAN/CGSB-12.20-M89

L1175

Deflection of mullions simply
supported at the corners of a
glass plate

AS 1288-1994

L/150 (buildings < 10m high) or

L1240 (buildings > 10m high)

Deflection of mullions simply
supported at the corners of a
glass plate

Deflection of unframed tough-

AS 1288-1994 L/60 ened glass under design wind
loading

ASTM E1300-94 L/175 D_eﬂa:c‘l‘ion of ‘supgorts of edges
of glass under design load

ASTM E1300-94 19mm Deflection of glass (not manda-

tory)

AAMA Skyvlight and sloped
glazing, 1987

D, =04 (L /100)* (insulating
glass units)

D, = max allowable deflection in
inches and L= span of glass
edge in inches

AAMA Skylight and sloped
glazing, 1987

D, =0.6 (L /100)2 (other types
of glass) -~

D: = max allowable deflection in
inches and L = span of glass
edge in inches

GANA Glazing Manual, 1997

As ASTM E1300

Warns that “excessive deflection
can cause poor performance of
glazing gaskets or tapes and
glass-to-metal contact. causing
glass breakage’.

AAMA: American Architectural Manufacturers” Association

GANA: Glass Association of North America

’ ISteuctls Stractural use ol glass e buildings
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Table 6.5 Checklist of items to consider when considering thermal stress

Contributing factor

Description

Heat sinks

Glazing into masonry rebates

Shadows

Vertical, horizontal or diagonal

Shaped panes

Triangles. rounded shapes

Interior temperaturc

Non-vented heat traps

Applied labels

More than 1% of glass area

Reflective glass

Coated no. 2 or no. 3 surface

Sealed units

Double or triple glazed

Frame mauss

Heavy exterior mullions

Glass edges

Impact damage

Orientation

East. South or West elevations

Large sizes

Edge arca over 100 000mm?

Frame type

Non-thermally broken

Interior shading

Heavy curtains, venetian blinds

Adjacent reflecting surfaces

Water, snow, reflective glass

Tinted glass

Bronze. grey, green

Aspecet ratio

Length:width ratio > 5

Frame colour

Light or dark

Exterior shading

Returns, projections, overhangs

Glass edges

Serration hackle. spalling, chipping

Outdoor temperature

Below -12°C

Sealed units

Offset spacer corner joints

Altitude

Above 1500m

Solar intensity

Anncaled glass

Above 800W/m?

Clear, r > 6mm

Table 6.6 Resistance to thermal stresses

Best Toughened glass
Medium Heat-strengthened glass
Worst Annealed glass

NOTE: Heat-strengthened glass is adequate to resist thermal stresses in most normal UK building envi-

ronments

[415]
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also predict stresses in the non-linear response of
thin plates. For the example just given, the associat-
ed peuak stresses in the glass are as follows:

Pressure | Centre deflection I_Jealf Iunfuclm'ed
stress

IkPa Smm 17N/mm’

2kPa [3mm 27N/mm*

4kPa 21mm 40N/mm-?

As the loads increase the peak stresses migrate
[rom the centre of the glass towards the corners.

Regular polveonal panes

Linear theory deflections may be calculated using
formulae given by Roark and Young (1977), table
26, cases 19 and 20,

Non-linear theory deflection may be calculated
accurately by finite element analysis. An approxi-
mate answer can be found by estimating the size of
an ‘equivalent” circular pane and using the para-
metric study by Vallabhan er al. (1994) or by esti-
mating the size ol an equivalent rectangle and using
the Canadian formulae given earlier.

Irregular polvgonal panes

Engineering judgment may be used to apply the
established behaviour of a circular plate or mem-
brane to an irregular shape.

Lincar theory deflections may be calculated
using formulae given by Roark and Young (1977).
table 24.

Non-linear theory deflection may be calculated
accurately by finite element analysis. An approxi-
mate answer can be found by estimating the size of
an “equivalent” circular pane and using the para-
metric study by Vallabhan er al. (1994) or by esti-
mating the size of an equivalent rectangle and using
the Canadian formulae given in earlier.

Circular pane with circular support
Lincar theory deflections may be calculated using
formulae given by Roark and Young (1977), table
24,

Non-linear theory deflection may be calculated
accurately by using the parametric study by
Vallabhan et al. (1994).

6.2.3 Resistance to thermal stresses

Checklist of items to consider

Thermal stress and breakage cannot always be pre-
cisely predicted as many of the contributing factors
are difficult to quantify. During the design process
the designer should consult one or more reputable
manufacturers to evaluate the risk of thermal break-

IStructl: Structural use of glass in buildings

age. The Table 6.5 checklist is taken from the
Canadian Code,

Further guidance may be found in Pilkington’s
Glass and Thermal Safety.

6.3 Performance in use

A plate resists wind pressure or other uniformly
distributed surface loads by deforming and devel-
oping internal and surface stresses. A glass plate
under increasing pressure deforms elastically until
sudden failure is initiated at a surface flaw that
magnifies the effect of the tensile stress. Resistance
of glass to pressure is limited. not only by tensile
stress, but also by the severity of stress concentra-
tions caused by flaws.

This interaction of stress and {laws means that
glass plate resistance is influenced by area, loading
history. aspect ratio. surface compressive stress
from heat treatment and flaws from manufacturing.
handling. installation and cleaning processes. A
rational calculation of resistance must account for
the pattern of stresses set up by the loading and sup-
port conditions, statistical variation associated with
the distribution of surface flaws and the accumulat-
ed experience of past and current practice. Chapter
5 provides guidance on calculations.

6.4 Selection, design and
application

Section 2.2 discusses the many non-structural
issues that influence design: thermal transmission.
solar radiation. condensation, rainwater runoff. fire,
acoustic behaviour. access, installation, cleaning,
inspection, maintenance, repair, replacement. avail-
ability, appearance, fit, position, durability. envi-
ronmental impact and lifecycele costing,

Before carrving out any calculations, it is mosl
important that the designer has a clear idea ol how
the structure will behave. Because ol the brittle
nature ol glass it is also important that the designer
has a clear idea of how the structure is 1o behave
after one or more glass elements have failed. It is
also important to assess the safety implications ol
failure of a piece of glass: what is the likelihood of
people being injured by falling glass. for example?
It is only when the structural behaviour is under-
stood that decisions can be made about what calcu-
lations are appropriate.

Increasing areas of glass in buildings have
increased the likelihood of damage by fying debris
in high winds. The South Florida Building Code
contains a test in which a 47 X 2 piece of timber is
fired at a piece of glass, which is then cyclically
loaded 1000 times. In Australia there has been a
trend towards laminated glass in curtain walls and a
consequent rash of visual and structural defects. In
Hong Kong, the committee that is preparing their
new glass code is studying the problem of lying
debris and is debating whether it is right to give
advice which might lead to higher building costs.

Wills, Wyatt and Lee (1998) presents the work of
a research group concerned with assessing the vul-
nerability of densely populated urban arcas subject
to tropical cyclone activity. It contains a model for
the determination of the damage potential posed by
fying debris.

The design and selection of glass for overhead
and sloped glazing requires special attention for a
number of reasons including the following:

O/



*  Sloped glass is more susceptible to impact
from falling objects. wind-borne debris and
missiles than vertical glass.

*  Sloped glazing in most cases is more likely to
fall from the opening when it breaks than ver-
tical glass. Good design indicates that the
choice of glass must be based on eliminating
or minimising hazards so [ar as is reasonably
practicable.

= Snow loads may be imposed on the glazing
for long periods. The strength of glass and the
contribution ol the plastic interlayer in lami-
nated glass are both time-dependent.

*  For most orientations. sloped glass and over-
head glass may reach a higher temperature
than vertical glazing because the sun’s radia-
tion is more nearly normal to the glass surface
and because ol stratification of warm air in
the building. The converse is also true. and
the orientation of the sloped or overhead glass
may allow its temperature 1o fall further than
that of vertical glass on clear nights.

Most manufacturers will provide guidance on what
thickness and type ol glass should be used. based
on their experience. The Glass and Glazing
Federation also provides guidance in its Glazing
Manual, item 7.1.

6.5 Design details

Design details are shown in Figs. 6.1-6.4.

6.6 Worked example

A worked example comparing UK. Australian,
Canadian and USA codes appears on pages 70-74.

6.7 References

ASTM (1997): Standard practice for determining
the minimum thickness and tvpe of glass required to
resist a specified load. E 1300 — 97

BSI (1991): Cade of practice for design and instal-
lation of sloping and vertical patent glazing. BS
5516: 1991

BS1 (1982): British Standard code of practice for
elazing for buildings. BS 6262: 1982

Canadian  General  Standards  Board  (1989):
Structural  design  of  glass  for  buildings.
CAN/CGSB-12.20-M89

Glass and Glazing Federation (1991) Glazing manual
Pilkington Glass Consultants: Glass and thermal
safery. Undated

Roark, R. J. and Young, W. C. (1989): Formulas for
stress and strain, 6th edition. McGraw-Hill

So, A. K. W, and Chan, S. L. (1996): “Nonlinear
finite element analysis of glass  panels’.
Engineering Structures, 18(8)

Standards Australia (1994): Glass in buildings -
selection and installation. AS 1288-1994
Timoshenko, S. P. and Gere (1963): Theory of elas-
tie stability, 2nd edition. McGraw-Hill
Timoshenko, S. P. and Woinowski-Krieger, S.
(1959): Theory of plates and shells, McGraw-Hill
Vallabhan, C. V. G. (1983): “lterative analysis of
nonlinear glass plates’. Journal of Structural
Engineering (ASCE) 109(2) 489-502

68

Vallabhan, C. V. G., Das. Y. C., Magdi, M., Asik, M.
and Bailey, J. R. (1993): *Analysis of laminated
glass units”. Journal of Structural Engineering
(ASCE) 119(5) 1572-1585

Vallabhan, C. V. G., Das, Y. C. and Ramasamudra,
M. (1994): *Parametric study of axisymmetric cir-
cular glass  plates’.  Jowrnal of Structural
Engineering (ASCE) 120(5) 1663-1671

Wills, J., Wyatt,T. and Lee B. (1998): Warnings of
high winds in densely populated areas. Thomas
Telford Publishing

Outside

Drained system

Ventilated and drained system

Fig. 6.1 Some of the many edge details shown in

BS 6262 (Extracts from British Standards are
reproduced with the permission of BSI under licence
number PD/1999 0619, Complete copies of the standard
can be obtained by post from BSI Customer Services,
389 Chiswell High Road, London W4 4AL)
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Fig. 6.2 Typical edge clamp
derail (courtesy of Solaglas)
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Fig. 6.4 Jorg Schlaich’s Hamburg edge detail
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Fig. 6.3 Robert Nijsse's
Budapest edge detail
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Worked example

This is sloping glazing 1600mm wide by 2800mm tall, leaning outwards at 45° to the hori-
zontal. In addition to its permanent dead load stresses, it is subjected to inward and outward
wind pressures of 1.2kPa (3-second gust).

For thermal reasons the unit is to be double-glazed. For visual reasons, a deflection limit of
L/100 under full wind load is required.

This worked example will calculate glass behaviour using the British, Australian, American
and Canadian Codes. It is not intended to be a model of how to assess an appropriate glass
thickness using these different Codes. Rather, by applying the same approach to each Code. it
tries to identify some of their differences and some of their similarities.

This worked example ignores the effects of atmospheric temperature and pressure changes on
double-glazed (insulating glass) units, which is non-conservative. Appendix E deals with this.
This worked example does not address the different minimum glass thicknesses allowed by
different national Codes.

For each non-UK Code it will be necessary to calculate an appropriate wind loading. For a
fairer comparison it would be necessary to apply the relevant national wind Code to the same
circumstances as the British example. For this exercise the wind load will be assumed to be
based only on the current relevant national wind Code’s averaging interval, using the table
below. This is a crude simplification.

Comparison of codes

Averaging interval for Ratio of national design | Ratio of design wind
Country wind speed used in wind speed to UK pressure to UK design
glass code design wind speed wind pressure
UK 3 seconds I 100%
Australia 3 seconds 1 100%
Canada I minute 0.8 64%
USA | minute 0.8 64 %

For this worked example, assume a 10mm toughened inner pane and a 10.8mm laminated
heat-strengthened outer pane.

Glass area = 1.6 x 2.8 = 4.48m”.
Aspect ratio = 2.8/1.6 = 1.75
Self-weight of each pane = 0.01 x 25 = (.25 kPa, acting at 45° to the normal to the surface.

Self weight pressure normal to each pane = 0.25 cos 45 = 0.18kPa

Load-sharing _ o _ ) )
Appendix D shows that load-sharing of wind loads can occur, with the sharing determined by

the relative stiffnesses of the panes. Note that different national codes may take different
approaches to load sharing. For example, AS1288 requires each pane of a sealed insulating
glass unit to be designed for 0.67 of the total design pressure on the unit, when the panes are
of the same thickness. It refers designers to the manufacturer of the sealed unit when the
panes are of different thickness.

For the sake of simplicity, this worked example assumes the same approach to be used with
each Code, which is described in the following paragraphs.
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The stiffness of each pane is proportional to 10mm

the cube of its thickness, assuming that loads | Toughened 10% = 1000
are carried by bending. The relative stiffnesses [ "¢
are shown in the table right. 10.8mm Fully 10.87 = 1260
) laminated composite ’ =
Whether or not the laminated pane acts com-
tali dBetids. e its 10.8mm Layered (non- | 5 45 _ 250
positely depends, among other things, on its S riiated composite) 2 =X

temperature. The load-sharing proportions can
range between 1000:1260 and 1000:250, i.e. between 44%/56% and 80%/20%.

For simplicity, these worked examples also assume that each pane carries its own self-weight.
which is a questionable assumption given the coupling of the panes by the airspace.

The inner and outer panes will be checked for their largest respective loads calculated using
these proportions.

Deflections
First check the deflection of the 10mm toughened pane under 80% of the wind load using the

Canadian Code method.

80% of 1.2kPa is 0.96kPa. Using the Canadian formulae and a glass thickness of 9.7mm
(minimum thickness to BS EN 572-2) gives a mid span deflection under this load of 9mm.,
which is less than L/100 = 16mm, therefore OK.

Then check the deflection of the 10.8mm laminate, assuming layered behaviour, under 20%
of 1.2kPa, i.e. 0.12kPa per Smm layer (4.8mm minimum thickness to BS EN 572-2).

The Canadian formulae give a mid-span deflection of 8mm, which is also OK.
Thinner glass might, just, satisfy the deflection limit.

Worked example to British Code - BS 6262

Dead load. o _ _ _ _
BS 6262 does not explicitly deal with long-term stresses in glass because it deals only with

vertical glazing, so some means is needed to do this.
BS 5516 converts long-term loads to equivalent short-term figures by multiplying by 2.6.
Table 5.7 of this guide gives modification factors for load duration taken from the draft
European Code. The ratio of permanent to short term factors is 0.72/0.27 = 2.67.
Therefore, for this worked example, multiply dead load by 2.67 to convert to an ‘equivalent’
short-term load:

0.18 x 2.67 = 0.48kPa — say 0.5kPa.
Toughened glass
The highest share of load of the toughened inner glass is 80% of the wind, i.c.

0.8 x 1.2 = 0.96kPa.
Add to this the short-term ‘equivalent” dead load of 0.5kPa, giving a total load of 1.46kPa.

Figure 12 of BS 6262 gives, for a glass area of 4.48m? and a 3-second mean loading of
|.46kPa, a glass thickness of 6mm.

Laminated glass _ o
The highest share of load of the laminated glass occurs when full composite action is present

and is 56% of the wind pressure, i.e.
0.56 x 1.2 = 0.67kPa
Add to this the short-term ‘equivalent” dead load of 0.5kPa, giving a total load of 1.17kPa.

Figure 13 of BS 6262 gives, for a glass area of 4.48m?” and a 3-second mean loading of
1. 17kPa, an annealed glass thickness of 6mm (i.e. 3mm + 3mm). BS 6262 does not contain
charts for heat-strengthened laminated glass and neither does BS 5516.
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The lowest share of load of the laminated glass occurs when no composite action is present and
is 20% of the wind load, i.e.

0.2 x 1.2 = 0.24kPa

Add to this the short-term ‘equivalent’ dead load of 0.5kPa, giving a total load of 0.74kPa, to be
shared equally between the two layers of glass in the laminate.

Figure 7 of BS 6262 gives, for a glass area of 4.48m?* and a 3-second mean loading of 0.74/2 =
0.37kPa, an annealed glass thickness of 4mm for each sheet in the laminate.

Conclusion
The proposed build-up satisfies the requirements of BS 6262 for the strength of the glass.

Thinner glass might be strong enough and stiff enough.

Worked example to Australian Standard — AS 1288-1994

Dead load.
AS 1288, table 3.2, specifies design stresses for ordinary annealed glass and allows wind load to
be resisted by stresses double those that resist sustained load.

Therefore, for this worked example, multiply dead load by 2 to convert to an ‘equivalent’ short-
term load:

0.18 x 2 = 0.36kPa — say 0.4kPa

Toughened glass
The highest share of load of the toughened inner glass is 80% of the wind, i.e.

0.8 x 1.2 =0.96kPa
Add to this the short-term “equivalent’ dead load of 0.4kPa, giving a total load of 1.36kPa.
Figure E3 of AS1288 gives, for a glass area of 4.48m? and a 3-second mean loading of 1.36kPa,
a glass thickness of Smm.

Laminated glass
The highest share of load of the laminated glass occurs when full composite action is present and
is 56% of the wind, i.e.

0.56 x 1.2 = 0.67kPa
Add to this the short-term ‘equivalent’ dead load of 0.4kPa. giving a total load of 1.07kPa.
Figure E8 of AS1288 gives, for a glass area of 4.48m? and a 3-second mean loading of 1.07kPa,
a laminate thickness of 8.38mm (assuming anncaled float glass).
The lowest share of load of the laminated glass occurs when no composite action is present and
is 20% of the wind load, i.e.

0.2x1.2=0.24kPa

Add to this the short-term ‘equivalent’ dead load of 0.4kPa, giving a total load of 0.64kPa, to be
shared equally between the two layers of glass in the laminate.

Figure ES of AS1288 gives, for a glass area of 4.48m? and a 3-second mean loading of 0.64/2 =
0.32kPa, a heat-strengthened glass thickness of 3mm for each sheet in the laminate.

Conclusion
The proposed build-up satisfies the requirements of AS1288 for the strength of the glass. Thinner
glass might be strong enough and stiff enough.

Worked example to Canadian Standard - CAN/CGSB-12.20-M89

The Canadian Code requires that factored resistance is greater than factored loads. For a combi-
nation of dead plus wind load it applies factors of 1.25 and 1.5 respectively. The factored loads
are combined using a load combination factor and an importance factor. For this example, these
are both equal to |, so the factored load equals 1.25 times dead load plus 1.5 times wind load.
The factored resistance of a plate of glass is expressed as

R=cR
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where ¢ is a strength coefficient, calculated as the product of 4 components and R_ is the fac-
tored resistance of ‘reference glass’, which is annealed glass loaded to failure in 60 seconds.

Dead load

The Canadian Code deals with load duration via a coefficient ¢, which is used in calculating the
load resistance of a glass plate. For annealed glass, ¢, is 1.0 for I-minute wind gusts and 0.4 for
dead load, a ratio of 2.5.

As the Canadian Code does not advise how to combine dead and wind load resistance, this
example will multiply dead load by 2.5 and treat it as a short-term load.

0.18 x 2.5 = 0.45kPa — say 0.5kPa.

Wind load
Assumed wind pressure = 0.64 x [.2kPa = 0.77kPa, say 0.8kPa.

Toughened glass
The highest share of load of the toughened inner glass is 80% of the wind, i.e.
0.8 x 0.8 = 0.64kPa.
Combine this with the short-term ‘equivalent’ dead load of 0.5kPa, giving a total factored load of:
1.25 x 0.5 + 1.5 X 0.64 = 1.59kPa
Toughened glass has a strength coefficient under wind load of 4.0, according to Table 1 of the
Canadian Code. It therefore requires that R equals 1.59/4 = 0.4kPa.
Table 2 of the Canadian Code tabulates R for different aspect ratios, glass thicknesses and glass
arcas. For an aspect ratio of 2 (1.75 is not tabulated), 4mm glass is the required glass thickness
for strength.

Laminated glass
The highest share of load of the laminated glass occurs when full composite action is present and
is 56% of the wind pressure, i.c.
0.56 X 0.8 = 0.45kPa
Combine this with the short-term ‘equivalent’ dead load of 0.5kPa, giving a total factored load of:
1.25x0.5 + 1.5 x0.45 = 1.3kPa
Laminated heat-strengthened glass has a strength coefficient under wind load of 2.0, according to
Table 1 of the Canadian Code. It therefore requires that R equals 1.3/2 = 0.65kPa.
Table 2 of the Canadian Code tabulates R for different aspect ratios, glass thicknesses and glass
areas.
For an aspect ratio of 2 (1.75 is not tabulated), Smm glass is the required glass thickness for
strength.
The lowest share of load of the laminated glass occurs when no composite action is present and
1s 20% of the wind load, i.e. 0.2 X 0.8 = 0.16kPa. Combine this with the short-term “equivalent’
dead load of 0.5kPa, giving a total factored load of:
1.25 < 0.5 + 1.5 x0.16 = 0.87kPa, i.e. 0.44kPa per layer
Heat-strengthened glass has a strength coefficient under wind load of 2.0, according to Table | of
the Canadian Code. It therefore requires that R  equals 0.44/2 = 0.22kPa.
Table 2 of the Canadian Code tabulates R, for different aspect ratios, glass thicknesses and glass
areas. For an aspect ratio of 2 (1.75 is not tabulated). 4mm glass is the required glass thickness
for strength.

Conclusion

The proposed build-up satisfies the requirements of CAN/CGSB-12.20-M&9 for the strength of
the glass. Thinner glass might be strong enough and stiff enough.

Worked example to US Standard - ASTM E 1300-94

ASTM E 1300 requires the calculation of an “equivalent design load’, which it defines as “the
magnitude of a 60 second duration constant provided by the specifying authority to represent the
cumulative effects of the components of all loads acting on the glass™. It goes on to say that ‘“The
transformation of loads to an equivalent design load to account for variations in magnitude.
direction and duration is beyond the scope of this document’.



In the absence of alternative advice, this worked example will multiply dead load by 2.5 and
treat it as a short-term load:

0.18 x 2.5 = 0.45kPa — say 0.5kPa

Wind load
Assumed wind pressure = 0.64 x |.2kPa = 0.77kPa, say 0.8kPa

Toughened glass

The highest share of load of the toughened inner glass is 80% of the wind. i.e. 0.8 X 0.8 =

0.64kPa. Add this to the short-term ‘equivalent” dead load of 0.5kPa, giving a total load of:
0.5+ 0.64 = 1.14kPa

From the charts in figure A4.1. 10mm anncaled glass 1600mm x 2800mm has a 60s duration
equivalent design load of about 1.4kPa. Toughened glass has a strength coefficient under wind
load of 4.0, according to table A1.1 of the US Code. 10mm toughened glass therefore can sus-
tain a 60s duration equivalent design load of 4 x 1.4 = 5.6kPa.
The charts in figure A4.1 suggest that 4mm toughened glass would be strong enough but that
deflection would be a problem
Laminated glass ‘ _ o
The highest share of load of the laminated glass occurs when full composite action is present
and is 56% of the wind pressure, i.e.

0.56 x 0.8 = 0.45kPa.
Add this to the short-term ‘equivalent’ dead load of 0.5kPa, giving a total of:

0.5 + 0.45 = 0.95kPa

From the charts in figure A4.1, 10mm annealed glass 1600mm X 2800mm has a 60s duration
equivalent design load of about 1.4kPa. Laminated heat strengthened glass has a strength coef-
ficient under wind load of 1.8, according to table A2.2 of the US Code. 10mm laminated heat
strengthened glass therefore can sustain a 60s duration equivalent design load of 1.8 X 1.4 =
2.5kPa.
The lowest share of load of the laminated glass occurs when no composite action is present and
is 20% of the wind load, i.e. 0.2 X 0.8 = 0.16kPa. Add this to the short-term “equivalent” dead
load of 0.5kPa, giving a total of:

0.5 + 0.16 = 0.66kPa. i.c. 0.33kPa per layer.

From the charts in figure A4.1, Smm annealed glass 1600mm x 2800mm has a 60s duration
equivalent design load of about 0.7kPa. Heat strengthened glass has a strength coefficient under
wind load of 2.0, according to table Al.1 of the US Code. 10mm laminated heat strengthened
glass, acting as layers, therefore can sustain a 60s duration equivalent design load of:

0.7 x 2 = | .4kPa.
Conclusion _ o _ ) )
The proposed build-up satisfies the requirements of ASTM E 1300-94 for the strength of the
glass. Thinner glass might be strong enough and stiff enough.

T4 IStructls Structural use of glass in buldings



Fig. 7.1 The entrance canopy
1o the Yuraku-cho underground
station in Tokye (courtesy of
Dewhurst Macfarlane &
Partners with Structural Design
Group/Kenji Kobayashi)

7 Glass beams and fins

7.1 General description

7.1.1 Glass beams

Glass beams are exactly what the name implies —
beams made of glass. Early examples can be found
in the work of engineers Dewhurst McFarlane
(Dawson, 1995) in England and Robert Nijsse
(Nijsse. 1993) in Holland.

Glass beams are generally simply supported or
cantilevering and are generally limited to the length
of a single piece of glass that can be manufactured,
i.e. about 6m for annealed glass, 4.5m for laminat-
ed annealed glass and 3.9m for toughened glass. A
notable exception to this is the entrance canopy to
the Yuraku-cho underground station in Tokyo
(Dawson, 1997) designed by Dewhurst McFarlane.
in which the cantilevering glass beams are made by
bolting together 4 lengths of glass.

7.1.2 Glass fins

Like glass beams. glass fins are exactly what the
name implies — fins made of glass. They are verti-
cal or sloping beams used to support facades and to
help resist wind and other lateral loads. The fins are
attached to the panes of glass by silicone adhe-
sive/sealants or by bolting. This Guide uses the
term fin for vertical or near vertical elements loaded
in bending and beam for horizontal or near hori-
zontal elements loaded in bending.

Glass fins are generally simply supported or
propped cantilevers or fully cantilevering. Fins
longer than about 8m are usually top-hung and
shorter fins are usually bottom-supported. An
exception to this is the 13.5m tall ground-based
glass wall at The Royal Opera House. Covent
Garden, London (Dodd. 1999). Fins are not gener-
ally limited in height to the length of glass that can
be manufactured in a single piece. The main differ-
ence between fins and beams is caused by the diffi-
culty of forming joints that can carry sustained
bending moments, particularly in laminated glass.

A notable early example of the use of glass fins is
the Willis Corroon building in Ipswich. England
(1975: Architect: Foster Associates: Engineer:
Anthony Hunt Associates). The structural details of
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its glass walls are well described by Rice and
Dutton (1995).

At the NCM Building in Cardiff (1993: Architect:
Holder Mathias Alcock: Engineer: Ove Arup &
Partners). the 30m-tall glass wall is suspended via
glass fins from the curved roof. Bolted splices con-
nect the 4m long pieces from which the fins are
made. Such splices are usually friction-grip con-
nections.

Great care is needed in the design and manufac-
ture of friction grip splices. The material in direct
contact with the glass must be soft enough not to
cause stress concentrations on the glass and must be
elastic enough to accommodate possible differential
thermal behaviour between the glass and the splice
plates. Some connections use a soft aluminium as
the interlayer. If this is done. then particular care is
needed to ensure that the correct grade is specified
and used and that site processes do not change its
hardness (for example grit blasting to roughen its
surfaces and improve its coefficient of friction may
harden its surfaces). The clamp plates must be suf-
ficiently parallel to the glass surfaces not to cause
excessive local bending when the bolts are tight-
ened.

Glass fins and beams can be expensive.

7.2 Rules of thumb

7.2.1 Strength

Tensile strength

The slow growth of invisible flaws under sustained
tensile loading has led engineers to design beams
(in annealed glass) to very low tensile stresses. to
protect the tensile edges, to provide considerable
redundancy and even to provide steel cables to
carry the tensile loads. relying on the glass to carry
compression only.

Glass fins are often made out of lengths of glass
that are bolted together. Bolt holes require tough-
ened glass to be used. If bolting is not used, then
annealed glass may be used if the circumstances of
use and demands on the glass allow it. such as at the
restored Covent Garden Opera House. London
(Dodd. 1999).

Table 7.1 lists allowable (i.e. unfactored) tensile
stresses commonly used in the UK in glass beams
and fins for short-term loads such as wind gusts.
Stresses should always be calculated assuming the
least manufacturing tolerance thickness for a given
nominal thickness. Deflection (rarely) or vibration
or beam instability may well govern the design.
Damage (including flaws not visible to the naked
eve) will drastically reduce the ability of a glass
edge to carry tensile loads.

Sedlacek (1995) lists some short-term tensile
design stresses allowed by different German
authorities for annealed glass. These range between
20 and 38N/mm? for use with linear plate anahysis.
and between 15 and 25N/mm- for use with non-lin-
ear plate analysis.

Table 7.2 lists allowable (i.e. unfactored) tensile
stresses commonly used in the UK in glass beams
and fins for medium- and long-term loads. Stresses
should always be calculated assuming the thinnest
allowable beam for a given nominal thickness.
Deflection or vibration or beam instability may well
govern the design.



Sedlacek (1995) lists some tensile design stresses
allowed by different German authorities for tough-
ened glass. These generally range between 35 and
60N/mm?, with 105SN/mm* allowed under excep-
tional circumstances.

In the absence of code-based allowable tensile Glass type
stresses it is left to the judgment of the engineer
what figures to adopt. Depending on the level of
risk and the degree to which the structural system
will give some warning before it fails, it may be
appropriate to undertake some testing to establish
design values. Chapter 5 provides some guidance Float glass with ¢ = 8mm 22.9N/mm?
for engineers who feel that testing is needed.

As long as the surface of the glass remains in
compression under the applied loads. then the ques-
tion of crack propagation does not arise and so-
called ‘static fatigue’ is not an issue. Fig 7.3 shows Patterned glass 27N/mm?
how the stresses are distributed in the edge and
body of a piece of toughened glass.

Table 7.1 Short-term allowable tensile stresses
(source: Pilkington Glass Consultants/BS 5516)

Short-term allowable tensile stress for
use with unfactored loads

Float glass up to 7 = 6mm 28N/mm?

Float glass up to r = 10mm 17.8N/mm?

Wired glass 2IN/mm’*
Shear strength Toughened glass S9N/mm?

Shear stress may be thought to be a problem,
because nobody quotes allowable shear stresses in . =
alass.
One technique available to most engineers is
finite element analysis. Such an approach will pre-
dict the location. magnitude and direction of the
principal tensile and compressive stresses in the
glass beam. It will quickly become apparent from
such an analysis how important it is to take care
over how a beam is supported, whether by bearing
onto a setting block, or by gluing or by bolting.
Not everyone has access to software capable of
performing finite element analysis and not every-
one would want to use it if they had it. Much beam
behaviour can be well modelled by “strut and tie’
models. Such a model can provide a good assess-
ment of peak tensile stresses at midspan (peak
bending) and at the supports (peak shear). This
removes the need for allowable shear stresses. %
As an alternative. engineers may prefer to use g
Mohr’s stress circles to determine principal tensile
stresses in regions of high shear. Examples of this
can be found in Roark & Young (1977).

/Z"fln

7.2.2 Deflection
At the low stress levels commonly used in design-
ing glass beams and fins. deflection is rarely a prob-
lem.

Composite beams that use the glass in compres-

U

Ly

Fig. 7.2 Bolted splice in a glass
fin (courtesy of Chris Jofeh)

Table 7.2 Allowable tensile stresses under medium- and long-term loads, for use with unfactored
loads (source: Pilkington Glass Consultants)

Load type Annealed glass Toughened glass
Snow Short-term value/2.6 Short-term value/2.6
Water and shelves ¥ TN/mm? 35N/mm?
Floors ¥ 8.4N/mm? 35N/m?
As the load type it is associated | As the load type it is associated
Self-weight with or 7N/mm? if assessed with or 35N/mm” if assessed
separately separately

Notes: (1) Some engineers use 30N/mm? (i.e. one half of the short-term figure) instead of 35N/mm?
(2) BS 5516 (Patent glazing)
(3) BS on sight glasses for pressure vessels
(4) As (3) but upgraded when BS floor loads were increased
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Fig. 7.3 Edge stresses and body

stresses in toughened glass
(courtesy RWTH)
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sion and. for example. steel in tension are more
likely to be designed at higher stress levels and it is
more important that deflections are checked.

Table 7.3 provides a simple way of assessing the
minimum / required to satisfy a deflection limit.

Vibration should also be checked. A simple rule
of thumb is:

F=18 pe
b r_!(

where £ is the first natural frequency in Hz and d is
the midspan deflection of beam or tip deflection of
cantilever under permanent (inertial) loads in mm.
Many engineers design so that F > 5Hz to avoid
dynamic excitation by foot traffic or by wind.

7.2.3 Elastic stability

Thin beams. columns and cantilevers can easily
become unstable if not adequately restrained. When
a glass facade holds the fin in position and provides
some restraint against rotation then instability of the
fin is unlikely. Without rotational restraint, instabil-
ity becomes more likely and further analysis should
be carried out. Guidance can be found in Roark &
Young (1977) and in Appendix E. which reproduces
part of the Australian Code relating to fin buckling.
Dodd (1999) warns of using the buckling section of
the Australian Code for beams or fins with interme-
diate restraints. So and Chan (1996) describe the
use of a finite element approach to both the strength
and the stability analysis of a glass wall stiffened by
glass fins.

When checking the buckling of the free edge of a
glass fin, the first check should be a local buckling
check using Bleich (1952), which is described by
Yoxon (1987). A simplified check based on this
method is:

Er

\. 61 +v)

W
where M is the maximum unfactored destabilis-
ing bending moment in the fin. Experience with
full-size tests shows that Er'/6(1 + v) often deter-
mines the buckling limit and this has been con-
firmed by non-linear finite element analysis.,

When using the Australian approach, the engi-
neer should design and detail the restraints to the
strength required by the Australian approach.

7.2.4 Resistance to thermal stresses
Thermal stress and breakage cannot always be pre-
cisely predicted as many of the contributing factors

OASYS D3PLOT: GLASS BEAM: FE ANALYSIS

are difficult to quantify. During the design process
the designer should consult one or more reputable
manufacturers to evaluate the risk of thermal break-
age. Chapter 6 provides a checklist of the various
factors that contribute to thermal stress.

7.3 Performance in use

A glass beam or fin resists loads by deforming and
developing internal and edge stresses. Under
increasing load the beam or fin deforms elastically
until sudden failure is initiated at a surface flaw that
magnifies the effect of the tensile stress. Resistance
of glass to pressure is limited, not only by tensile
stress, but also by the severity of stress concentra-
tions caused by flaws. Glass beams are very sus-
ceptible to flaws or scratches on their tensile edges.

This interaction of stress and flaws means that
glass beam resistance is influenced by area, loading
history. aspect ratio, edge compressive stress from
heat treatment and flaws from manufacturing, han-
dling. installation and cleaning processes. A ration-
al caleulation of resistance must account for the pat-
tern of stresses set up by the loading and support
conditions. statistical variation associated with the
distribution of surface flaws and the accumulated

Table 7.3 Minimum [/ to satisty deflection limit
Units: L is span in m: £ is assumed to be 70KkN/mm-

Load case Minimum / to satisfy def

ection limit (cm™)

Deflection limit L/200 L/360 L/500
UDL of total load W U, N v
(kN) 3.72WL 6.70WL | 9.30WL
Central point load P o I S
(kN 5.95PL 10.71PL 14.88PL
Two point loads, each

P2 kN, at the third 10.14PL° 18.25PL° 25.35PL7
points of the beam |

VON_MISES_STRESS
N (Mid surface)

0.00 _

Fig. 7.4 Stresses in a simply
supported beam on end
bearings (courtesy Ove Arup
& Partners)
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Fig. 7.5 Viulnerable edges of 7.4 Selection dBSigH and
beams and fins li , !
( ] application

Critical issues may include some or all of the fol-
lowing non-structural items:

* thermal transmission and solar radiation
«  condensation
. rainwater runoff
. fire
High stress plus «  geoustic behaviour
L/ :;:i;aﬂaiﬁzdence *  access for installation. cleaning, inspection,
maintenance, repair. replacement
= availability

Fig. 7.6 Analvsis of vertical

load paths after double ?*P TfP : L}Eﬁ{::f: :l\u, gt
:;::IJ;:,}‘-T;?}E‘;(,’:I:{,”w s ptkare ' If______} :____—"TI f *  environmental impact and life cyele costing.
: : : : Critical structural issues include:
| 26P  34P| | [ |
I ? A e [ S S [ . ? *  how the overall structure will behave
1 i i I *  how the structure will behave after one or
more glass elements have failed
b *  the safety implications of failure of a piece of
74P 2.6 qo,zaP 623 glass, including the likelihood of people being
L] (AR el Le e Le ] injured by falling glass
: A :
When a glass beam supports, for example. a glass
roof, the designer should consider what would hap-
P pen to the glass in the rool if & beam breaks. There
1.'|.60P 0'40:'M1'35P '1'35: ' ol g v should be alternate load paths available to the roof
I — | — [ glass so that it does not fail as a result of breakage
é K & |® 119 é of a single beam. Even if the roof glass deflects a
laree amount. this is clearly preferable 1o its col-
p lapse. The same thinking should be applied to the
M consequences of adhesive failure,

The choice of annealed. heat strengthened or

Notes toughened glass will rarely be determined by con-
1. P =weight of a single pane siderations of strength alone.

2. Tension is positive

experience of past and current practice. Chapter 5
provides guidance on calculations.

If the decision is made to use toughened or heat-  Figs. 7.7-7.11 show design details for various
strengthened glass and calculations indicate that the  structures.
surface precompression will not be overcome by
imposed tensile stresses, then fracture-mechanics-
based calculations will not be needed.

7.5 Design details

(& "
Fig. 7.7 The glass beams that support the glass footbridge between 2 offices of Fig. 7.8 The glass cantilevers in the staircase at the

KraaijvangersUrbis in Rotterdam (courtesy abt) Pilkingron f:'.l.'hf'!?m'un Centre, Lathom (courtesy of
= ) g x Pilkington/Chris Gascoigne)
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Fig. 7.9 Details of the glass
beams that support the glass
foothridge berween 2 offices of
Kraaijvanger=Urbis in
Rotterdam (courtesy abt)
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Fig. 7.10 NCM building glass
fins (courtesy of Phil
Boorman)
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Fig. 7.11 Sainsbury Centre for
the Visual Arts glass fins
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7.6 Worked example

A worked example is shown on pages 82 and 83.

7.7 References and suggested
reading
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Example of glass fin design <

Shown right is a glass fin 6m long by 500mm ~
deep by 10mm thick. It is simply supported and
suspended from its top support. It is bolted to

the inside face of a glass facade and silicone

seals provide continuous attachment between ~
the edge of the fin and the facade. It is assumed
that for short-term gust loads the silicone seals
are capable of providing lateral restraint to the
edge of the fin. It is also assumed that the low 6000
modulus of the silicone does not permit any T-
beam action between the fin and the facade.
Assume the wind load on the facade may be
represented by a short-term gust of 1.5kPa and
that the facade (including fins) weighs
0.5kN/m? of elevation and that the fins are at
1.5m centres.

Bending moment in the fin = 1.5 X 1.5 X 6°/8 /<

= 10.13kNm (unfactored)

Axial load inthe fin=1.5x0.5x6 /

\

= 4.5kN tension (unfactored) 1
/L\\J 1500
Local Buckling check 500
M <70 x 10° x 107{6(1 + 0.22)}Nmm,
e Glass fin

ie. M <9.56kNm

T

Buckling

To check the buckling of the fin we use appendix H of Australian Standard AS 1288-1994,
which is reproduced in Appendix C of this Guide. So and Chan (1996) describe a finite ele-
ment approach to buckling which appears to give less conservative results than AS 1288.

Equation H4 of AS 1288:

(7/Lyy)’ ({-:,{\s [dT ¥ yf}] (G J]

Mep =

’) T
_}_“+'\h

L, = 6m; E = say 70kN/mm?; G = say 28.7kN/mm?; d = 0.6m
I =(0.5x0.013)/12 =4.17 x 10*m*

J=0.333x05%x0.01%=1.67x 10"m*

v, =¥, =0.3m (same sign for outward loading: opposite sign for inward loading)

From which M, = 6.3kNm for outward loading and 18.8kNm for inward loading.

Appendix H of AS 1288 does not consider the beneficial effects of the tension in the fins
increasing their buckling resistance. The engineer therefore must decide whether to modify
the design to provide increased buckling resistance for outward loading or to do further calcu-
lations to justify the adequacy of the current design.

The engineer should remember that once the Australian buckling check has been satisfied. the

maximum acceptable bending moment under outward loading will be limited by local buck-
ling capacity, i.e. 9.56kNm. against an unfactored imposed bending moment of 10.13kNm.

Strength ) _
Assumed partial factors on loading are both 1.5

M = Factored bending moment = 1.5 x 10.13 = 15.2kNm
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P = Factored axial load = 1.5 x 4.5 = 6.75kN

Z, =10 x500%6 = 416 667mm*

MIZ, = 36.5N/mm’

A, = 10x500 = 5000mm?

PIA. = 1.35N/mm?

The long-term axial stress in the fin is well below the allowable tensile stress for long-term
loads in annealed glass suggested by Table 7.2.

By inspection of Table 7.1, toughened glass is required to withstand the short-term bending
stress in the fin, even allowing for the fact that Table 7.1 is for use with unfactored loads.
Even if the stresses were acceptable in annealed glass, the suspension assembly at the top of
the fin would probably be bolted as would any midspan splice. Such bolted connections tend

to require the use of toughened glass. As more research and experience provide greater confi-
dence in the use of adhesives, bolting may be replaced by adhesives in some applications.

Stiffness
Midspan deflection of a fin under unfactored wind load

=5x 1.5% 1.5 x 6%(384 x 70 x 10° x (0.01 % 0.5%/12)) = 0.005m,
i.e. Smm which equals L/1200.

The engineer should also check if wind-excited vibrations could be a problem. By compari-
son with the wind loading, mid-span deflection under inertial loads is given by:

d = (0.5kPa/1.5kPa) x 0.005m = |.7mm,
from which the first natural frequency is approximately:
0.5

F=18 Hz=16/01.7)%% = 12Hz
vd
Robustness

The edges of glass fins can be damaged by impact from, for example, trolleys or window-
cleaning cradles. Consideration should be given to whether the robustness of toughened glass
would be preferred to that of annealed and whether the fins require any protection.

Failure of a piece of glass
The designer should consider both the structural and the health and safety consequences of a
failure of a fin or a facade panel. both in service and during installation.
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Fig. 8.1 Broadfield House
Glass Museum (courtesy of
Dewhurst McFarlane &
Partners/Design Antenna Ltd

Fig. 8.2 Conservatory at a house in Clapham, South London

8 Glass columns and walls

8.1 General description

Glass columns and loadbearing walls are quite rare.
Engineers have generally been reluctant to design
compression members in a material that works best
in compression!

The reluctance has been based on the brittleness
of glass, the fact that it can fail suddenly and with-
out warning. This means that a structure needs to be
able to cope with the loss of a column or wall with-
out disproportionate collapse (just like any other
structure) and/or the column/wall needs to be well
protected against accidental damage.

Recent examples of glass columns and walls
include:

=

. I-q'
'm n‘l‘l Jﬂ-""' L S ;.-._

(courtesy Bere Associates/Michael Heyward)

* the glass fins supporting the roof of
Broadfield House Glass Museum (1994;
Architect: Design Antenna; Engineer:
Dewhurst McFarlane)

* the stacked glass insulators supporting the
roof of a south London conservatory (1995;
Architect: Bere Associates; Engineer:
Campion & Partners)

* the competition-winning entry for the
Construction Tower at the National Exhibition
Centre (1998; Architect: Sutherland Hussey
Architects with Blyth & Blyth; Engineer:
Dewhurst McFarlane)

* the loadbearing glass walls of the Rodin
Pavilion at the Samsung Centre, Seoul, South
Korea (1998; Architect: Kohn Pedersen Fox
Associates; Engineer: Ove Arup & Partners)

*  glass rods as the web compression members
in trusses by Dutch engineer abt

*  glass tubes as compression elements in a
tensegrity structure at the University of
Stuttgart (1996; Architect: Stefan Gose;
Engineer: Patrick Teuffel)

*  The 13.5m high, ground-based glass wall at
the Royal Opera House, Covent Garden,
London (Dodd, 1999)

One design idea for Coventry Cathedral (Architect:
Basil Spence; Engineer: Ove Arup & Partners) was
to support the main columns on solid glass spheres.
This idea was not carried through into construction.
Another unexecuted idea, this time for the New
Parliamentary Building in London (Architect:
Michael Hopkins; Engineer: Ove Arup & Partners),
was to support a staircase on a slender steel rod
located within, and braced by, a glass tube.
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Fig. 8.3 The Construction Tower at the National
Exhibition Centre (courtesy of Dewhurst MacFarlane &
Partners/Sutherland Hussey)



Fig. 8.1 Broadfield House
Glass Museum (courtesy of
Dewhurst McFarlane &
Partners/Design Antenna Ltd

Fig. 8.2 Conservatory at a house in Clapham, South London

8 Glass columns and walls

8.1 General description

Glass columns and loadbearing walls are quite rare.
Engineers have generally been reluctant to design
compression members in a material that works best
in compression!

The reluctance has been based on the brittleness
of glass, the fact that it can fail suddenly and with-
out warning. This means that a structure needs to be
able to cope with the loss of a column or wall with-
out disproportionate collapse (just like any other
structure) and/or the column/wall needs to be well
protected against accidental damage.

Recent examples of glass columns and walls
include:

(courtesy Bere Associates/Michael Heyward)

» the glass fins supporting the roof of
Broadfield House Glass Museum (1994;
Architect: Design Antenna; Engineer:
Dewhurst McFarlane)

« the stacked glass insulators supporting the
roof of a south London conservatory (1995;
Architect: Bere Associates; Engineer:
Campion & Partners)

e the competition-winning entry for the
Construction Tower at the National Exhibition
Centre (1998; Architect: Sutherland Hussey
Architects with Blyth & Blyth; Engineer:
Dewhurst McFarlane)

* the loadbearing glass walls of the Rodin
Pavilion at the Samsung Centre, Seoul. South
Korea (1998; Architect: Kohn Pedersen Fox
Associates; Engineer: Ove Arup & Partners)

*  glass rods as the web compression members
in trusses by Dutch engineer abt

*  glass tubes as compression elements in a
tensegrity structure at the University of
Stuttgart (1996; Architect: Stefan Gose;
Engineer: Patrick Teuffel)

e The 13.5m high, ground-based glass wall at
the Royal Opera House, Covent Garden,
London (Dodd, 1999)

One design idea for Coventry Cathedral (Architect:
Basil Spence; Engineer: Ove Arup & Partners) was
to support the main columns on solid glass spheres.
This idea was not carried through into construction.
Another unexecuted idea, this time for the New
Parliamentary Building in London (Architect:
Michael Hopkins; Engineer: Ove Arup & Partners),
was to support a staircase on a slender steel rod
located within, and braced by, a glass tube.

Fig. 8.3 The Construction Tower at the National
Exhibition Centre (courtesy of Dewhurst MacFarlane &
Partners/Sutherland Hussey)



Fig. 8.1 Broadfield House
Glass Museum (courtesy of
Dewhurst McFarlane &
Partners/Design Antenna Litd

8 Glass columns and walls

8.1 General description

Glass columns and loadbearing walls are quite rare.
Engineers have generally been reluctant to design
compression members in a material that works best
in compression!

The reluctance has been based on the brittleness
of glass. the fact that it can fail suddenly and with-
out warning. This means that a structure needs to be
able to cope with the loss of a column or wall with-
out disproportionate collapse (just like any other
structure) and/or the column/wall needs to be well
protected against accidental damage.

Recent examples of glass columns and walls
include:
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* the glass fins supporting the roof of
Broadfield House Glass Museum (1994;
Architect: Design Antenna; Engineer:
Dewhurst McFarlane)

* the stacked glass insulators supporting the
roof of a south London conservatory (1995;
Architect: Bere Associates: Engineer:
Campion & Partners)

¢ the competition-winning entry for the
Construction Tower at the National Exhibition
Centre (1998; Architect: Sutherland Hussey
Architects with Blyth & Blyth: Engineer:
Dewhurst McFarlane)

¢ the loadbearing glass walls of the Rodin
Pavilion at the Samsung Centre, Seoul, South
Korea (1998; Architect: Kohn Pedersen Fox
Associates: Engineer: Ove Arup & Pariners)

= glass rods as the web compression members
in trusses by Dutch engineer abt

*  glass tubes as compression elements in a
tensegrity structure at the University of
Stuttgart (1996; Architect: Stefan Gose:
Engineer: Patrick Teuffel)

*  The 13.5m high, ground-based glass wall at
the Royal Opera House, Covent Garden,
London (Dodd, 1999)

One design idea for Coventry Cathedral (Architect:
Basil Spence: Engineer: Ove Arup & Partners) was
to support the main columns on solid glass spheres.
This idea was not carried through into construction.
Another unexecuted idea, this time for the New
Parliamentary Building in London (Architect:
Michael Hopkins; Engineer: Ove Arup & Partners),
was to support a staircase on a slender steel rod
located within, and braced by, a glass tube.

Fig. 8.3 The Construction Tower at the National
Exhibition Centre (courtesy of Dewhurst MacFarlane &
Partners/Sutherland Hussey)



8.2 Rules of thumb

8.2.1 Load transfer into the column or wall
It is most important to highlight the need for very
careful design and execution of the method of trans-
ferring load into and out of the glass. Any localised
hard or high spots can cause very high local stress-
es. Because the glass cannot yield. fracture may
occeur,

8.2.2 Elastic stability
Three of the basic stability conditions are:

*  pin-ended column with end point loads

« cantilever with concentrated end axial point
load

s  cantilever with uniformly distributed axial
load

Fig. 8.7 gives the elastic critical load factor, A , for
each of these conditions. Each column is H tall and
has Young’s Modulus E and second moment of area
L. P is in kN or other force units and p is in KN/m or
other force per unit length units. The presence of
applied bending moments can significantly reduce
the elastic critical load factor. Guidance on elastic
stability can be found in Timoshenko and Gere
(1970), Roark & Young (1977) and in Appendix A5
of Ashby (1997).

8.2.3 Strength

Glass columns and walls need to be adequately
strong, stiff, stable and robust. The principles gov-
erning their design are no different from those gov-
erning the design of, say, unreinforced brick piers

For a pin-ended member loaded in axial com-
pression, a factor of safety against Euler buckling is
needed. Consideration of buckling will usually
limit compressive stresses to values that will cause
no problems for the glass. The magnitude of the
factor of safety is for the engineer to decide, taking
account of the circumstances of the column.

For example, set:

P = n2El2.5L*

I =bd*/12
E = 70kN/mm?

where:

or walls.

NN

Elevation

Double glass

la———(Glass rod

p
C

Poly-aramide
cable

Cross-section
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Fig. 8.4 The Rodin Pavilion at
the Samsung Centre Seoul,
South Korea (courtesy of Kohn
Pedersen Fox, Tim Hursley)

Fig. 8.5 Glass rods as the web
compression members in a truss
(courtesy of Robert Nijsse, abt)

[StructE Structural use of glass in buildings



b

7|

Fig. 8.6 Glass tubes as
compression elements in a
tensegrity structure (courtesy
of Horst Schmecle)

Fig. 8.7 Elastic stability of
columns

Fig. 8.8 Glass column (or short
fength of wall)

2 B Ay

[

Lp

i, A
LN 77 Yoo
fe
" n2El n2El 7.84 EI
¢ PH2 4PH2 pH3
jd
< |
I b =1

Compressive stress 0_ = P/A, where A = bd.
From which:

o, = W Ed*/(2.5 X [* X 12)
If the column is a sheet of glass 20mm thick and
2500mm tall:

o, = 712 % 70,000 x 20%/(2.5 x 2500 % 12)
= 1.5 N/mm®.

Even if the glass is 200mm thick, the above expres-
sion yields a working compressive stress of only
I 50N/mm?. Sedlacek (1995) gives the compressive
strength of glass as between 400 and 900N/mm?,

IStructE Structural use of glass in buildings

Columns may of course be subjected to shear and
bending, as well as axial load. If tensile or shear
stresses are generated. the guidance in Chapter 7 is
applicable.

It is possible. with short squat glass columns. to
persuade oneself incorrectly that they can withstand
enormous compressive forces. The analogy is with
concrete cubes, which fail not by an excess of com-
pressive stress but by failure along a shear plane.

8.2.4 Deflection

Lateral deflection of columns is not usually a
design criterion, unless it is associated with side
sway of a building or of a storey within a building.
Under those circumstances the engineer will want
to design the lateral system to have the appropriate
stiffness to satisfy the serviceability criteria.

Axial shortening of glass columns is unlikely to
be a problem. because of the relatively high
Young’s Modulus of glass (which is greater than
those of timber or concrete, about equal to that of
aluminium and less than that of steel). the relative-
ly low working stresses and the absence of creep or
shrinkage.

8.2.5 Resistance to thermal stresses

Thermal stress and breakage cannot always be pre-
cisely predicted as many of the contributing factors
are difficult to quantify. During the design process
the designer should consult one or more reputable
manufacturers to evaluate the risk of thermal break-
age. Chapter 6 provides a checklist of the various
factors that contribute to thermal stress.

8.3 Performance in use

A column resists loads by deforming and develop-
ing internal and edge stresses. A glass column under
increasing axial load deforms elastically until sud-
den failure is initiated either by elastic instability or
by a lateral load which causes bending at a surface
flaw that magnifies the effect of the tensile bending
stress. Glass columns need protection from signifi-
cant lateral impacts.

A toughened glass column will be less suscepti-
ble to damage than an annealed one, but it might
seem odd to make a column out of material that is
axially precompressed. However, consideration of
the effects of out-of-straightness or accidental later-
al load show the benefits that precompression can
confer in keeping the glass surface in compression.
Sometimes the glass column is made of annealed
glass and, as with glass beams, the loadbearing ele-
ment is sandwiched between (and laminated to)
outer leaves that protect it from damage, increase
its bending stiffness and provide a degree of redun-
dancy.

8.4 Selection, design and
application

Critical issues may include some or all of the fol-
lowing non-structural items:

*  thermal transmission and solar radiation
*  condensation
*  rainwater runoff

* fire
¢ acoustic behaviour
* access for installation. cleaning, inspection,

maintenance, repair, replacement

87



availability

appearance and fit

durability

environmental impact and lifecycle costing.

Critical structural issues include:

»  how the overall structure will behave

e how the structure will behave after one or
more glass elements have failed

o the safety implications of failure of a piece of
glass. including the likelihood of people being
injured by falling glass

When a glass column supports, for example, a glass
roof, the designer should consider what would hap-
pen to the glass in the roof if a column fails. There
should be alternative load paths available to the
panes in the roof so that the entire roof does not fail
as a result of a single column failure. Even if the
roof glass deflects a large amount. this is clearly
preferable to its collapse. Avoidance of dispropor-
tionate collapse is not. of course. limited to glass
structures (see Fig. 8.9).

The choice of annealed. heat strengthened or
toughened glass will rarely be determined by con-
siderations of strength alone.

Robert Nijsse of abt has proposed two ways to
use glass in columns. The first is to use glass for
just the uppermost part of the column. This keeps it
protected from likely impacts and means that if the
glass does fail the elements supported by the glass
fall only a short distance. The second uses a sacrifi-
cial glass cylinder to protect an inner, loadbearing,
glass column.

8.5 Design details
Examples are illustrated in Figs. 8.10 and 8.11.

8.6 Worked example

A worked example is shown on pages 89 and 90.
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Fig. 8.9 Load paths in a roof
following a column failure

Fig. 8.10 Broadfield House
Glass Museum (courtesy of
Dewhurst Macfarlane &
Partners/Design Antenna/
Photo: Katsuhisa Kida)

Fig. 8.11 The Rodin Pavilion
(courtesy of Kohn Pedersen
Fox, Tim Hursley)
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Worked example
A glass column made of bundled rods, supporting a

Calculate properties of composite section.

roof (see diagrams below).

This assumes that the tubes are attached in some way, perhaps by the use of adhesive, which

enables them to work as a single composite section.

T 2 2 2
Awpe =2 (135 - 123%) = 2431.6mm
T 4 ES 4
Fiube = 2= (135 123%) = 5068 959mm
3

Zbe = Imbe/6?.5 =75096mm

Calculate location of centroid of 5 tubes

A y Ay

3 2431.6 184.41 1 345 234 A A

2 24316 |675 328 266 L - @

5 24316 |y 1 673 500 Section A-A
From which y=137.65mm
Calculate I and Z_\__‘_
3x2431.6 X (184.41 - 137.65)*= 15 952 791.65
2X2431.6 X (67.5 - 137.65)*> =23 932916.62
5% 5068 959 =25 344 795.00 Elevation
I, = 65 229 503mm*
Zy), = f_wf 137.65 = 473 879mm? Glass column
Calculate Euler buckling e~
Effective height of column = 4m { \v/ \}

\ A
P_=m?x 70 X 65 229 503/4000? = 2817kN W .
Calculate eccentricity of load = ¥
e=184.41 - 137.65 = 46.76mm \M/ | [1ssarom
Set extreme fibre stresses and calculate associated W J: !
axial loads - L
67.5mm

Assume toughened glass and set maximum
imposed tensile stress under factored loads = say
SON/mm?. Note that toughened tubes are not yet
manufactured.

_ P Pe

A

pap]J 46.76

5x2431.6 473879
From which P = 3 044 213N. i.e. 3044kN.

Bundie of 7 tubes, with two broken.

Tube outside diameter = 135mm and wall thickness = 6mm

Bundle of 7 tubes with two broken

IStructE Structural use of glass in buildings

(If the glass was annealed and the limit was 7N/mm?, then P = 426kN)

Now set maximum imposed compressive stress under factored loads = say 300N/mm>.
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U_:
L&

=~

+2e
Z

sogepl.1 . 4675
5x2431.6 473879

From which P = 1 658 142N, i.e. 1658kN.

Conclusion

In this example, Euler buckling limits the design load that can be sustained by the damaged col-
umn because, if we assume a factor of safety against Euler buckling of say 4, then the column
should not carry, in its damaged state, more than 2817/4 = 704kN.

It is up to the engineer to decide the appropriate factor of safety taking into account the circum-
stances of the design and the consequences of failure, and what combination of dead and
imposed loads should be checked against the capacity of the damaged column.

Reassess the capacity of the tubes, assuming that they do not work compositely.

Assume the same geometry and load eccentricity as before. Assume that the end connections
enable each tube to share the axial load and bending moment equally. A reader with time to spare
might care to devise such a connection.

Calculate Euler buckling
Effective height of column = 4m

P, =1 x70% 5% 5068 959/4000% = 1094kN

Assume same eccentricity of load as before
e = 184.41-137.65 = 46.76mm

Set extreme fibre stresses and calculate associated axial loads
Assume toughened glass and set maximum imposed tensile stress under factored loads = say

SON/mm?.
P _Re
%TA"Z
sgepl L 4676
5%x2431.6 5x75096

From which P=1 182 493N, i.e. 1183kN.

Now set maximum imposed compressive stress under factored loads =say 300N/mm?.

c|=£+&

¢“A"Z

B00=P kg A0
5x 24316  5x75096

From which P = 1 450 787N, i.e. 1451kN

Conclusion

In this non-composite example, Euler buckling divided by a factor of safety again limits the
design load that can be sustained by the damaged column. If we assume a factor of safety against
Euler buckling of say 4, then the column should not carry, in its damaged state, more than
1094/4=273kN. As might be expected, composite action of the bundled tubes provides a signifi-
cant increase in column capacity.

It is up to the engineer to decide the appropriate factor safety taking into account the circum-
stances of the design and the consequences of failure, and what combination of dead and
imposed loads should be checked against the capacity of the damaged column.

Both these examples have concentrated on the ability of the column to carry axial and bending
loads. Equally important is the design of the end connections to transfer load into and out of the
column.
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Fig. 9.1 Renault glass wall.
(courtesy of Foster & Partners)

s

9 Point-supported glass

9.1 General description

Edge support is the traditional way of supporting
glass. This was followed by “patch plates’. which
are bolted friction grip connections. In recent years,
beginning with the Renault Distribution
Warehouse. Swindon. England (1982: Architect:
Foster Associates: Engineer: Ove Arup & Partners)
it has been increasingly popular to support glass
using bolted fixings directly connected to the glass.
Standard fixings are available from the major man-
ufacturers.

These fixings allow improved transparency and
offer architectural opportunities in the detailing of
the bolted connections. This chapter concentrates
on directly bolted support of glass. Guidance on
friction grip connections may be found in Ryan et
al. (1998). Fig 7.2 shows a bolted friction grip
splice in a glass fin.

Toughened glass is almost always used, in order
to deal with the concentrated stresses around the
bolts. The bolt holes are formed using a diamond
drill in annealed glass, which is then toughened. It
should also be heat-soaked as a quality check, to
reduce the incidence of nickel sulphide inclusions
in panels leaving the factory that would otherwise
cause spontaneous fracture of the glass. The holes
should be at least the glass thickness in diameter, in
order to allow free circulation of quenching air
through the holes during the toughening process.

Table 9.1 Maximum spans for toughened
glass panels using bolted clamp plates
(source: Pilkington Glass Consultants)

Lowtng | Mo s ) o UK

e E}O:St 6 |8 |10 |12
in kN

0.5 025 | 1400 | 1800 | 2150 | 2450

1.0 05 |900 |1500 | 1800 |2050

15 s |- |- 1200 | 1650
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9.2 Rules of thumb

9.2.1 Strength

Maximum spans for bolted toughened glass panels
are given in Table 9.1. Note that these figures are
for glass held by bolted clamp plates. Smaller spans
may be expected with Planar- and Spider-type bolt-
ed fixings.

The designer should check these figures with one
or more reputable manufacturers, remembering that
fully tempered glass to ASTM C1048-92 can have
a surface compressive stress as low as 69N/mm?.
The designer should also be aware that 6mm and
8mm toughened glass will not be suitable for use as
a glass infill panel to a balustrade if the free path
perpendicular to the balustrade is greater than 1.5m
(see Chapter 12 for more about balustrades).

Reputable manufacturers will provide guidance
on maximum spans between fixings. These will
vary between manufacturers because of different
levels of prestress in the glass and different bolt
details. Fig. 9.2 shows an example of a manufactur-
er’s design chart for bolted glass, such as the Planar
or Spider systems.

9.2.2 Deflection

If the anticipated deflection is more than one half of
the pane’s thickness then its behaviour cannot
always be modelled accurately by linear theory.

Predicting the deflections of point-supported
glass is just like predicting the deflections of thin
post-tensioned concrete slabs. There are rules of
thumb that can tell you whether the deflections are
likely to be acceptable and there is finite element
analysis, which can predict the deflections.
Reputable manufacturers will provide guidance for
their products.

Smith (1999) and So & Chan (1996) describe
how they dealt with non-linear finite element analy-
sis of glass. Smith’s work is the basis of the worked
example in this chapter.

There are two fundamental approaches to the
detailing of bolted glass connections and what dif-
ferentiates them is their approach to dealing with

\ N e e

"9_\/
%}_L,@”be\_\%
N \’%\ A

RN N
»,

Area (M2) —s
s
B
/

— —Stresslimited N\ | | N
[ Displacement
limited

| NCIN

I ' N N

-
—-fEa of & =133 N

N-N Y
I N

Design pressure (N/m2)

Fig. 9.2 Example of manufacturer’s design chart
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out-of-plane rotations of the glass surface. In
Pilkington’s Planar system. the connection between
the bolt and the glass is capable of carrying a small
bending moment. In contrast, the detail developed
by RFR for Parc de La Villette allows rotation of
the glass relative to the bolt. Both of these are
shown in section 9.5, Fig. 5.7 shows a finite ele-
ment model used by Pilkington in developing the
Planar system.

Whichever approach is adopted, the design, man-
ufacture and installation of the bolted connection
(and the weather seals) must also cope with permis-
sible deviations in manufacturing, permissible devi-
ations in installation and the subsequent move-
ments of the supporting structure, both in and out of
plane, transitional and rotational. This implies some
ability to adjust the geometry during installation
and some ability to accommodate movement after-
wards. This is covered in more detail by Rice and
Dutton (1995) and by Ryan er al. (1998).

A pane of glass supported by 4 bolts could have
in-plane restraints at the bolts shown in Fig. 9.3.

9.2.3 Resistance to thermal stresses

Chapter 6 provides a checklist of items to consider.
Bolted connections may constrain the glass and its
supporting structure to deform together in the plane
of the glass. This makes it important that the
designer carefully considers thermal effects when
detailing the connections.

9.3 Performance in use

A plate resists wind pressure or other uniformly dis-
tributed surface loads by deforming and developing
internal and surface stresses. A glass plate under
increasing pressure deforms elastically until sudden
failure is initiated at a surface flaw that magnifies
the effect of the tensile stress. Resistance of glass to
pressure is limited, not only by tensile stress. but
also by the severity of stress concentrations caused
by flaws. If a flaw occurs near a bolt, where stress-
es are already concentrated. then failure may well
be initiated even earlier. This emphasises the
importance of detailing bolted connections to min-
imise stress concentrations caused by, for example,
steel bearing directly onto glass.

This interaction of stress and flaws means that
glass plate resistance is influenced by area. loading
history, aspect ratio, surface compressive stress
from heat treatment and flaws from manufacturing,
handling and installation processes. A rational cal-
culation of resistance must account for the pattern
of stresses set up by the loading and support condi-
tions, statistical variation associated with the distri-
bution of surface flaws and the accumulated expe-
rience of past and current practice. Chapter 5 pro-
vides guidance on calculations.

If the decision is made to use toughened or heat-
strengthened glass and calculations indicate that the
surface precompression will not be overcome by
imposed tensile stresses, then fracture-mechanics-
based calculations will not be needed. Bolted glass
almost always involves toughened glass.

9.4 Selection, design and
application

Critical issues may include some or all of the fol-
lowing non-structural items:

-+—= Horizontal restraint

I Vertical restraint

O  Free horizontally
and vertically

- @]

In plane restraints at bolted connections

thermal transmission and solar radiation
condensation

rainwater runoff

fire

acoustic behaviour

access for installation, cleaning. inspection,
maintenance, repair, replacement
availability

appearance and fit

durability

environmental impact and lifecycle costing.

Critical structural issues include:

*  how the overall structure will behave

*  how the structure will behave after one or
more glass elements have failed

*  the safety implications of failure of a piece of
glass, including the likelihood of people being
injured by falling glass

The choice of annealed. heat strengthened or tough-
ened glass will rarely be determined by considera-
tions of strength alone.

Most manufacturers will provide guidance on
what thickness and type of glass should be used.
based on their experience. The Glass and Glazing
Federation also provides guidance in its Glazing
Manual, item 7.1,

9.5 Design details
Details are shown in Figs 9.4-9.10.

9.6 Worked example

The design of an asymmetric bolted glass panel for
part of the roof of the Beyeler Art Gallery in
Switzerland is shown on pages 95 and 96.

Fig. 9.3 In-plane restraints at
bolted connections

Fig. 9.4 A wypical Pilkington
Planar fixing (courtesy
Pilkington)
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Fig. 9.5 A rypical Saint Gobain
Spider fixing (courtesy of
Saint-Gobain Solaglas/
Spiderglass)

Fig. 9.6 A typical La Villette fixing (reproduced by permission of E & FN Spon from

Structural Glass — Rice & Dutton)
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20mm diameter
hole in glass

50 diamet
- T Camoer { | 6mm thick steel
’— Tl —‘ spreader plate
1mm thick
. non compressible

DOSNNINN 4

fibre gaskets

10mm Pilkington
toughened glass

. 1Tmm thick
non compressible
fibre gaskets

6mm thick steel
spreader plate
attached to structure

Nylon or hard plastic
bush 2-3mm thick

M10 bolt torque
to 30NM

Fig. 9.7 A typical patch plate (i.e. friction grip) fixing
(courtesy of Pilkington)

[

From the strong (steel shaft)
to the weak (nylon fitting)
to the vulnerable (glass)

Drilled hole
in nylon

Big hole
in glass

Fig. 9.8 A bolted connection developed by Robert Nijsse
(courtesy Robert Nijsse, abt)
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High modulus 4mm 316 Low modulus
structural s/steel plate silicone
silicone sealant (180mm @) sealant
15mm 318 M16 grade 8mm heat
s/steel plate A4-70 strengthened
(130mm @) countersunk glass

screw \

L}

Round = polyvinylbutyral
polished < — interlayer
edge hole Nylatron & —%
h e 15mm
(142mm o) busl : :E toughened glass
1mm thick EE E: Ground and
vulcanised g —3 issed hole
cellulose " 12mm 316 ?égmm ?)
fibre s/steel
gaskets (180mm @)

Fig. 9.9 A Beyeler Art Gallery bolted connection
(courtesy Ove Arup & Partners)
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Fig. 9.10 A bolted connection
developed by Atelier One
(courtesy Atelier One)
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Worked example

The design of an asymmetric bolted glass panel
for part of the roof of the Beyeler Art Gallery in fm_"‘“.".l
Switzerland (taken from Smith (1999))

! Continuously clamped edge

Loading

Unfactored design loads, based on the Swiss Solted

support £
code SIA 160-1989: / \ £
o R SR SRR s R
. Wind uplift .9kPa ! L IE
. Snow load 0.9kPa l il
| z 1
. Maintenance load 0.75kPa 1230mm | F
P 3200mm "
Design

A laminated glass was chosen, so that in the event of failure of a layer of glass the interlayer
would prevent the broken glass from falling to the ground, with the entire load being carried by
the intact layer.

A first estimate was made of a 15mm toughened glass laminated to 6mm heat strengthened glass.

Combined with the code loadings the estimated glass thicknesses gave the following two load-
cases:

. 1375N/m? short-term wind uplift
. 1425N/m? long-term downwards load
Analysis

First stage analysis considered 2 cantilevers, of length 900mm and 1230mm. Hand calculations,
using simple bending theory and assuming the glass layers shared the loads in proportion to their
stiffnesses, gave principal surface bending stresses of 31N/mm? in the toughened glass and
20N/mm? in the heat-strengthened glass.

Second stage analysis used a finite element model of the panel. The panel was modelled as a pin-
supported single monolithic element, but with the thickness modified to produce a bending stiff-
ness similar to layered glass of equivalent thickness. The analysis assumed elastic linear small
deflection theory and therefore could be expected to give unrealistic answers for stresses and
deflections but accurate answers for reactions. The reaction at the ‘central’ support point account-
ed for 64% of the total load on the panel.

Third stage analysis used software capable of handling large deflections and membrane stresses
and non-linear behaviour. The glass layers were modelled using two separate layers of shell ele-
ments and the intermediate bonding layer was represented by springs that had the shear stiffness
properties of the interlayer material. It was intended to develop a clamped bolted detail that
would eliminate bending stresses across the bolt hole and this was reflected in the analytical
model.

The results of this model showed the following maximum applied stresses under characteristic
loads:

. Toughened glass SON/mm?
. Heat-strengthened glass 23N/mm?

The stresses in the heat-strengthened glass were felt to be too high and the decision was made to
increase the diameter of the clamping plates in the bolted supports from about 50mm to 120mm.
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A conventional approach to bolting would have had the thicker toughened layer above the
thinner heat-strengthened layer, with the upper layer rigidly clamped and the lower layer sim-
ply supported, thus avoiding compressing the interlayer. If the lower layer broke, the upper
layer could carry the loads, but the lower layer was not strong enough to carry the loads if the
upper layer broke.

It was decided to place the heat-strengthened layer on top, so that if the lower toughened
layer broke, it would still be able to resist compression, and work compositely with the upper
layer in resisting hogging moments at the bolted supports. The interlayer would provide the
necessary shear coupling and would hold the broken glass ‘dice’ in place.

As an additional safety measure, it was checked that the 1.52mm interlayer had sufficient
strength to support a glass cantilever even if it was hanging vertically downwards.

The last stage of the analysis and design was the selection of the final panel composition for
testing and then installation. Hand calculations were used, based on the reactions and bending
stresses from the non-linear analysis. These showed that the tensile stresses in the upper layer,
after failure of the lower layer, were still too high. It was decided to increase the diameter of
the bolted fixing from 120mm to 180mm, which led to the following panel composition for

testing:

. Upper layer:  8mm heat-strengthened glass

. Interlayer: 4 sheets of 0.38mm polyvinylbutyral
. Lower layer:  12mm toughened glass

Testing

Four triaxial strain gauges were bonded to the underside of the panel around a bolted support
and four to the topside. More strain gauges were attached in the central area between sup-
ports. Dial gauges were used to measure cantilever deflections.

The following loads were applied:

. 1kN concentrated load at three locations, including the cantilevering corner.

. 75% of the snow load

. 100% of the snow load

. 150% of the snow load (measurements taken after 10 minutes)

. 150% of the wind load

Following removal of the loads, the damaged behaviour was observed:

. The toughened glass was broken, using a centre punch to one corner

. 100% snow load was applied to the broken panel

. With snow load removed, the heat-strengthened layer was broken and the behaviour
observed.

Under 1kN the free corner deflected 22mm.

Under 150% snow load the peak deflection increased from 19.4mm to 20.4mm over 10 min-
utes, as the panel behaviour changed from more like monolithic to more like layered. Peak
applied tensile stresses under factored snow load were 26N/mm?>.

Peak applied stress in the toughened glass under factored wind load was 71N/mm?.

When the toughened layer was deliberately broken the release of stored energy and the
increase in in-plane dimensions of the layer caused a sudden violent flexing of the panel with
dynamic deflections of more than 100mm. When equilibrium was reached the panel was visi-
bly dished upwards away from the support points. The panel was able to support the full
snow load.

Finally the top layer was broken, by being struck with a claw hammer in several locations.
The upper layer broke into a collection of rigid plates connected by hinges along their edges.
The irregular nature of the broken fragments provided some interlock, which prevented sud-
den collapse. Slow progressive failure was observed.
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Fig. 10.1 Glass column at
South London conservatory
(courtesy of Bere
Associates/Photo: Michael
Heyward)

10 Externally-prestressed glass

10.1 General description

Externally prestressed glass is glass that is com-
pressed by an external arrangement of stressing
rods or cables, rather than by toughening or heat
strengthening. ‘External” means a material other
than glass, because the compression could be
applied by a steel rod inside. for example, a glass
cylinder.

Externally prestressed glass 1s extremely rare. As
with glass columns, engineers have generally been
reluctant to design compression members in a mate-
rial that works best in compression! The reluctance
has been based on the brittleness of glass, the fact
that it can fail suddenly and without warning.

Externally applied precompression is also com-
paratively rare in engineering structures, though an
example of externally precompressed steel may be
found in the roof structure of the passenger terminal
at Stansted Airport (1991: Architect: Foster
Associates; Engineer: Ove Arup & Partners).

A notable recent example of externally pre-
stressed glass is the competition-winning entry for
the Construction Tower at the National Exhibition
Centre (1998; Architect: Sutherland Hussey
Architects with Blyth & Blyth; Engineer: Dewhurst
McFarlane). To be literal about it, even this glass is
internally prestressed in that the Kevlar cable that
applies the precompression runs through the centre
of the glass (Whitelaw and Parker, 1997). However
it counts as externally prestressed because it is the
Kevlar cable that compresses the stacked glass
disks and not heal ireatment.

A similar example is the glass column consisting
of stacked glass insulators, designed by Bere
Associates for a south London conservatory
(Welsh, 1995). Threaded through the units to tie
them together is a high tensile steel rod.

At Schloss Juval in the South Tyrol (Anonymous,
1997), steel trusses spanning up to 13.4m support a
glass roof over a courtyard of an ancient building.
The glass spans the 4m between the steel trusses by
acting as the compression boom of a simple truss,
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with a steel cable taking the tension. It is thus,
effectively, prestressed by its self-weight (see Figs.
4.22 and 10.2).

10.2 Rules of thumb

1023 Flastic stability

Chapter 8 on glass columns and walls described
three basic stability conditions for compression
members and gave the elastic critical load factor, 2. ,
for each of these conditions. Guidance on elastic
stability can be found in Timoshenko and Gere
(1970), Roark & Young (1977) and in appendix AS
of Ashby (1997).

The way that the precompression is applied can
significantly affect the buckling length of the mem-
ber concerned. The external precompression may
not be applied symmetrically, for example in the
case of a glass beam. Here the analogy is with a pre-
stressed concrete beam. As with prestressed con-
crete, it is important to remember that precompres-
sion is always accompanied by axial shortening.
Appendix E addresses the stability of narrow
beams.

A non-linear analysis may be necessary for some
types of prestressed structure. Although the struc-
ture itself does not deform grossly. any small
deflection may have an important impact on the
overall behaviour,

For example, a small change in geometry may
reduce the tensile force in a cable. Unlike pre-
stressed concrete, cables used to prestress glass are
usually attached to slender structures so that the
change of main structure geometry may affect the
cable force significantly. The worked example in
section 10.6 is just such a structure.

When the external prestress is applied internally,
as may be the case with a cantilevering column, the
prestress has no destabilising effect on the can-
tilever (and may indeed provide a second-order sta-
bilising effect) but it can cause buckling problems
with the column considered as either pin-ended or
pinned-fixed, depending on the precise detail at the
support. If the void between the cable and the sur-
rounding glass is filled with an appropriate materi-
al, forming a bonded tendon, then, as with tough-
ened glass, the compressive forces induced in the
glass are not destabilising.

10.2.2 Strength
Externally prestressed glass needs to be adequately
strong, stiff, stable and robust. The principles gov-
erning its design are no different from those gov-
erning the design of glass columns, fins or beams,
with attention paid to the effects of the precompres-
sion, particularly the accuracy with which it can be
applied. Accuracy encompasses the precision of the
applied force, its bearing onto the glass and the pre-
cision of its line of action.

Chapter 8 provides examples of the design of
glass columns.

10.2.3 Deflection

Lateral deflection of columns is not usually a
design criterion, unless it is associated with side
sway of a building or of a storey within a building.
Under those circumstances the engineer will want
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Fig. 10.4 Tensegrity structure
at the Design Centre in
Stuttgart (courtesy of Horst
Schmeck)

10.3 Performance in use

Earlier chapters have discussed the performance in
use of glass beams, fins, columns and walls.
Externally stressed glass is no different, and the
same considerations apply. Guidance may be found
elsewhere on the performance in use of whatever
materials are chosen for the application of the exter-
nal stressing.

10.4 Selection, design and
application

Critical issues may include some or all of the fol-
lowing non-structural items:

- thermal transmission and solar radiation

. condensation
B rainwater runoff
. fire

*  acoustic behaviour

= access for installation, cleaning. inspection.,
maintenance, repair. replacement

e availability

* appearance and fit

*  durability

= environmental impact and life cycle costing.

Critical structural issues include:

*  how the overall structure will behave

e  how the structure will behave after one or
more glass elements have failed

*  the safety implications of failure of a piece of
glass, including the likelihood of people being
injured by falling glass

The choice of annealed, heat-strengthened or
toughened glass will rarely be determined by con-
siderations of strength alone.

IStructE Structural use of glass in buildings

10.5 Design details

An example is shown in Fig 10.4, which shows how
it may not be buckling but how the load is trans-
ferred that limits what a glass column can carry.

10.6 Worked example

A worked example appears on pages 100 and 101.
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Worked example
This example considers the laminated glass canopy shown below. The glass is cold-bent and
held in its curved shape by the pre-stressing cables.

These calculations assume that both panes are thermally toughened heat-soaked glass with
surface compressive stresses of at least 120N/mm?. They also assume two 6mm sheets of
glass with a 1.5mm PVB interlayer, giving an overall thickness of 13.5mm.

Consider the short- and long-term stresses e 2600 >
induced by cold-bending the glass ‘ i

The midspan sag is 240mm and the span is w §240 4_{"

3600mm. By Pythagoras:
R? = (R-240)* + 18007
From which R = 6870mm. 3 2650 i
Using the familiar equation
M/l = oly = E/R
we can say that
M = EI/R and © = Ey/R

When the laminate is initially cold bent (unless the interlayer is softened by warming), the
behaviour will at first be composite and / will be:

1000 x 13.5%/12 = 205 031 mm*/m

Assuming E, = 74kN/mm?, This gives a bending moment of:

74 000 x 205 031/6 870 = 2 208 488Nmm/m
and a glass stress of:
74 000 x (13.5/2)/6 870 = £73N/mm?

which is tolerable in the short term. Note that BS EN 572 recommends a slightly lower E of
70kN/mm?, which would lead to a slightly lower figure for the stress in the glass.

Prestressing cables Prestressed glass

After the interlayer has relaxed, the laminate will be acting as a pair of 6mm-thick sheets of
glass that share the cold bending. The combined / will then be

2 x 1000 x 6/12 = 36 000mm*/m
which gives a bending moment of:

74 000 x 36 000/6 870 = 387 773Nmm/m
and a glass stress of:

74 000 x (6/2)/6 870 = £32N/mm?*

which is tolerable in the long term.

Consider local effects where the tendons connect to the glass

The cold bending moment is maintained by tension in the tendons, which in turn cause local
bending moments in the glass where they connect. The tendon tension is given by M/240mm,
with the following values:

Short term: 2 208 488/240 = 9.2kN/m
Long term : 387 773/240 = 1.6kN/m

-l

With a tendon/glass eccentricity at the connec-
tion of around 45mm, the local bending induced
at the tendon/glass connections is:

45mm

|l

Short term: M = 9200 X 45 = 414 00ONmm/m
Long term: M = 1600 x 45 = 72 000Nmm/m
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The associated local bending stresses are:

Short term: o = 414,000/(1000 x 13.5%/6) = +13.6N/mm? — looks OK
Long term: o = 72,000/(2 x 1000 X 6%/6) = +6N/mm? — also looks OK

But the tendon/glass connections are local affairs, not umiformly distributed along the glass edges,
so the local stresses will be magnified significantly. It will be important to detail carefully so as to
distribute the local bending moments into as wide a length of glass edge as possible.

Consider thermal behaviour.

For durability, stainless steel tendons may appear the logical solution. Some stainless steels have
a much higher coefficient of expansion a than ordinary mild steel. This means that it will relax
more in the summer and shrink more in the winter.

Assume that the unit is manufactured at 15°C and that in service its temperature varies between -
15°C and 45°C. Assume that its tendons are mild steel rods of E = 205kN/mm? and o. = 12 x 10°%/°C.
The unrestrained tendon thermal strains are given by:

30X 12 %100 =3.6:¢ 104
The unrestrained tendon change in length is given by:

3500 x 3.6 x 10* = 1.26mm.
The fully restrained tendon stress is given by:

205 X 10° X 3.6 X 10* = £74N/mm?>,

A proper analysis that takes account of both steel and glass behaviour will be needed to deter-
mine what stresses and strains will actually occur under these temperature changes. The engineer
must decide whether to use the short-term (composite) glass / or its long-term value.

Consider bending in the central 2.65m span under self-weight and applied loads
Factored self-weight bending moment per pane is 1.5 x 0.006 x 25 x 2.65%8 = 0.2kNm/m with a
bending stress of:

0.2 % 10°/(1000 x 6%/6) = +33.3N/mm? — looks OK.

Assume a snow load of 0.7kN/m? and that, at low temperatures, the interlayer does not creep.
Under a factored snow load of 1.5 x 0.7kN/m? we get a midspan bending moment of:

1.5 x 0.7 x 2.65%/8 = 0.92kNm/m

and a bending stress of:
0.92 x 10%(1000 x 13.5%/6) = +£30.3N/mm? — looks OK.

Under a midspan summertime point load of 0.9kN we get a midspan bending moment of:
1.5 X 0.9 X 2.65/4 = 0.89kNm.

Assume that at elevated temperatures the interlayer creeps and the two sheets of glass share the
load. If we assume that midspan bending is resisted by at least a metre width of glass, this gener-
ates a bending stress of:

0.89 x 10%(2 x 1000 x 6%/6) = £75N/mm?

This looks just about OK but warrants a closer look at the assumption about how much glass car-
ries the load. This could be tested by an analysis that models the behaviour of the glass as a gril-
lage. Strip assumptions are not appropriate for non-ductile materials because local overstressing
will not lead to redistribution but to failure.

These simple calculations have begun to address only some of the issues that the design engineer
will need to consider in more detail. Other issues include how to cold bend the glass, the detail
of the tendon-glass connections and the consequences of glass breakage. As vertical loads are
applied to the glass it will sag which will bring its ends closer together, which will reduce the
tension in the cables.
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11 The structural use of adhesives

11.1 General description

Structural silicone adhesives have been used for the
last 25 years to carry short-term tension between
panes of glass and their supporting structures.
(Wagner, 1999)

The self-weight of the glass has usually been car-
ried by other means for a number of reasons.
including uncertainty about the long-term behav-
iour of the adhesives and the low modulus of elas-
ticity of the adhesives.

Research is now under way at the Centre for
Window and Cladding Technology (CWCT), and
elsewhere, into the behaviour of a range of adhe-
sives which may enable engineers to design with
more confidence for longer-term behaviour. One
potential benefit of the use of adhesives is the dis-
tribution of loads into and out of the glass over a
large area.

Double-sided structural bonding tape and modi-
fied epoxy adhesives appear to be the best candi-
dates for structural use with glass.

It should be noted that chemicals can enter the
human body orally. by respiration and via skin con-
tact. Proper handling is always required and users
should always read the manufacturer’s material

safety data sheet before handling or use of adhe-
sives.
For a full list of health and safety regulations that

should be taken into consideration when using
adhesives the reader should consult the Institution
of Structural Engineers’ report Guide to the struc-
tural use of adhesives (1999). Of particular rele-
vance are the Control of Substances Hazardous to

Health Regulations (COSHH) 1994,

Although the process does not use adhesives, it is
interesting to recall that the hinges of the inner
toughened glass doors of cookers are sometimes
soldered to the glass by a vibration heating process.

11.2 Rules of thumb

11.2.1 Strength
The strength of adhesives is dependent upon a num-
ber of factors:

environment (chemical, UV, moisture)
temperature and thermal behaviour of ele-
ments being connected

rate of application of load

duration of load

surface preparation

surface roughness

joint dimensions and geometry, including
shape of glue edges

workmanship

curing

® ® 8 ° @ L ]

Reputable adhesive manufacturers will quote test
data and it is essential that designers understand the
nature of the tests and their relationship to the
intended application of the adhesive. Table 11.1
lists some of the test standards for cured adhesives.

Published data is often based upon very short-
term tests and may not be directly applicable to the

Table 11.1 Test standards for adhesives

Test Standard

Static shear strength DIN 53481 and ISO 10123

Modulus of elasticity DIN 53457 and ASTM D638

Linear coefficient of thermal expansion ASTM D696

Break loose torque DIN 54454

Coefficient of thermal conductivity ASTM C177

Tear strength ASTM D624

Bond strength BS 5350

Failure patterns BS EN 10365

Durometer (Shore A) ASTM D2440

Peel resistance DIN 53282

‘Ponsile sttenst DIN 53288. ASTM D2095 and
ISO 8339

Elongation at break ISO 8339

:?nﬂp(;iizzcel cycles at 11.5% extension/compression EN 29046

Overlapping shear strength DIN 53283 and ASTM D1002

Compatils of st e v pstciom
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design in question. Designers should also note that
the behaviour of adhesives and sealants are not
independent of joint geometry. Gutowski et al.
(1994) show that strength and strain at failure are
significantly reduced with increasing sealant bead
dimensions.

In the absence of code-based allowable stresses it
is left to the judgment of the engineer what figures
to adopt. Depending on the level of risk and the
degree to which the structural system will give
some warning before it fails, it may be appropriate
to undertake some testing to establish design val-
ues. Chapter 5 provides some guidance for engi-
neers who feel that testing is needed. Cyclical load-
ing can reduce the strength of adhesive joints.
Guidance on the choice of appropriate factors of
safety may be found in Institution of Structural
Engineers Guide to the structural use of adhesives
(1999).

For applications in which the adhesive is under
long-term load then load testing with the loads
applied over, say, a month or more should be con-
sidered in order to determine if there is a lower
bound figure of adhesive strength.

Research at CWCT has identified a number of
significant issues for designers who wish to use
adhesives. These may influence the choice of test-
ing regime. They are listed below:

*  Time dependency: adhesives tend to flow and
may be sensitive to the rate of application of
the load

*  Adhesives have a wide range of moduli.
Adhesives with low moduli are suitable for
holding glass in place, whereas higher modu-
lus adhesives are more suitable for carrying
shear forces.

*  Some adhesives are stronger than the glass to
which they are attached and failure can then
occur within the glass. This is more likely to
lead to complete structural failure than failure
within the adhesive or at the interface.

*  The behaviour of a glued joint is very depend-
ent on the preparation (degreasing and then
priming) of the contact surfaces.

*  Etching the glass surface to improve adhesion
will reduce the strength of the glass

* In long overlapping joints in shear it is the
adhesive at the ends of the joint that transfer
most of the load. This supports the findings of
Gutowski et al. (1994).

¢ Adhesive properties are temperature-depend-
ent. A drop in temperature will simultaneously
shrink glass and metal and increase the stiff-
ness of the adhesive joining them,

«  Capillary action by water can debond glued
joints. Use of a suitable primer is crucial to
minimise the chances of this. Silane is a com-
monly used primer for glass with modified
epoxy adhesives.

*  The flatness of the glass or glass and metal
surfaces to be joined may mean that the joints
need filling, which will restrict the choice of
adhesives. The cyanoacrylates are not suitable
for this application. Roller wave and end dip
are the names given to the lack of flatness of
glass as a result of support by rollers during
heat treatment.

*  Steel generally has a much rougher surface
than glass and is much harder to apply adhe-
sive primer to.

*  The surface treatment of glass, for example a
low emissivity coating, is likely to affect the
behaviour of an adhesive joint.
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Flange showing an exaggerated roller wave

Web with accurately cut straight edges

¢ The behaviour of two-part adhesives is very
dependent on how accurately and well the
parts are mixed.

¢ Heat curing can be difficult.

e Itis very important to control the joint thick-
ness.

*  Finite element modelling of glued joints can
indicate where stress concentrations may
occur. This is a fraught business because there
is general agreement that stress concentration
alone is not a reliable indicator of a problem
with a joint. Energy absorption may be a bet-
ter indicator.

*  What is needed is a model that produces reli-
able results, rather than a model that minutely
details a stress distribution. The analogy is
with structural analysis in building structures:
used within recognised limits, the linear mod-
els that engineers use give results which engi-
neers use to design structures whose behav-
iour is acceptable to society. Few engineers
believe that they accurately describe structural
behaviour. Similarly, FE analysis is probably
best used with glued joints as a basis for com-
parison between, for example. joints of differ-
ent thicknesses rather than as a predictor of
actual behaviour. Block and Travis (1997)
illustrate some of the challenges of FE model-
ling of adhesives.

This last point brings us back to testing. Todd

(1995) says that we may test glued joints for a

number of reasons:

* to check the quality of an adhesive

Fig. 11.1 Reduction in strength
over time

Fig. 11.2 Differential strain in
a long lap joint

Fig. 11.3 Lack of flatness can

cause problems with adhesives

IStructE Structural use of glass in buildings



* to determine the effectiveness of surface

preparation

= to gather data for the prediction of joint
behaviour

* to select an adhesive from a group of candi-
dates

*  to evaluate the effect of ageing

Complex testing may be required before the deci-
sion is made to use a particular joint design in serv-
ice. Once this initial testing is complete simple tests
may be used to check the quality of production,
reflecting the critical areas identified during the
design stage testing.

Bailey and Minor (1989) describe part of the test-
ing carried out at Texas Tech University into the
behaviour of double-glazed units bonded into a
supporting frame by structural silicone. Part of the
research program involved full-scale tests of these
units under simulated wind pressures, with the goal
of measuring changes in the shapes of the structur-
al seal (between unit and support frame) and the
seal within the units. This provided an understand-
ing of sealant behaviour that enables designers to
prescribe appropriate sealant testing.

11.2.2 Deflection
The stiffness and strain of adhesives are dependent
upon a number of factors:

e environment (chemical, UV, moisture)

* temperature and thermal behaviour of ele-
ments being connected

rate of application of load

duration of load

surface preparation

surface roughness

joint dimensions and geometry. including
shape of glue edges

workmanship

curing

Reputable manufacturers will quote test data and it
is essential that designers understand the nature of
the tests and their relationship to the intended appli-
cation of the adhesive.

Table 11.2 compares the shear modulus of differ-
ent adhesives commonly used with glass.

The Institution of Structural Engineers’ Guide to
the structural use of adhesives (1999) provides the
typical properties of a range of structural adhesives.
Epoxies generally have the best creep resistance
and moisture resistance.

11.2.3 Resistance to thermal stresses

In general, adhesives become less stiff and weaker
as temperature increases but not noticeably so
under short-term loadings (creep may be a problem
under sustained loading). It is possible to glue, for
example, metal cover plates or handrails to glass.
Aluminium tends to debond because of its high
coefficient of thermal expansion compared with
glass (nearly three times higher). To quote from
Loctite (1995): *Achieving success in bonding dis-
similar materials requires careful engineering con-
siderations’.

Most engineers will be familiar with the behav-
iour of bimetallic strips, where the different coeffi-
cients of thermal expansion of the two metals are
exploited to bend the strip when the temperature
changes. In a glued joint such behaviour may not be
desirable. Investigations of the failure of an epoxy
adhesive joint between glass fins and bronze splice

IStructE Structural use of glass in buildings

Table 11.2 Shear modulus of different
adhesives

Adhesive Shear modulus
Cyanoacrylates* Highest
Modified epoxies Higher
Polyurethane resins Lower
Structural silicones Lowest

* Cyanoacrylates are probably too strong to use
in structural joints in glass. Also they are not
suitable as gap fillers.

plates at an airport showed the sensitivity of the
design to the thickness and hardness of the adhe-
sive. The correct level of elasticity of the adhesive
was essential for the joint to work. Unfortunately
poor control of adhesive thickness and unanticipat-
ed hardening of the adhesive combined to cause
failure of the joint by breakage of the glass as the
fins experienced their first summer temperatures,
having been built the previous winter.

Some adhesives require heat for curing and some
produce heat while curing. The engineer should
take careful note of the thermal effects during cur-
ing, particularly if the volume of adhesive is not
small compared with the adjacent volumes of mate-
rials being joined.

11.3 Performance in use

Adhesive bonding may offer some or all of the fol-
lowing benefits, compared with mechanical fastening:

reduction in weight

ability to join thinner materials

better stress distributions at joints
improved joint strength

ability to join dissimilar materials

scope for sealing as well as joining
increased flexibility in the choice of compo-
nent materials

* reduction in machining operations

*  aesthetic improvement

*  easier composite action of built-up sections

Failure of a glass-adhesive-glass joint (for example,
at the intersection of the web and flange of a T-sec-
tion) will be by one of 3 mechanisms:

* tensile failure of the glass

*  shear failure of the adhesive (i.e. cohesive
failure within the adhesive)

* adhesive slip or plucking failure (i.e. failure at
the adhesive/glass interface)

The behaviour in service of the joint will be deter-
mined by how well it was made and how cyclical
loading, temperature, humidity, chemical environ-
ment and age have affected its properties.

An adhesive joint may act to stop the propagation
of cracks in glass, though cracks have been known
to “jump’ over small structural silicone butt joints
between toughened glass plates. The likely mecha-
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Worked example

This example is based on the CWCT glass T-beam illustrated below.
800mm

a0

t Y
O Two part modified /—1

epoxy joint

200mm
L]y
CWCT glass T-beam with span 2.25m 10mm —| |e—
Calculate the centre of gravity of the T-section
Area X [ Areax X
800 6 =4 800mm? 203mm 974 400mm?
200 10 = 2 000mm? 100mm 200 000mm?

¥ =6 800mm?

¥ =1 174 400mm?

From which X = 1 174 400/6 800 = 172.7mm

Calculate I of the T-section assuming fully composite section
800 x 6/12 14 400mm*
800 x 6 x (203-172.7)* 4 406 832mm*
10 x 200°/12 6 666 666.7mm*
10 X 200 x (172.7-100)? 10 570 580mm*
Y =21 658 478.7mm*

Il

Calculate Z of the top and bottom of the section Pt B:d bet iz
Z e = 21 658 478.7/(206-172.7) = 650 405mm? A l l l l
Z., =21658478.7/172.7 =125411mm’

This beam has been tested at CWCT under a 6
point bending test (right, top).

Consider the strength limit state condition when P
= 40kN, i.e. each point load is | tonne.

bottom.

10kN |

The bending moment diagram is shown right,
middle and the shear force diagram is shown right  9.0kNm
13.5kNm

20kN

! 10kN

20kN

[StructE Structural use of glass in buildings
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Assume a mid-range epoxy strength of 25N/mm?. The design strength of the epoxy is therefore
25/3.75 = 6.7N/mm?. The width of epoxy required is therefore 134/6.7 = 20mm. The joint there-
fore needs to be, in welding terms, a butt joint plus two fillets, as shown below.

/< 5mm throat

This very crude calculation, ignores shear lag and it ignores the flexibility of the adhesive and its
influence on the section properties. It has not determined the best separation between web and
flange. It does not pretend to have designed an adhesive joint. Finite element analysis, perhaps
combined with model testing, may well be required to determine the best shape and size of the

adhesive joint. The aim of this simple example is to give some feel for what is possible with adhe-
sives. '
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Fig. 12.1 A glass balustrade
(courtesy of Ove Arup &
Partners/Dennis Gilbert)

12 Glass balustrades

12.1 General description

Glass balustrades are barriers designed to stop peo-
ple from falling off the edges of floors and stairs.
They may be framed in wood or metal, with glass
infill panels, or they may consist entirely of glass.

They may be storey-height or they may be around
1.Im tall. This section concentrates on the latter,
but the principles involved do not change with the
height of the balustrade. The taller the balustrade,
the more significant wind loads become.

12.2 Rules of thumb

The regulatory framework in the UK is covered by:

*  Approved Document K of the Building
Regulations (England and Wales) or similar
appropriate national documents

= BS 6180: 1995 Code of practice for Barriers
in and about buildings

*  BS 6206: 1981 Specification for impact per-
formance requirements for flat safety glass
and safety plastics for use in buildings

*  BS 6262: 1982 British Standard Code of
practice for glazing for buildings

Strength

Infill panels supported along all edges

Table 2 of BS 6180 indicates sizes of glass panes
for different types and thicknesses of glass which,
when used with a glazing method which fully sup-
ports the glass along all edges, will withstand the
design criteria given in clause 6 of BS 6180.

Bolt-fixed infill panels
Clause 8.4.5 of BS 6180 gives the design criteria
and annex C of BS 6180 gives advice on the details
of the bolted connections. Table 12.1 indicates
maximum spans for bolted toughened glass infill
panels using clamp plates.

6mm and 8mm toughened glass will not be suit-
able if the free path perpendicular to the balustrade
is larger than 1.5m, since it will not provide con-
tainment, i.e. remain intact, at Class A of BS 6206.

Since toughening varies from manufacturer to
manufacturer, it is advisable to seek confirmation of
these numbers from one or more reputable manu-
facturers early in the design process. US toughen-
ing levels may be generally lower than UK levels
(see section 2.1.2)

Edge clamped or bolted free-standing glass

panels
These should always be made of toughened heat-
soaked glass. BS 6180 requires that they are con-
figured so that adjacent panels can sustain the loss
of a panel, with load sharing via the handrail.

The thicknesses in Table 12.2 may alter if the top

Table 12.2 Usual thickness of UK toughened
glass for free-standing glass balustrades

Design line load Thickness of

(kN/m) toughened glass (mm)
0.36 12

0.74 15

1.5 19

3.0 25

Table 12.1 Maximum spans for toughened glass panels using bolted clamp plates

(Source: Pilkington Glass Consultants)

Infill loading from BS 6180

Maximum span in mm for bolted UK toughened glass

UDL in kN/m? Point load in kKN | 6mm 8mm 10mm 12mm
0.5 0.25 1400 1800 2150 2450
1.0 0.5 900 1500 1800 2050
1i5 1.5 - - 1200 1650

IStructE Structural use of glass in buildings
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Worked example

The balustrade to be designed is a free-standing barrier 1100mm tall in a shopping mall or
department store, with a free path perpendicular to the balustrade of more than 1.5m.

=— 1.5kN/m or 3kN/m

1100mm

The design line loads are 1.5kN/m (department store) and 3kN/m (shopping mall), according to
BS6180: 1995.

Two possible means of support are:
s point fixing clamps similar to Figure C.2 a) of BS 6180
. continuously clamped glass similar to Figure C.2 b) of BS 6180

The free path perpendicular to the balustrade is more than 1.5m, which means that, according to
BS 6180 clause 8.6.4, the glass must satisfy class A of BS 6206, which in turn means a minimum
specification of 10mm toughened glass. Heat-soaked toughened glass should be specified to
reduce the likelihood of glass fracture caused by nickel sulphide inclusions.

To satisfy BS 6180, the glass must be strong enough to carry the design load and must be stiff
enough to limit deflection under one half design load to 10mm (L/125, with L taken as 1250mm
for a free-standing glass balustrade).

Consider deflection
The deflection of the tip of a cantilever under point load is given by:

A = PL*3El
from which:

I_, = PL?3EA

Teq
where: A < 10mm

L =1100mm

E = 70kN/mm?,
The following table calculates the required / for the two line loads.
Line load One half line load I Thickness
3kN/m 1.5kN/m 950 714mm*m 22.5mm
1.5kN/m 0.75kN/m 475 357mm*/m 17.9mm

The standard glass thicknesses that satisfy these figures are 25mm and 19mm. This table also
shows the importance of supporting the glass in a way that minimises the free height of the can-
tilever, because deflections are proportional to the cube of the cantilever height. Barriers whose
support is below floor level often require additional framing in order to control deflections.

Consider bending stresses in the continuously clamped glass

From Table 2.7 of chapter 2, 19mm and 25mm float glass to BS EN 572-2 can be as much as Imm
thinner than its nominal thickness, so stresses will be calculated using 18mm and 24mm.

The behaviour of glass which is not continuously clamped will be harder to calculate. Reputable
manufacturers will provide guidance, which may be based on tests using British Standard clamps,
such as that shown in Figure C.2 a) of BS 6180. For this example, the manufacturer consulted con-
firmed that the same glass worked for both support conditions.

BS 6180 requires, in most circumstances, that a handrail is used, continuously attached to the
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: : OK/Not OK (Table
Line load Bending moment | Z of glass MIZ 6.2 & Table 6.3)
1000 24%/6 = b
3kN/m 3.3kNm/m 96 000mm?/m 34N/mm OK
100 18%6= 2
1.5kN/m 1.65kNm/m 54 000mm*/m 30.6N/mm OK

glass, capable of spanning under full design load across the gap caused by fracture of a glass
panel.

The designer should also consider the risk to people below of glass breakage.
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Fig. 13.1 Glass floors at
Stansted (courtesy of Foster &
Partners)

13 Glass stairs, floors

13.1 General description

Glass stairs, floors and bridges use glass as the
walking surface and sometimes as the supporting
structure as well.

At the Stansted Airport Passenger Terminal
(1991: Architect Foster Associates; Engineer Ove
Arup & Partners) small areas of glass floor abut the
steel ‘trees’ which support the main roof. At the
London restaurant Now & Zen (Architect: Rick
Mather; Engineer: Dewhurst McFarlane) pavement
lights 4m long by Im wide are made of two sheets
of 19mm glass laminated together. Visitors can
walk on the 1235mm square glass panels of the
National Glass Centre in Sunderland (1998:
Architect: Gollifer Associates: Facade Engineer:
Arup Facade Engineering) (Allen, 1998)

Modern examples of glass stairs include a two
storey staircase for the Josq)h shop (Anonymous,
1993) at 26 Sloane Street, London (1990; Architect:
Eva Jiricna; Engineer: Dewhurst McFarlane) and
the Pilkington Exhibition Centre (Dawson, 1996) in
Lathom, Lancashire (1996: Architect: RMJM;
Engineer: RMIM). Robert Nijsse of abt is the engi-
neer for a very bold design at the Stedelijk Museum
in Zwolle.

Glass floors and glass bridges seem to go togeth-
er and examples include:

¢ Whitby Bird & Partners’ glass bridge at the
Science Museum in London (Fig. 13.6)

*  Professor Schlaich’s glass bridge at the
Deutsches Museum in Munich (Fig. 13.7)

*  Robert Nijsse’s glass bridge at the offices of
architect KraaijvangersUrbis in Rotterdam
(Fig. 13.8)

* lan Ritchie’s glass bridge — engineer Arup —
in the London Gcol{)t'lmi Muscum (Fig. 13.9)

*  Atelier One’s glass b11duc over a Soho court-
yard (Fig. 13.10)

13.2 Rules of thumb

13.2.1 Strength

For glass beams, Chapter 7 provldcs rules of thumb.

IStructE Structural use of glass in buildings

& bridges

Fig. 13.2
Dewhurst McFarlane & Partners/Rick Mather)

Floor panels at Now & Zen (courtesy of

For glass panes supported on 2 or more edges the
reader should refer to Chapter 6 and for glass
columns and walls Chapter 8. In the UK. imposed
loadings are defined in BS 6399: Part I.

13.2.2 Deflection

Serviceability issues are also covered in the rele-
vant chapters. Walking on glass is likely to be suf-
ficiently unnerving for some people that it is impor-
tant not to add to their concern by designing a struc-
ture that is too bouncy.

13.2.3 Elastic stability
This is also covered in the relevant chapters listed
previously.

13.2.4 Resistance to thermal stresses
Thermal stress and breakage cannot always be pre-
cisely predicted as many of the contributing factors
are difficult to quantify. During the design process
the designer should consult one or more reputable
manufacturers to evaluate the risk of thermal break-
age. Chapter 6 provides a checklist that attempts to
quantify the various factors that contribute to ther-
mal stress.

13.3 Performance in use

A beam or plate resists loads by deforming and
developing internal and edge stresses. A glass beam
or plate under increasing load deforms elastically
until sudden failure is initiated at a surface flaw that
magnifies the effect of the tensile stress. Resistance
of glass to pressure is limited, not only by tensile
stress, but also by the severity of stress concentra-
tions caused by flaws. Glass beams and plates are
very susceptible to flaws or scratches on their ten-
sile surfaces or edges.



Fig. 13.3 Staircase at the Joseph Shop in Sloane Street, London

Fig. 13.5 Staircase at the Stedelijk Museum in Zwolle (courtesy of abt)

(courtesy of Dewhurst McFarlane & Partners/Eva Jiricna/Richard Bryant)

This interaction of stress and flaws means that
glass beam resistance is influenced by area, loading
history, aspect ratio, edge compressive stress from
heat treatment and flaws from manufacturing, han-
dling and installation processes. A rational calcula-
tion of resistance must account for the pattern of
stresses set up by the loading and support condi-
tions, statistical variation associated with the distri-
bution of surface flaws and the accumulated expe-
rience of past and current practice. Chapter 5 pro-
vides guidance on calculations.

If the decision is made to use toughened or heat-
strengthened glass and calculations indicate that the
surface precompression will not be overcome by
imposed tensile stresses, then fracture-mechanics-
based calculations will not be needed.

13.4 Selection, design and
application

Critical issues may include some or all of the fol-
lowing non-structural items:

Fig. 13.4 Staircase at the Pilkington Exhibition Centre,
Lathom (courtesy of Pilkington/Chris Gascoigne)

116

thermal transmission and solar radiation
condensation

rainwater runoff

fire

acoustic behaviour

access for installation, cleaning. inspection,
maintenance, repair, replacement
availability

appearance and fit

durability

environmental impact and life cycle costing.

Critical structural issues include:

how the overall structure will behave

how the structure will behave after one or
more glass elements have failed

the safety implications of failure of a piece of
glass. including the likelihood of people being
injured by falling glass

s

Fig. 13.6 The glass bridge at the Science Museum,
London (courtesy of Whitby Bird & Partners)
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Table 13.1 Details of some recent stairs

Location Tread construction Tread support
Joseph shop [9mm annealed glass on 15mm acrylic Point support

o b AT ARG G : One way spanning
Chicago apartment 3 ply laminated 10mm annealed glass onto edge support
Pilkington Exhibition Centre 2 ply laminated toughened glass Point support

Table 13.2 Coefficient of friction between
glass and shoe heels (source: British Shoe
Manufacturers’ Association)

Surface finish Coefficient of friction

Untreated Lowest

Gloss acid etch

Dull acid etch

Light sand blast

Coarse sand blast Highest

less slippery and hence safer to tread on, as is
shown in Table 13.2. Even with the best roughen-
ing. glass may still be very slippery when wet. Care
should be taken when considering glass for use in
outdoor or wet environments.

Other surface treatments to reduce the risk of
slippage include raised studs and grooves filled
with neoprene strips. Toughened glass should not
be abraded.

Further guidance may be found in Templer
(1992) and GLC (1984 and 1985). Annex C of BS
8204 gives a method for determining slip resistance.

Fig. 13.11 A floor panel at the Law Faculty in
Cambridge (courtesy of Foster & Partners)

Fig. 13.12 The glass can-
tilevers on Pilkington’s stair-
case (courtesy of
Pilkington/Chris Gascoigne)

Fig. 13.10 Atelier One’s glass bridge over a Soho court-
vard (courtesy Atelier One)
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Fig 13.13 (cont'd) Details of

Front timber frame (existing) |
— front steel hollow section (new) ——————=|
Distance to other side = 3075mm

\/A Robert Nijsse's glass foot-
bridge in Rotterdam

Neoprene layer

Detall 6a \"\

13.7 Worked example

A worked example appears on pages 121 and 122.
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Channel UHP 160

Strip 10.120

Hollow section & 60.6, with strip 60.5
Angle 90.90.9

Templer, J. A. (1992): The staircase: studies of haz-
ards, falls and safer design. MIT, 1992
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Load type Factored stress Design stress Conclusion
Dead load 1.6N/mm?* 7N/mm? OK
Live load (UDL) 6.8N/mm? 17N/mm? OK

. : 2 2 NOT OK and
Live load (point load) | 21.3N/mm 17N/mm? and 28N/mm ALMOST OK

This simple analysis suggests that the 19mm glass alone will be strong enough for the uniformly
distributed loads but possibly not strong enough for a central point load. It is for the engineer to
decide the appropriate load factors and the appropriate design stresses and the appropriate analyt-
ical model for the circumstances of the design.

For UDLSs, another approach is to treat the floor panel as the base of a swimming pool and to use
the design chart in Fig. 15.9 with a water depth of 400mm. This approach gives a recommended
minimum thickness of annealed glass of 19mm.

Check UDL deflections using simple bending theory for 2-edge support.

A = 5wLY(384EI) where 7 = 10004%/12 mm*
From which
A = 5wL*/(32Eh%) where w is in kPa, E is in kPa and L and h are in mm.

For a live load of 4kPa. with L = 750mm, E = 70 000 000kPa and A = 18mm (19mm nominal
thickness less maximum deviation permitted for glass manufactured to BS EN 572-2 — see
section 2.2.14)

A =5 x4 x750%(32 % 70 000 000 x 18%) = 0.5mm.

0.5mm is significantly less than half the plate thickness, so simple bending theory is appropriate.

Hard body impact test
Calculations of whether a pane of glass (or any brittle material) will break under hard body

impact are extremely difficult. For a discussion of this the reader is referred to Creyke,
Sainsbury and Morrell (1982).
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Worked example

This example considers a glass catenary ceiling above an atrium in an office building, as shown
below. It is a one-way spanning structure, with a span of 10m and a sag, under self-weight, of
Im. A typical spanning unit consists of 10 glass panes, each approximately 1m square, each con-
nected to its neighbours at its corners.

\ / — K
E::::::h / im
%%%ﬁﬂﬂﬁ

|

10m

Its design loads are as follows:

Point load anywhere:  0.9kN on a 150mm X 150mm square

UDL downwards: 0.6kPa
UDL upwards: 0.25kPa (internal wind pressure)
Self-weight: assume 2 X 12mm toughened glass laminated — 0.6kPa

Design load cases

I. Full DL + LL (UDL)

Factored UDL = (1.4 x 0.6) + (1.6 X 0.6) = 1.8kPa

Catenary behaviour

Consider a Im width of catenary

Horizontal component of catenary tension = 1.8 x 10%(8 x 1) = 22.5kN
Support vertical reaction = 1.8 X 5 = 9kN

Maximum catenary tension = v(22.5% + 9%) = 24.2kN

Average applied tensile stress = 24.2 x 10%/(2 x 1000 X 12) = IN/mm? - OK. Note that one sheet
of the laminate can comfortably carry the tension, which provides welcome redundancy.

Local bending behaviour

Consider a mid-span panel of glass.

1.8kPa
011011 010 OO0

%

Midspan bending moment = 1.8 x 1?/8 = 0.23kNm

To be conservative, assume layered, not composite, behaviour of the glass laminate.
Z of two 12mm sheets of glass = 2 x 1000 X 12%/6 = 48 000mm"°.
M/Z = 0.23 x 10°/48 x 10° = 4.8N/mm? - OK.

Note that one sheet of the laminate can comfortably carry the full bending, which provides useful
redundancy.

126 IStructE Structural use of glass in buildings
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1. Bolted connections

At Parc de la Villette, tests reported by Rice and Dutton (1995) gave "“mean capacities’ of 2
tonnes and 4.5 tonnes in 12mm toughened glass for Planar connections and specially-designed
articulated bolts respectively. Each articulated bolt (whose outer aluminium spacer had a diame-
ter of 36mm) carried 6kN under typical loads, rising to 7.4kN under exceptional circumstances.
Tests reported by Dawson (1997), carried out during the design of the Yuraku-cho underground
station canopy, gave breaking loads of 7 tonnes, 10 tonnes and 11 tonnes for 40mm diameter
stainless steel pins in 68mm diameter bezels in 19mm toughened glass.

For this worked example it will be assumed that a bolt can be relied upon to carry a design load
of 6kN with an adequate factor of safety in 12mm toughened glass. In a real design, tests would
normally be required to demonstrate the satisfactory behaviour of any bolted connection.

On the assumption that one sheet of a laminate is broken and the other takes the entire load, two
bolts will be needed to carry the design load of 12kN.

Diagram (a) below indicates one possible way of connecting adjacent panes using bolts.

2. Adhesive connections

Under full factored DL + LL, a catenary tension of 24kN needs to be transmitted between adja-
cent panels. If this is shared between two corner connections, then each must be able to carry at
least 12kN.

[f we assume a connection in which an epoxy adhesive is used in shear, then following the
worked example in Chapter 11 the adhesive might be relied upon for 6.7N/mm?. The area
required to transmit 12kN at this stress is 12,000/6.7 = 1791mm?, say 900mm? on each face of
the glass.

Diagram (b) below shows one possible way of connecting adjacent panes using an epoxy adhe-
sive joint. It is left to the reader to consider the behaviour of the joint if one pane of the laminate
is broken.

Epoxy adhesive
joints

Axle pin Axle pin

Slesved

Folded plates Folded plates

bolts
e ———
—

\ II o | i
| I
1
)

—/ | [

i

e RN
—F
T

O ] )
J / [ L
Axle pin Axle pin
Edge of glass Edge of glass
(a) Example of bolted connection (b) Example of epoxy connection

Adjacent Im wide spanning units will try to deflect differently when they are loaded differently.
The designer has a choice: allow such relative movements and design any seals between panels
to cope with the possible movements; or connect adjacent spanning units so that they deflect
together. This is left as an exercise for assiduous readers.
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Table 15.1 Minimum rebate depths recommended by the UK Ministry of Defence

Glass span Rebate
<0.75m 25mm
0.75m < span< 1.5m 35mm

> 1.5m

Minimum bearing depth = 15mm + span/100
Minimum rebate depth = bearing depth + Smm

T%

{a) In thin plate bending mode

(b} In membrane deflection mode

(1995). The Security Facilities Executive (SAFE) is
a UK Government Agency of the Cabinet Office
that provides security services to public clients.
Within SAFE the Special Services Group (SSG)
has an Explosion Protection Team that focuses on
protective security measures against blast and
weapon effects. Johnson (1998) describes some
aspects of its work.

In the absence of any specific threat information
it is suggested that the designer should incorporate
a 1.52Zmm pvb interlayer in the glass and support
the panes with deep rebates. Advice on rebate
depths is given in Table 15.1. It is also worth recall-
ing that the stiffness and strength of pvb laminates
reduce as temperature increases. Unfortunately its
ductility reduces below 0°C.

It is often necessary to provide or assess the blast
resistance of materials that have been selected for
other security purposes. such as resistance to bullet
or manual attack. See section 15.3 for more details.

15.2.2 Performance in use

Annealed glass breaks into jagged irregular frag-
ments that are extremely dangerous. Toughened
glass is several times stronger than annealed glass
and it breaks into cube-shaped “dice’. Laminated
glass is generally held together after the glass has
broken by the plastic or resin interlayer.

The plastic interlayer normally used for blast
resistance is polyvinylbutyral (pvb) but specialist
applications can use polyurethane. Glass can also
be laminated with layers of polycarbonate using
polyurethane as a bonding layer. Acrylic resin
bonded laminates are also available but have gener-
ally been developed for use when pvb foils cannot
be used, such as with toughened glass.

Pvb is highly ductile except at or below 0°C and
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has significant tensile strength and high recovery
after deformation. It bonds well to glass. Under
blast load, after the glass has broken, the pvb acts as
a ductile membrane in catenary and is capable of
stretching a significant amount. As the threat
increases the material will stretch further until fail-
ure initiates by tearing of the pvb or by pulling out
from the frame rebates.

Under blast, laminated glass behaves in a funda-
mentally different way to plain glass. Blast energy
will cause brittle fracture of annealed glass, con-
verting it into high velocity hazardous shards.
Laminated glass can absorb considerable blast
energy while retaining integrity as a flexible mem-
brane. At the same time it softens the blast shock
impact transmitted to the glass supports. An essen-
tial part of laminated pane design is in the edge
retention detailing and frame strength to support the
glass.

An alternative interlayer material is polyurethane
which is as strong and ductile as pvb and which
retains these properties at sub-zero temperatures. It
also retains its stiffness at high temperatures. Being
more expensive than pvb, it is used for special crit-
ical applications such as aircraft windows.

Polycarbonate can be laminated with glass, com-
bining the toughness of polycarbonate with the
stiffness of glass. Polyurethane is used as the inter-
layer because it can cope with the differential ther-
mal movements of glass and polycarbonate. Glass-
polycarbonate can resist blasts effectively but the
outer glass layers are liable to be thrown off as haz-
ardous fragments even though the inner layers of
polycarbonate remain held in the frame. The high
strength and stiffness of the composite pane can
load its frame severely.

Resin-laminated glass is formed by pouring lig-

Fig. 15.3 Laminated glass (a)
in plate bending and (b) in
membrane deflection (catenary)
(courtesy of N. F. Johnson)

IStructE Structural ase of glass in buildings
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Table 15.2 Typical thicknesses of bullet-resistant glass
Source: Pilkington Glass Consultants’ Guidance Note ‘Glass and Security’

Weapon

Thickness

9mm Parabellum

20-30mm laminated glass

44 Magnum revolver

40-60mm laminated glass

NATO rifle (armour piercing)

50-80mm laminated glass

Shotgun

40-50mm laminated glass

The construction will depend on the degree of spall or splintering that is acceptable

BS 5051 covers bullet-resistant glazing.

Table 15.2 gives a general range of thicknesses
for bullet-resistant glass to resist particular
weapons.

Polycarbonate on its own has good resistance to
impact attack. BS 6262: Part 4: 1994 describes it as
‘very difficult to break’. Polycarbonate laminated
with glass has excellent resistance to bullets and
physical attack. Though it is expensive it can be
used to save weight and thickness or achieve
increased performance over pvb laminated glass (it
is particularly useful in aerospace and rail applica-
tions). These advantages may be combined with use
for blast resistance.

15.4 Hydrostatic pressures

15.4.1 Rules of thumb

Glass has been used for a long time for observation
windows in swimming pools and aquaria and for
the walls of aquaria. The glass is subjected to long-
term high pressures and the consequences of failure
can be disastrous.

Traditionally annealed glass has been used to
resist water pressures for a number of reasons.
When it breaks it cracks but may well stay in place,
limiting the rate of leakage. By contrast, toughened
glass, when broken, offers no resistance at all to the
flow of water. Toughened glass is not as flat as
annealed glass and is therefore harder to laminate,
although cast resin laminating has now overcome
this problem. For equal strength, toughened glass
will be significantly thinner than annealed glass,
which can lead to deflection and hence distortion
problems.

In order to cater for the possibility of accidental
or deliberate damage, it is customary when using
toughened glass to provide redundancy by laminat-
ing two or more panes of equal thickness, each of
which is capable of withstanding the design pres-
sure alone.

Where the design indicates that the thickest
toughened pane (usually 19mm) is insufficiently
strong on its own then the design can of course rely
on multiple layers. However, given the uncertain-
ties about long-term composite action of laminated
panes, the load should be distributed between the
panes assuming no composite action whatsoever. In
any laminate system there should always be at least
one redundant pane, of the same thickness as the
others, and ignored for the purposes of resistance to
walter pressure.

Figs 15.5 and 15.6 assist a designer in establish-
ing the minimum thickness of annealed glass need-
ed to resist hydrostatic pressure on the sides of a

tank. Section 15.6 provides a worked example in
their use. These charts apply to 4 edge supported
glass where the top of the water is not above the top
of the glass. They do not, therefore, apply to obser-
vation panels installed below the surface of the
water. Impact considerations may also need to be
accounted for.

Figs. 15.7 to 15.9 assist a designer in establishing
the minimum thickness of annealed glass to be used
in the base of a tank of water.

Figs. 15.5 to 159 are figures 1 to 5 from
Pilkington’s Aquaria and Underwater Observation
Panels.

15.4.2 Performance in use

Glass up to 10mm thick can have clean cut edges.
If the glass is more than 10mm thick or the edges
are not clean cut then the edges must be ground by
a wet process, working along the edge and not
across it.

The glass is usually glazed into metal frames or
directly into a concrete structure. The concrete
should not be porous and should have a good sur-
face in the rebate, which may need treatment to pre-
vent deterioration of the glazing compound, which
should be impervious to water.

The edge cover should be at least equal to the
thickness of the glass and if possible the glazing
should be installed from the inside so that water
pressure will force the glass towards the back
check.

If laminated glass is used then the exposed edges
of the interlayer must be protected from contact
with the water and any glazing compound used
must be compatible with the interlayer material.

From Fig 15.5 it is clear that a small increase in
water depth or panel width can require a significant
increase in glass thickness. To minimise costs it is
worth considering whether, for example:

«  two small windows could be used instead of
one larger one (a line of portholes, for exam-
ple)

«  could a corner position be used instead of the
middle of a side? (better field of view)

A note of caution during maintenance: several
instances have occurred of thick glass observation
panels in open air swimming pools cracking while
the pool was drained. Direct exposure to sunlight
had warmed the bulk of the panel while the edges
remained in shadow and in contact with the cool
mass of the pool structure. The resulting thermal
stresses cracked the glass. Thermal stress is covered
in more detail in Chapter 6, where it can be seen
that the causes of the problems encountered feature
in the chart of factors contributing to thermal stress.

IStructE Structural use of glass in buildings
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Worked example

What thickness of annealed glass is required for an aquarium panel 2000mm wide by 700mm
high when the water level will not be more than 450mm above the bottom of the glass? All four
edges of the glass are supported and there is no possibility of the water level going any higher.

o TZEG mm

——] | 450mm

|
|

K
Y

2000mm

From Fig. 15.5, for a panel 2000 x 450mm, required thickness = 15mm.
From Fig. 15.6, for water level 450/700 = 0.64, factor = 0.8
Hence required glass thickness = 0.8 X 15 = 12Zmm.

It is up to the designer to decide how many layers are required to provide adequate redundancy
in case of breakage. Section 15.4.2 warns against thermal cracking.
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Testing

Testing procedures

The test rig

The testing authority

Thermal load test

Watertightness tests

Weathering performance test specimens
Wind resistance test

PRODUCTS

General standards of quality
Accuracy and flatness
Aluminium

Annealed glass

Anodising

Carbon steel

Double-glazed units
Fabrication

Gaskets

General

Glass

Heat strengthened glass
Insulation

Laminated glass

Low emissivity coatings
Non-structural sealants
Polyester powder coat finishes
Safety

Screen printing

Setting blocks

Sizes

Stainless steel

Stainless steel finishes
Structural silicone glazing
Thermal stresses
Toughened glass

Vapour control layers
Visual acceptance criteria
Waterproofing membranes

EXECUTION
Accuracy of erection
Accuracy of joints between components
Erection tolerances
Finishes

Fixings

Gaskets

Glazing

Handling and storage
Health and Safety File
Inspection and testing
Installation

Insulation

Protection and cleaning
Setting blocks

Vapour control layers and waterproof membranes

Table 16.1 British and European (CEN) standards

Aluminium extruded section

BS 1161, BS 1474, BS EN 754, BS EN 755

Aluminium plate, sheet & strip

BS EN 485, BS EN 573

Aluminium windows BS 4873
Anti-bandit glazing BS 5544
Barriers in and about buildings BS 6180
Bimetallic corrosion PD 6484

Bullet-resistant glazing

BS 5051: Part 1

Carbon steel angles

BS 4848: Part 4, BS EN 10056-2

Carbon steel beams, joints and channels

BS 4

Carbon steel bolts and nuts

BS EN 24032, BS EN 24034, BS EN 24016, BS EN 24018,
BS EN 24014, BS EN 24017

Carbon steel hollow sections

BS 4848: Part 2

Carbon steel plate, sheet & strip

BS 1449: Part |

Carbon steel washers

BS 4320

Double glazed units

BS 5713, prEN 1279

Durability BS 7543
Gaskets BS 4255

BS EN 572-1, BS EN 572-2, BS EN 572-4, BS 952: Part 1,
Glass BS 952: Part 2, prEN 1863, prEN 12150, prEN 12543 and

prEN 12725

Glazing for buildings

BS 6262: Parts 1 to 7

Impact performance of glass

BS 6206, prEN 12600

Lightning protection

BS 6651
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Table 16.2 (continued)

Standard test method for structural performance of exterior
windows, curtain walls and doors by uniform static air pres-
sure difference. ASTM E330

Standard test method for water penetration of exterior win-
dows, curtain walls and doors by uniform static air pressure
difference. ASTM E331

Standard test method for structural performance of glass in
exterior windows, curtain walls and doors under the influ-
ence of uniform static loads by destructive methods. ASTM
E997

Standard test method for structural performance of glass in
windows. curtain walls and doors under the influence of uni-
form static loads by non-destructive methods.

ASTM E 998.

Standard practice for determining the minimum thickness
and type of glass required to resist a specified load.
ASTM E 1300

Standard test methods for bond integrity of transparent lami-
nates. ASTM F521

Standard guide for selection of test methods for interlayer
materials for aerospace transparent enclosures. ASTM F942

American Welding Society Recommended practices for stud welding

American Architectural Manufacturers” | Field checks of metal curtain walls for water leaking.
Association AAMA 501.2

Glass design for sloped glazing

Structural properties of glass

British Board of Agrément Methods of assessment and testing

Ergonomic requirements for windows and doors.

Building Research Establishment Information Paper 2/82

Structural design of glass for buildings.

Canadian General Standards Board CAN/CGSB-12.20-M89

Centre for Window and Cladding

Techriology Guide to the design of thermally improved glazing frames

Standard and guide to good practice for curtain walling

Manual of good practice in sealant application.

CIRIA Special publication 80

Sealant joints in the external envelope of buildings: a guide
on design, specification and construction.
Funders’ report CP/39

Cook, N The designer’s guide to wind loading of structures

Department of Environment, Transport | The Building Regulations Approved Document N — Glazing
and the Regions — safety in relation to impact, opening and cleaning
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Processing and manufacture

« IS0 9002 accreditation

+  Number of directly employed staff

»  Production facilities (toughening, cutting, pol-
ishing, drilling, heat soaking, (on-line or off-
line), bending, laminating, coating)

+  Extent of subcontracted work

Installation

»  Number of directly employed glaziers
«  CVs of staff and management

«  Extent of subcontracted work

«  Safety policy and performance

17.5 Inspection of the works

Inspection is not the same as supervision, although
the two can overlap. The aim of inspection during
construction is to determine that the installation is
carried out in accordance with the contract. The aim
of inspection during the life of the building is to
determine if cleaning or repair or replacement is
needed ahead of its planned date.

Those carrying out inspections should record
their observations and the results of any tests car-
ried out. Buildings completed since 1994 will have
a Health and Safety File. This is an appropriate
place to keep records of the design and construction
methods used for the glazing systems incorporated
within the building. For those carrying out inspec-
tion. maintenance and repair activities reference
will first be made to the Health and Safety File.
Subsequent observations and test results will then
be included in the building’s Operation and
Maintenance Manuals, which often form part of the
Health and Safety File.

Inspection requires safe access and must therefore
be planned carefully. A glass roof may be relatively
casily accessible from scaffolding during installation
but difficult to access during the life of the building.
Chapter 2 provides some checklists for designers
when considering access, installation, cleaning,
inspection, maintenance, repair and replacement.

17.6 The role of the contractor

The main contractor may have responsibility for
providing information relevant to inspection, espe-
cially where the main contractor has design respon-
sibility. Attention to the quality of the preceding
works is important, to ensure progressive and satis-
factory installation of the glazing. Samples and
mock-ups can demonstrate conformity with the
design intent, can allow resolution of difficult
details and can provide a reference for acceptable
quality on site.

17.7 Health and safety

The health and safety of the construction workforce
and those affected by the construction workforce is
very important. Much glazing involves working at
height and working with large, heavy brittle
objects. Ove Arup & Partners (1997) provides guid-
ance to designers on discharging their responsibili-
ties under the CDM regulations.

17.8 Materials handling and storage

Suppliers and manufacturers should be consulted

142

Fig. 17.1 Mechanical
handling on site of a large
pane of glass (courtesy of M.
Elkan Photo)

7 Fig. 17.2 A suspended

access cradle (courtesy of
John Young)

about storage and handling of glass. It is a material
that is susceptible to damage if not handled proper-
ly. If the designer wants the manufacturer’s or sup-
plier’s instructions to be followed then this should
be stated explicitly.
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Appendix B Regulatory framework

National and European Standards

Many national standards exist for glass products
and the use of glass. European Standards are being
prepared or already exist and are issued in the UK
under the prefix BS EN. Draft European Standards
are prefixed prEN and are issued by CEN, the
European Committee for Standardisation. Table B. 1
Listed below are some of the basic British and
European Standards.

Selected British and European Standards
for glass

BSI:  British  Standard  Specification  for
Hermetically sealed flat double glazing units. BS
5713: 1979.

BSI: Specification for Impact performance require-
ments for flat safety glass and safety plastics for use
in buildings. BS 6206: 1981

BSI: British Standard Code of Practice for Glazing
for Buildings. BS 6262: 1982

BSI: Glass in building — Basic soda lime silicate
glass products

Part 1. Definitions and general physical and
mechanical properties. BS EN 572-1: 1995

Part 2. Float glass. BS EN 572-2: 1995

Part 3. Polished wired glass. BS EN 572-3: 1995
Part 4. Drawn sheet glass. BS EN 572-4 : 1995
Part 5. Patterned glass. BS EN 572-5 : 1995

Part 6. Wired patterned glass. BS EN 572-6 : 1995

Part 7. Wired or unwired channel shaped glass. BS
EN 572-7 : 1995

CEN: Glass in building — Insulating glass units.
prEN 1279

CEN: Glass in building — Heat-strengthened glass.
prEN 1863

CEN: Glass in building — Thermally toughened
safety glass. prEN 12150

CEN: Glass in building — Chemical strengthened
glass. prEN 12337

CEN: Glass in building — Laminated glass and lam-
inated safety glass. prEN 12543 Parts 1, 2 and 3

CEN: Glass in building — Glass block walls -
Dimensions and performances. prEN 12725

CEN: Glass in building — Glazing and airborne
sound insulation Part 1: Definitions and determina-
tion of properties. prEN 12758-1

Products

Arup Research and Development (1993) provides a
succinet summary of the key issues relating to the
EC Construction Products Directive, products that
achieve European Technical Approval and
Agrément Certificates.

The Building Regulations

If it is intended to erect a new building, or to alter
an existing building, or to change the use of a build-
ing in the UK, The Building Regulations will prob-
ably apply. Separate Regulations apply to England
and Wales, to Scotland and to Northern Ireland.
These are listed in Table B.1.

146

Table B.1 The UK Building Regulations

The Building

England and Wales Regulations 1991

The Building
Standards (Scotland)
Regulations 1990

Scotland

The Building
Regulations (Northern
Ireland) 1990

Northern Ireland

Health and Safety

Designers in the UK should be aware of their duties
under the various health and safety regulations.
These include The Management of Health and
Safery ar Work Regulations 1992 and The
Construction  (Design  and  Management)
Regulations 1994, better known as the CDM
Regulations.

Reference

Arup Research and Development: Flar roofing:
design and good practice. CIRIA/BFRC, 1993

I1StructE Structural use of glass in buildings
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Appendix E The effects of atmospheric
pressure and temperature on insulat-

ing units

When sealed insulating units are manufactured, the
panes of glass are generally flat and are separated
by edge spacers. Air or another gas (for example,
Argon) is trapped inside the unit.

A consequence of this is that changes in temper-
ature or pressure will apply inward or outward pres-
sures on the panes. Changes in pressure may arise
from changes in meteorological conditions or
changes in altitude.

Moving the unit from production at low temper-
ature and high pressure (sometimes called the win-
ter condition) to use at high temperature and low

pressure (sometimes called the summer condition)
will cause the panes to bow outwards. The converse
is also true. The pressures caused by these changes
are referred to as isochore pressures in the August
1997 draft European Standard on glass panes
CEN/TCI129/WG8 for 'Design of glass panes Part
2: Design for uniformly distributed load'and the fol-
lowing values are recommended in the absence of
better information.

Chapter 6 provides guidance on calculating the
stresses and deflections caused by these pressure
changes.

Table E.1 Isochore pressures — Climatic action

(Source: Draft European Standard on Glass Panes (August 1997))

[():](zlggi(t)it? Es::[ Parameters for place of use f:;ﬂ?:gem for production (final %}:%%?% ;Cti(m
Temperature m:ﬁiﬁg[og leal Temperature [[:/::;iﬁiglog e

Summer +45°C 100kN/m? +18°C 103kN/m? +12kN/m?

Winter +3°C 104kN/m? +30°C 98kN/m? -15kN/m?

Table E.2 Isochore pressures — Altitude action

(Source: Draft European Standard on Glass Panes (August 1997))

Altitude change

Isochore pressure — Altitude action

Up to 400m

+/-3.6kN/m?

Up to 700m

+/-8.4kN/m?

IStructE Structural use of glass in buildings
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Secondary seal
See dual seal system.

Security
Depending on the context this means either:

* the ability of glass to withstand manual attack
or armed attack, or

«  blast resistance, or

*  electromagnetic shielding, or

*  one way vision.

Security glass
A glass that assists in giving security.

Security glazing
A glazing system including security glass that
assists in giving security.

Setting blocks

Small packers, usually of hardwood, hard rubber or
plastics, placed under the bottom edge of the glass
to support it off the glazing platform and allow
clearance for drainage and ventilation.

Shading coefficients

The total shading coefficient is a measure of the
total amount of heat passing through the glazing
(known as the total solar heat transmittance) com-
pared with that through a single clear glass. Glass
lets heat through in two ways: a proportion of the
short wavelength radiation is transmitted straight
through, while some is absorbed by the glass and
re-radiated as long wavelength radiation. The total
shading coefficient is split into two parts relating to
the proportions of the total solar heat transmittance
which are short wavelength — the short wave shad-
ing coefficient, and long wavelength — the long
wave shading coefficient.

Sheet glass
Flat glass made by continuous drawing.

Short wavelength energy
An alternative term for short wavelength radiation.

Short wavelength radiation

That part of electromagnetic radiation (i.e. from
280nm to 2500nm wavelength), which is radiated
by the sun. The main components of glass are trans-
parent to the majority of this short wave radiation.

Short wave shading coefficient
See shading coefficients.

Silicone sealant

A type of glazing compound made from silicone
material which is gunned into position and cures
into an elastic solid.

Silvering
Depositing silver on glass to form a mirror.

Single glazed
Fitted with only one pane of glass, neither an insu-
lating unit nor a double window.

Sloping glazing
An alternative term for inclined glazing.

Soda lime silicate glass

Ordinary window glass, including float glass, pat-
terned glass and wired glass and any products made
from these.

Solar control
The effectiveness of glass in limiting solar heat

IStructE Structural use of glass in buildings

gain. Solar control can be described in terms of the
total shading coefficient of the glass, as being low
(shading coefficient > 50%). medium (35% < shad-
ing coefficient < 50%). or high (shading coefficient
< 35%).

Solar direct transmittance

The proportion of incident solar radiation that pass-
es straight through the glass, expressed as a frac-
tion. See solar properties.

Solar energy
An alternative term for solar radiation.

Solar gain factors

Numbers related to and derived from shading coef-
ficients. which also describe the ability of the glaz-
ing to reduce solar heat gain.

Solar heat gain
The amount of heat from the sun which passes
through the glass into a building.

Solar properties

Those properties of glass related to solar radiation,
i.e. reflectance, absorptance, solar direct transmit-
tance, total solar heat transmittance, shading coeffi-
cients and solar gain factors. The term is also used
occasionally to include emissivities and optical
properties.

Solar radiant heat properties
See solar properties.

Solar radiation
The heat, light and UV emitted by the sun as
received at the surface of the earth.

Solar spectrum

The electromagnetic radiation emitted by the sun
and its variation with the wavelength of the radia-
tion. The solar spectrum effectively has a range of
wavelengths from 280nm to 2500nm, with the
largest proportion present as visible light.

Sound insulation
See acoustic properties.

Spacer
An alternative term for spacer bar.

Spacer bar

The preformed section, usually aluminium or steel,
which spaces apart the panes of an insulating unit in
order to form the cavity. The spacer bar usually also
acts as a container for the desiccant in the insulat-
ing unit.

Spall

The pieces of glass ejected from one face of a pane
of glass when it is impacted from the opposite face.
This term is commonly used in connection with
bullet resistance, where a requirement for reduced
spall may be part of the classification system.

Spandrel panel

A glass panel, commonly in a curtain wall, which is
made of an enamelled glass or an opacified glass in
order to hide parts of a building structure, such as
the edge of floor slabs.

Spectral distribution
The proportion of different wavelengths of a spec-
trum.

Spectrum
The wavelengths contained within a particular type

165



sfurpying U1 sSB[F JO 25N [RANIONNG FIONNS] et

1HBIHAJOD

‘su1y sse[d 10j O €'87 Se uaye) aq Aew (H) SN[NPOW DIISB[2 [BUOISIO} JO IN[BA Y]
-K1oanoadsal ury ayy jo yipeaiq pue yidap 9yl a1e g pue p

a19yMm

(EESTO = I] £ y
q car

:se uaye) 9q Aew () B1IAUI JO JUIWOW [BUOISIO) AY) JO IN[BA Y}
‘u011095-55010 1B[NSULIOAI PI[OS JO sweaq Jo A)pISL [eUOISIO} 94129330 oY) Sunndwod uf ‘g LON

Ap18u [euoisio) 2a109330 = ([0)
SIXe Iouiw 3y} Jnoqe Juipuaq 10j ANpISuU A0 = "(13)
sjurensal uiponq prdu A[9A1109JJ9 U2IMIAQ OURISIP = ‘(37
IH 9[qe] WOl paulejqo JuBjsuod = g
yuowow Jurpyonq onse[d [BoNd = Wpy
a1yM
()zH " " o) fum (P18 = Wy

:Se uaye) 9q Aew sjurensar SuUIPONG OM] U29M]2Q JUIWOW WNWIXEW Y} JO IN[BA DNISE[D
[eonud Yl SINIVILSIY ONI'TIONG HLVIAHWIAINI HLIM SIWVAL TH

(‘6-8¢1 "dd “€L61 11dV ‘p "ON ‘IS "[OA 99§ ‘WNJBLID 10])

‘0e-12€ "dd ‘16T LInf °L "ON ‘6 "IOA “422urduz jpanionag Y[ ‘swedg jo Jurpjong

[e1o1e] onse(d 2yl o3 yoeorddy pagrun DN ‘AANJNO0YU ANV 'V'A ‘LOOYTHLIN
:3UIMO[[0] 9Y) ST 90UAIJAI [NJasn
e ‘ssoujjns Surdiem Jo s3109339 oY) Surpnpoul ‘suorods [BI9UIS IOW UO UONBUWLIOUT 10
Q18U syt s1 77 pue weaq Y3 Jo AIpI3LI [BUOISIO) Y} SI [0 2IAYMm

“T/FD0T JO SS0X2 Ul SSAUFJIIS [BUOISIO) B ssassod syroddns oy j1 parysnes aq [[Im UONIPUOD
sty ‘Sunsim) jsureSe paurensar K[2An09Jj9 9q 01 pawnsse d1e spoddns je spus ayj

‘pa109[dau 2q
Lew y18uans Surponq 2y 01 ssaujjus Suidiem Jo UONNQLIIUOD Y} YIIYm I0J UOI}IIS-SSOID
[pomawwAsiq jo sweaq payroddns-pus 03 2[qesrjdde a1e SUONEPUIWWOI3I FUIMO[[0] YL

‘L1 Jo K19Jes Jo 10108} B £q papiaip (32py) juswow Suipyong duse[d [BONLD
oY) UeY) SI0W PIIOXI 10U [[BYS UOHEMIIS [eINONAS Ienoned e 10j juswow uFIsap YL

‘xipuaddy sy}
ur pajuasald are juowOW OJIISB[A [EONID 2Y) JO SIN[BA JWOS ‘UTISIP O} PIR UR SB ‘TOAIMOH
‘SISA[eUR [BINJONIIS UO SIX9} PIBPURIS WIOI] Paulelqo aq ued suoljenyis Ie[nonied 10§ sanea
pue ‘(¥9py) juswow Surpyong OnSE[d [BINLO Yl Jo AFpajmouy e sainbar sisheue dyJ,

‘sa[diounid Surrosui3ua pajdadoe yiim 2ouepIodOR
ur paskeue aq 1snw uSisap yoea ‘Apuanbasuo) -yoeoidde uFisop payrdwis e apraoid o)
a1qeonoead jou st 11 ‘sury Suruagyns sse[d 10) suoneinryuod s[qrssod Auew d1e 19y} UIG

‘speo| ugisop a9y} 01 p2102lqns SI I1 UAYM INOD0 JOU [[IM Uiy Yl Jo Fulpong
Jey) 2Insua 0) A1essadau st 31 ‘sjoued apeoey oy 10y 1oddns A1essaoau ayy apraoid 03 apisul
2y) uo pajedo] suiy Juruagyns ssed osn yorym sopeoey ssejs u] NOLLONAOWINI TH
(eanewIojuy)
ONITIONE LNFATYd OL NOISHA NI 40 NOLLVNIWYALId Y04 SISVH
H XIAN3ddV

86 P661—88CTI1 SV



99 AS 1288—1994

The value of the linear elastic modulus (£) may be taken as 69.0 GPa for glass fins.

TABLE H1

COEFFICIENTS FOR SLENDERNESS FACTOR
OF BISYMMETRICAL BEAMS WITH
INTERMEDIATE BUCKLING RESTRAINTS

Slenderness factor (g,)
Moment parameter (f3)
(see Figure H1(c)) Free restraint Fixed restraint
condition* condition*

1.0 3.1 6.3

0.5 4.1 8.2

0.0 5.5 11.1

-0.5 7.3 14.0

-1.0 8.0 14.0

* The buckling restraints must prevent rotation of the beam about
the z-axis. The terms ‘free’ and ‘fixed’ restraint condition refer to
the possibility for rotation of the beam about y-y axis at the
restraint locations, as shown in Figure HI.

H3 BEAMS WITH NO INTERMEDIATE BUCKLING RESTRAINTS The critical
elastic value of maximum moment of beams with no intermediate buckling restraints may

be taken as—

Mcg = (82/Lyy) [EDy (GN]* [1 - g5 Oy/Lyy) [ED/(GH]*] ... H3(D)
where

Mcg = critical elastic buckling moment

g5, 83 = constants obtained from Table H2

Lay = distance between effectively rigid buckling restraints (span of beam)
(Ely) = effective rigidity for bending about the minor axis

(GJ) = effective torsional rigidity

Yh = height above centroid of the point of load application

NOTE: In Table H2, the values of the coefficients g, and g, apply to beams with lateral
restraints only at their end points. However, these coefficients may be used for any other beam
load system that has a similar shape of bending moment diagram between points of lateral
restraint.

H4 CONTINUOUSLY RESTRAINED BEAMS For beams of bisymmetrical cross-
section continuously restrained against lateral displacement at a distance y, below the
neutral axis, the critical elastic moment M~ may be taken as—

2
2 d* 2
(Lo )? (ED)y | S0+ yg [+ (GT)
Mg = ... H4(1)
(2)’0 + yp)
where
Mcg = critical elastic buckling moment
COPYRIGHT
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101 AS 1288 —1994

H5 BUCKLING RESTRAINTS For most design situations, no check need be made
on the effectiveness of buckling restraints. However, for an unusually light restraint
system being used for a critical (i.e. non-load-sharing) engineered structure, it may be
advisable to assess the effect and the capacity of the restraints.

For a design of slender beams having equally spaced buckling restraints, the restraint
system is considered a lateral one as shown in Figure H2 where the restraint stiffness (K,)
is defined as follows:

Pp = K, Ay ... H5(1)

restraint force

)
=
1l

restraint stiffness

>>=:
[

A, = beam displacement

The restraint force (Pg) occurs when the point of attachment of the restraint to the beam
undergoes a displacement (A,). It is assumed that the ends of beams are effectively
restrained against torsional rotation.

The design force (Pg) on the lateral restraints is given by the following equation:
0.1M,
R=mg4 . « H5(2)
where
M, = the applied bending moment on the beam

g4 = constant
= lesser of (m + 1)/2 and 5

d = depth of beam
n = number of equally spaced intermediate restraints
m = number of members supported by each restraint system

NOTE: Equation H5(2) is for members of rectangular section and for box beams.

COPYRIGHT
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Appendix E The effects of atmospheric
pressure and temperature on insulat-

ing units

When sealed insulating units are manufactured, the
panes of glass are generally flat and are separated
by edge spacers. Air or another gas (for example,
Argon) is trapped inside the unit.

A consequence of this is that changes in temper-
ature or pressure will apply inward or outward pres-
sures on the panes. Changes in pressure may arise
from changes in meteorological conditions or
changes in altitude.

Moving the unit from production at low temper-
ature and high pressure (sometimes called the win-
ter condition) to use at high temperature and low

pressure (sometimes called the summer condition)
will cause the panes to bow outwards. The converse
is also true. The pressures caused by these changes
are referred to as isochore pressures in the August
1997 draft European Standard on glass panes
CEN/TCI129/WG8 for 'Design of glass panes Part
2: Design for uniformly distributed load'and the fol-
lowing values are recommended in the absence of
better information.

Chapter 6 provides guidance on calculating the
stresses and deflections caused by these pressure
changes.

Table E.1 Isochore pressures — Climatic action

(Source: Draft European Standard on Glass Panes (August 1997))

[():](zlggi(t)it? Es::[ Parameters for place of use f:;ﬂ?:gem for production (final %}:%%?% ;Cti(m
Temperature m:ﬁiﬁg[og leal Temperature [[:/::;iﬁiglog e

Summer +45°C 100kN/m? +18°C 103kN/m? +12kN/m?

Winter +3°C 104kN/m? +30°C 98kN/m? -15kN/m?

Table E.2 Isochore pressures — Altitude action

(Source: Draft European Standard on Glass Panes (August 1997))

Altitude change

Isochore pressure — Altitude action

Up to 400m

+/-3.6kN/m?

Up to 700m

+/-8.4kN/m?
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Brilliant cutting
The manufacture of a decorative polished V-shaped
notch in the surface of the glass. The notch may be
straight or curved.

Brise soleil
A partial shading device, usually above a window
on the exterior of a building.

Bullet resistance

The ability of a particular type of glass to withstand
armed attack using a particular type of weapon, not
just by stopping the bullets, but also in terms of the
spall ejected from the opposite face by the impact.
BS 5051 grades bullet resistance with reduced spall
(RS) from GO through G1 and G2, for hand guns, to
R1 and R2 for rifles in order of stopping power,
with a separate grade S86 for shotguns.

Bushes

Nylon or hard fibre ferrules used round the shanks
of bolts in bolted connections, to prevent direct
contact between the bolt and the glass.

Butt joint

A joint between the edges of adjacent panes, which
has no frame, but is filled with adhesive sealant,
commonly silicone sealant.

Cast-in-place (CIP)
A type of interlayer used in the manufacture of lam-
inated glass, by pouring a liquid resin between two
panes of glass and curing it either chemically or by
exposure to UV light.

Cavity
The gap between the panes of an insulating unit
also known as the airspace.

Ceramic coating
The enamel finish applied to toughened glass.

Class 0

See reaction to fire.

Classes A, Ao, B, Bo, C, Co

See safety glass.

Clear float

Untinted float glass (but which may have a slight
green tinge to it, usually noticeable only when look-
ing at the edge of the glass).

Coated glass

A base glass to which an inorganic coating has been
applied, either a pyrolytic coating, usually applied
on-line (i.e. during the manufacture of the float
glass) or a sputtered coating applied off-line to
stock sizes or cut sizes,

Cold radiation

A description of the apparent effect felt when sitting
near to a cold window surface, e.g. single glazing in
cold weather.

Coloured film

Decorative applied film stuck on to the glass, usu-
ally in conjunction with applied leading to give the
appearance of a leaded light.

Comfort
See thermal comfort.

Condensation

The formation of water droplets on cold surfaces.
Condensation is regularly seen on the room sur-
faces of single glazing, but its incidence is reduced

IStructE Structural use of glass in buildings

by the use of insulating units and particularly those
that contain low E glass. See also external conden-
sation.

Conduction
One of the methods of heat transfer through glass or
through the gas in the cavity of insulating units.

Conduction heat gain

The transfer of heat from outside the building to the
inside when the external air temperature is hotter
than the internal air temperature.

Containment

The ability of a glass or glazing product to prevent
persons who accidentally fall against it from falling
through. See also guarding and barriers.

Convection
One of the methods of heat transfer by the gas in the
cavity of an insulating unit.

Copper light

An old type of glazing using relatively small panes
of glass fixed together with small copper bars,
called cames, similar in appearance to a leaded light
but having a limited fire resistance.

Critical locations

Those areas of a building, e.g. doors, adjacent to
doors, or low-level glazing. where glazing is most
vulnerable to accidental human impact and which
may require the use of safety glass.

Cross bar
A support for the lead cames in large traditional
leaded lights.

Cullet
Broken glass recycled for use in the glass-making
process

Curtain walling

A glazing system in which the complete facade is
glazed into frames attached to the building struc-
ture. The glazing may include both vision areas and
spandrel panels.

Curved glass

Glass which has been heated past its softening point
and formed into a curved shape, usually by draping
the softened glass over or into a mould. The shaped
glass is subsequently cooled slowly to form
annealed glass or it may be rapidly chilled to form
toughened glass.

Cut sizes
Panes of glass cut to the final size for glazing.

CVMA
Corpus Vitrearum Medii Aevi.

Cylinder glass

Glass produced by blowing a balloon of molten
glass, then spinning it to elongate it into a cylindri-
cal shape and cutting off the ends of the cylinder:
then cutting along its length and unfolding into a
rectangular sheet. Also known as muff glass.

Dalles de verre
Thick slabs of glass produced by casting in moulds.

Decibel (dB)
The scale used to measure or describe:

e Joudness of sound. or
e sound insulation and sound reduction indexes
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External applications
Applications where glass or glazing products are
used in positions exposed to natural weather.

External condensation

Condensation forming on the external face (surface
I) of glazing with very low U-values. The effect
requires particular combinations of high external
humidity, average temperatures and exposure of the
glass to clear night sky.

Facade
The face of a building, or the cladding covering it.

Facade element
A part of the facade, such as a window or spandrel
panel.

Face clearance

The distance between the glass and the rebate
upstand. This is usually filled with a gasket or
sealant.

Fanlight
The glazing immediately above a door.

Film
See applied film.

Fin box
The glazing system used at the ends of glass mul-
lions to retain them.

Fire barrier

An element of construction, such as a wall, partition
or glazed screen, which gives an appropriate level
of fire resistance.

Fire performance

The length of time an element of construction, such
as a wall, partition or glazed screen, continues to
give fire resistance when tested under simulated fire
conditions according to BS 476: Part 20.

Fire propagation
See reaction to fire.

Fire protection
The action of a fire barrier in containing a fire.

Fire resistance

The ability of an element of construction, such as a
wall, partition or glazed screen, to maintain integri-
ty and/or insulation when tested under simulated
fire conditions according to BS 476: Part 20.

Fire-resistant glass

A glass which, in an appropriate glazing system,
allows the glazed screen or door to achieve fire-
resistance for more than 30 minutes. The fire resist-
ant glass may be a non-insulating glass, i.e. it satis-
fies only the integrity requirements of BS 476 for
the time recorded during the test, or it may be a
fully insulating glass, i.e. it satisfies both the
integrity and insulation requirements of BS 476 for
the time recorded during the test.

Fire safety
See fire protection.

Fired-on transfer

An applied transfer containing ceramic material or
enamel that is melted into the glass surface at high
temperature.

Fixing
Depending on the context this may mean either:

IStructE Structural use of glass in buildings
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* the method of retaining the glass in position
on the building, or
* the action of installing the glass (glazing it).

Flat ground edge

A glass edge that has been completely flattened by
a grinding machine, after which the sharp corners
are arrissed. The surface appearance is similar to
sand blasting.

Flexible compound

A type of glazing material or sealant that remains
permanently elastic, such as polysulphide or sili-
cone sealant.

Float glass

Glass which has been manufactured by floating the
molten glass on a bed of molten tin until it sets, pro-
ducing a product with surfaces which are flat and
parallel.

Flush glazing

Glazing which has no fixings or parts of the glazing
system protruding beyond the outer surface (sur-
face 1) of the glass.

Fragments
Pieces of broken glass.

Framed

Supported by a frame along the full length of an
edge. Typical descriptions of glazing systems
would be 4-edge framed or 2-edge framed.

Frameless

Not supported by a frame on any of the edges. The
alternative to framing is by using bolted connec-
tions which could be described as structural glass.

Framing system
The type of material and the design of the frame
supporting the glass. See also glazing system.

Free path

The distance that a person can move directly
towards a barrier. This is used as a measure of how
much energy can be developed by accidental
impact in order to determine the appropriate con-
tainment level for glass in the barrier.

Freestanding glass protective barrier

A balustrade in which the glass performs all the
mechanical functions. There are no posts or balus-
ters; the glass is cantilevered from the floor and has
a continuous handrail mounted on the top edge.

Frequency

The rate of vibration of a sound wave in Hz, also
known as the pitch, or the rate of vibration of elec-
tromagnetic radiation, particular radio waves, usu-
ally in MHz.

Frit
An alternative name for enamel.

GO
See bullet resistance.

Gl

See bullet resistance.

G2

See bullet resistance.

Gaskets
Solid. preformed glazing materials used to separate
glass from other parts of the fixing or frame.



sFuIp[ing ul sse[F Jo asn [RINONNS FIonNS]

*20up)sisal 1oedl 0) ULIA) AN Uy
&12fvs 1ovdug

‘sse[d L19jes v Sulaq 10 wsnuaydna v
Junjsisat 1ovduty

‘9079 S 01 SUIPIOIIL UOTIBILJISSR]D AL,
20upisisa. 1ovdui]

‘9079 SE 01 Fulpioddw
pa1sal uaym sse[3 L1ojes v Jo oourysisal oeduin ay |

2ouputiofiad 1ovduy

*20BINS
SSE[ U] Ul paldd[jal SAFeWI JO UONIOISIP IB[nTal
© SE J[2S11 1SJIUBLL ARWL UIIYMm ‘dABM IJ[[OI PI[[BD
uouawouayd v se Fuiddes SIyl JO SAIRI SMOYS
1onpoxd [euly 2y [ “SI9[[OI AY) ULIMIQ FeSs 0] SPUI)
1 1Jos st uaym ‘ssaoold oy Suunp Futaow jday
S1 sse[3 a1 y3noyi|y ‘s1ofjor uo pawoddns ‘uonisod
[BIUOZLIOY 3} Ul Pauaysinol uaaq Sey jeyl ssein

SSPIS pauaysnoj KJpILoz1IOE

“dwiely ay) Suipnpoul

‘SMOpUIM JO aN[RA-[] [[RIDAO AL 1O SJIUN Junensul
JO an[eA-(] Y1 2INSLAL 0] PIsN SI YIIYm J1AP Y
xoq 104

‘A11Aed 2y ojur denauad ued

modea 101em YoIym 1B 18I AL] ISTWIUIW O] [2as O1
-JoULIaY B $I1Iun Sunensur ue Jo [vas agpa ay . “sul
-ssed sed juaaaxd 01 pauTisap s1 Jeyl [BIS 25Pa Uy
JPas D1 L]

‘Jun unepnsul ay)

JO an[ea-n 2yl ArMo[Ed 01 paiinbar ae KArd
SSOIOE JUIIDIFJA0D IQJSURI) 1BAY Y SB [[9m SB “JIun
Junensul ue JO 4 A0BJINS pUBR | JIBLINS IV SIUAD
-1JJ202 12jsue) Jeay Y[, ‘(UOHRIPEI IO UONIIAUOD
‘uonanpuod Aq st 11 12YIaym) 298NS 10 Alepunoq
B SSOID UBD JBIY UDIym 1B eI ) JO 2INsedW Y
2101ff200 4afSupay iwagy

*SSRIS pajrauur ayI| sYrAIq YoIgm
nq ‘pSuans su oseandur oy Apider paqyo pue
jutod Suruayjos st 1sed pajeay usaq sey ydIym SSe[n

§SDIS pauay1duas-1afy

"90IAIRS Ul saInoel) snoauejuods jo Aijiqissod ay)
aonpar 01 saxmeradwal Y3y A[@1eropow e awi Jo
pouad v 10} pajeay uaaq sey jey) SSe[s pauaysnoy,

SSDJE pauaysnor paynos 1w

‘ured 1eay 1ejos 299
uIs Ivag

*SUOTED0] [BONLID 10] WLIA) JANBIIA[E UBy
SDAUD SNOPADZDY

s3uneoo onkjoikd

o) pardde Afensn wwa) ® s1 )| cuoiseiqe 0) jue
-1S1S21 "1 *a[qeanp AI1dA ST eyl Suneod e 10§ uLd) y
Supod pany

‘Suize|s 10j Apear Suipjing
ay1 ur uonisod ojur pue 211s AP 01 1010w} WOLY
SSe[S oY) SULLIQJSURI) UI PIA[OAUL SDNALDE Y] [V

sunpuvpy

“JUAWUIEZIUOD DAIT

01 pannbal s1 apensnieq 10 JALLERq B 4ons FuILio]
10 ol paze|d sse|f Auy ‘sopensnjeq pue sIal
-1eq Jo sueaw Aq ‘Sui|e} suosiad jo uonuoaaaxd oy
Suipanneoy

"AaN|RA-[] QATIIAYJD
0S[e 22§ "apIsul WM Fujas asnoyuaals ayl ui sul

091

-1[NSal *ISNOYUIAIT Y] 121U 0] saop 11 ueyl adeosa
0] 193U0[ 10] ® SaNB) 1BAY Ul 0§ ‘dsnoyuaals ayl
APISUL SW)I PAULIEM AU} AQ PANILLD UONRIPEI 1TU]
-2ABM SUu0[ 23 01 anbedo s1)nq ‘uns ay) wouj a1p
uoneIpel YISU[AABM HOYS Y] Y3noay) s19] sse|d
Y ‘A[puodag “Afprder jeay o) SUIAOWAL WO} puim
ay syuaaaxd sse[3 ayy Jo souasaid ayy ‘Apsatg ‘suos
-Bal OMm] 10} ‘SSe[S Aq 1®ay Ivjos Jo Juruielar ayp,

122[f2 asnoyuaain

"awey Ayl ojul sse(s
Ayl JuIxiy Jo poypaul 1o uSIsap A} pue ey [
wajsks Surzvjn

urfeas 10 punodwos Furze|d 10) WL] DYIOUY
|pas Suizp|n

‘paze[d

ST J1 uaym (SYD0[q Sunjas uo) Sus SSe[3 ayl yorym
uodn ‘owely v ur 9Jeqalr Ayl Jo I [BIUOZLIOY AU,
wtofinyd Suizppn

1onpoad sse[s e Surze[s jo asodand

Ayl loj pannbar swa A0 pue SjuB[EIs ‘saysng
‘spunodwos Suize|d ‘sadey Swize|d ‘siaysed oy
S|pL2IDU SUIZDID)

‘santadoud [pondo pue sanadoad
aejos 211 ‘sansadoxd swaworper 10§ wid) 1aylouy
S401onf SUIZnIn

9L

ded e se pasn oq ued pue Jueeas uodI[Is 10 Aund
se yons ‘a[qeid pue 1jos st yorym [euarew uize|s y
punoduwios Suizn)n

"ALLed
B Ul SSB[S UIR)AI O] Pasn WSIURYDAW UOWLWOD Y],
ppraq suiznjo

‘uonenuANe 0§
uouPNUINY SUIZD]N)

anpoud sse[s 1o sse[F oy Jureisul Jo 108 Y1 .
10 *jasu 1onpoad sse(s do sse[3 oyl .

10 ‘awrdy 10 Juixiy

Jy] pue S[eLIdRW FuIze[3 Yy ‘sse|3 oY) Sul
-sudwod uononNSuod Jo Juawafd 9[dwod ayl .

JIDUIID S111X2U0D Yyl uo 3uipuada(]
surzojn

‘Knatsuedxa

[puLayy ur a3ueyd pider e Jo 19s5u0 ay) Aq pasta)
-ORIBLD ‘[BLI2IRW DIISLI[R0ISIA B 0] DNISB[2 UR WOI]
SULIOJSued SSe[3 B yoiym ju anjeradwa) ‘Suneay uQ)
2nn2duwial HONISUDL) SSD)0)

UL B SE UMOUY OS] "$10102UU0D (19410 10) [e1aul
yum pajutol 201|ds swieaq $SB[S Woly 10 SSe[3 wolj
Aromua apew saued sse(s oy poddns vornu vy

uo N SSNI0)

"J10q JO UONBUIqIOD ¥ 10 1YSI] 19211p

Fuisnyp AQq 10 uoneUIWN[|l [[BI9A0 Ayl Suronpal
Aq soyno ‘swopqord a1e[3 2onpar 01 Anfiqe ayj
UONINPIL 2AD]D)

"UOISIA 1M
ANDLIJIP SASNED YIIya SBAIR JI[UN pUR 11[ U23m1dq
JSEIIUOD  DAISSAOXD IO UONBUILUN[[T DAISSIINT]

2410

"(1sp ueyp) 2510

-a1d 210w) SSBIF Ul SSANS TULINSLAL 10J Pasn juall
-nnsut [eondo :djowneiod dovpms afSue Suizein
dspn)



Inclined glazing

Glazing which is either horizontal or sloping up to
75° from the horizontal. Glazing within 15° of ver-
tical is defined as vertical glazing.

Incombustible
An alternative word for non-combustible.

Infill panel

Depending on the context, this could mean:

»- an alternative term for spandrel panel, or
»  a panel underneath the handrail in a barrier.

Inner glass
See inner pane.

Inner leaf
See inner pane.

Inner pane
The pane on the room side of an insulating unit or
double window.

Installation
Depending on the context this is either:

* the act of glazing, or
« the finished glazing.

Insulated panel

A spandrel panel with insulation in the form of
organic foam or mineral wool attached to the rear
face.

Insulating glass

A fire-resistant glass that gives both integrity and
insulation for a specific period of time greater than
30 minutes. Do not confuse insulating glass with
insulating units.

Insulating unit

A construction consisting of two or more panes of
glass spaced apart with spacer bars to form a cavity
between the panes. An edge seal is applied around
each cavity to form a hermetic seal, minimising the
ingress of the moisture into the cavity. A desiccant
is incorporated in the spacer bar to dry up any resid-
ual moisture. Insulating units are assessed in their
effectiveness at resisting moisture penetration by
BS 5713. The air in the cavity can be replaced by
another gas to give the unit specific thermal insula-
tion or sound insulation properties. An insulating
unit does NOT normally have any fire resistance
properties unless it incorporates at least one pane of
fire-resistant glass.

Insulation
Depending on the context, this may mean either:

+  the material applied to the back of spandrel
panels to increase the thermal insulation of
the panels, or

¢ an alternative word for thermal insulation, or

= the length of time that a construction can give
fire resistance in relation to the passage of
heat, as defined in BS 476: Part 20.

Integrity
Depending on the context, this may mean:

» the ability of the glass to hold together after
fracture, or

» the length of time that a construction can give
fire resistance in relation to the passage of
flames and smoke, as defined in BS 476: Part 20

[StructE Structural use of glass in buildings

Integrity-only glass
Another term for non-insulating glass.

Interlayer

The material used to separate and bond the plies of
glass in laminated glass. The interlayer can be pvb,
cast-in-place, or intumescent.

Internal applications
Applications where glass or glazing products are
not exposed to natural weather.

Intumescent

Capable of expanding. In terms of glass and glaz-
ing, intumescent means specifically that the materi-
al expands with heat. The term is applied to glazing
materials as well as interlayers.

Intumescent interlayer

An interlayer which intumesces in fire conditions,
not only holding the laminated glass together, but
also creating an effective barrier to smoke, flames
and heat.

ISO range

The part of electromagnetic radiation which is UV
light according to the ISO definition (between
280nm and 380nm).

Laminate
Another (non-preferred) term for laminated glass.

Laminated glass

Two or more panes of glass separated and bonded
by interlayers. The panes can be any type of glass,
but the commonest is float glass. The laminated
glass may be described by the number of plies, e.g.
3 ply (2 panes + | interlayer) and 5 ply (3 panes +
2 interlayers).

Laminated toughened glass
Laminated glass made with all the panes toughened
glass.

Lead cames

The lead used in traditional leaded lights to hold the
individual small panes of glass in position. The lead
cames are relatively flexible, so large leaded lights
may need additional support from cross bars
attached at intervals to the lead cames.

Leaded glass
An alternative name for leaded lights.

Leaded light
Glazing which is formed either:

* in the traditional manner by using lead cames
to fix small panes of glass. or

* by sticking applied leading on to the surface
of a single pane.

Lehr
A long, tunnel-shaped oven for heat treating glass
by continuous passage

Light diffusion
see diffusing.

Light reflectance

The proportion of the visible spectrum which is
reflected by the glass, expressed as a fraction. See
optical properties.

Light reflection

An alternative term for light reflectance, expressed

as a percentage. Light reflection can be described as
low (= 15%) or high (> 15%)
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Non-combustible
See reaction to fire.

Non-insulating glass

A fire resistant glass which gives integrity for at
least 30 minutes, but which does not give insulation
for 30 minutes.

Non-loadbearing element

An element of construction that plays no part in
supporting the building structure or part of the
structure.

Observed side
See public side.

Observing side
See private side.

Octave band
The range of sound frequencies over which the fre-
quency is doubled. e.g. 200Hz to 400Hz.

Off-line

See coated glass.

On-line
See coated glass.

One way vision

An optical effect resulting from the relative lumi-
nance of transmitted and reflected light, which
allows vision through a window from only one side.

Opacified

Made opaque by the application of a backing paint
or other backing material, a term related closely to
spandrel panels.

Optical properties
The light transmittance and light reflectance of
glass products.

Optical quality
The presence or absence of visual distortion or
small blemishes in the glass.

Outer glass
See outer pane.

Outer leaf
See outer pane.

Outer pane
The pane on the external side of an insulating unit
or double window.

Overall U-value
The U-value of a window, i.e. the combination of
glass and frame.

Overhead glazing
Sloping glazing or horizontal glazing, usually in
roofs.

Pallet
A packaging method for transporting and storing
glass. See also rack and stillage.

Pane
A piece of glass.

Parry Moon range

The part of electromagnetic radiation which is UV
light according to the Parry Moon definition
(between 300nm and 400nm)

Patent glazing
A system of drained glazing which is formed from

IStructE Structural use of glass in buildings

lightweight framing sections incorporating a built-
in gutter in the rebate, commonly used for roof
glazing.

Patterned glass

Glass manufactured by passing between two rollers
(hence it used to be called rolled glass), one of
which forms an impression or pattern into the glass.

Pinhole
A small defect where a coating, enamel or backing
paint is missing.

Pitch
The frequency of a sound.

Plate glass

Flat glass formed by a rolling or casting process.
ground and polished on both sides, with surfaces
essentially plane and parallel

Polarised light

Light waves which are vibrating in a specific orien-
tation, either after passing through a polarising fil-
ter, or after being reflected from a surface or from
the sky.

Polished wired glass

Wired patterned glass that has subsequently been
ground and polished on both surfaces to make it
transparent.

Polyvinyl butyral (pvb)

A type of interlayer used in the manufacture of lam-
inated glass, by placing a sheet of the material
between two panes of glass and curing under heat
and pressure.

Primary seal
See dual seal system.

Private side
The side of a one way vision glass from which the
other. public side is clearly visible.

Public side
The side of a one way vision glass from which the
other, private side is not visible.

pvb
See polyvinyl butyral.

Pyrolitic
Applied at high temperature. In relation to glass,
this term is usually applied to coatings applied on-
line when the ribbon of float glass is around 500°C
to 600°C.

Radiation
Depending on the context it could mean:

« one of the methods of heat transfer across the
cavity of an insulating unit, or

« electromagnetic radiation.

«  one of the forms in which heat from a fire
gets through non-insulating glass.

Radiative combustion
See reaction to fire.

Radiometric properties
The combined sets of optical properties and solar
properties of a glass product.

R1
See bullet resistance.

R2

See bullet resistance.
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Third octave band

A range of sound frequencies which is 1/3 of an
octave band. Note that this is not a numerical 1/3.
For example, the octave band from 200Hz to 400Hz
is split at 250Hz and 320Hz.

Third octave band centre frequency

The frequency commonly used by sound engineers
to ascribe the average loudness or sound insulation
over that third octave band.

Tight size

The size of the opening in a frame into which glass
is to be glazed. The glass should be smaller than the
tight size, to allow a suitable edge clearance.

Timeltemperature curve
The prescribed temperature rise in a fire test fur-
nace as a function of the duration of the BS 476 test.

Tinted float

Float glass that has small amounts of colorants
added to the glass to give it solar control properties.
Also called body-tinted float.

Tinted interlayer
An interlayer in laminated glass that is tinted to
give the glass solar control properties.

Total shading coefficient
See shading coefficients.

Total solar energy transmittance
An alternative term for total solar heat transmit-
tance.

Total solar heat transmittance

The proportion of incident solar radiation transmit-
ted by the glass. including both the solar direct
transmittance and a portion of the absorbed radia-
tion which is re-radiated, expressed as a fraction.
See solar properties.

Total transmittance
An alternative term for total solar heat transmit-
tance.

Toughened glass

Glass which has been heated past its softening point
and chilled rapidly to build in a surface compres-
sive stress which gives it greatly increased strength
and makes it break into small fragments if broken.

Traffic noise reduction index (R ;)
This derived by taking into account a typical spec-
trum of road traffic noise (see acoustic properties).

Translucent
Letting light through, but obscuring clear vision.

Transmission
An alternative word for transmittance, expressed as
a percentage.

Transmittance

The proportion of incident light or solar radiation
transmitted by the glass, expressed as a fraction.
See optical properties and solar properties.

Transparent
Allowing through vision.

Triple glazing
An old name for insulating units comprising three
panes of glass.

U-value

A measure of the rate of heat loss through the wall

IStructE Structural use of glass in buildings

or a component in a wall of a building, also
described as thermal transmittance. U-values
depend on several different variable factors, such as
wind speed and temperature, so they are usually
quoted in relation to a specific set of steady state
environmental conditions

Ultraviolet transmittance
The proportion of incident UV radiation transmitted
by the glass. expressed as a fraction.

UV filter interlayer
An interlayer in a laminated glass that blocks the
majority of the UV radiation.

UV filter layer
An alternative term for UV filter interlayer.

UV light
An alternative term for UV radiation.

UV protection
An alternative term for UV reduction.

UV radiation

The part of the electromagnetic spectrum with a
slightly shorter wavelength than visible light, within
the UV range, known as ultraviolet light or UV light.

UV range

The wavelengths of the electromagnetic spectrum
usually described as being UV radiation. There are
two common descriptions, the ISO range and the
Parry Moon range.

UV reduction
The proportion of UV radiation that is blocked by
the glass.

UV transmission
An alternative expression for UV transmittance,
expressed as a percentage.

UV transmittance
The proportion of incident UV radiation transmitted
by the glass, expressed as a fraction.

Vandal resistance

The ability to resist damage, as opposed to the abil-
ity to resist penetration. Glass commonly does not
have high vandal resistance.

Vertical glazing
Glazing which is either true vertical or within 15° of
true vertical.

Visible spectrum

That part of the electromagnetic spectrum which is
visible to the human eye, ie. at wavelengths
between 380nm and 780nm.

Vision area
Depending on context, either:

* an oval with axes equal to the height and
width of the pane, or

¢ the parts of a building facade or curtain wall
which are intended for the passage of light.

Vision panel
A term used to distinguish a part of curtain walling
as being distinct from a spandrel panel.

Visual distortion

The warping of images when seen through the
glass, due to the surfaces of the glass being not
exactly flat and parallel. The term is also sometimes
applied to reflected images.
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