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The relationships affecting the use of 

glass in buildings are therefore explained 

in this chapter.

  Optics and perception  
The term “optics” designates the study of 

light. Light is generally understood as 

being that visible to the human eye. This 

so-called visible spectrum is a relatively 

narrow portion of the electromagnetic 

spectrum covering the wavelengths from 

about 380 to 780 nm, the so-called visible 

spectrum. When light strikes a body, radi-

ation components are reflected, absorbed 

and transmitted depending on the prop-

erties of the material and its surfaces, 

the respective wavelength and the angle 

of incidence. According to the law of con-

servation of energy, the sum of these 

three components is equal to the total 

amount of incident light (see “Glass for 

special requirements”, p. 29, Fig. 4). In 

the case of a typical pane of soda-lime-

silica float glass 4 mm thick and an angle 

of incidence of 90°, approx. 8 % (4 % per 

surface) is reflected, 90 % transmitted 

and 2 % absorbed.

 Glass performs numerous different tasks 

in building applications. The most impor-

tant of these are allowing daylight into the 

interior of a building, enabling views into 

and out of a building and at the same 

time providing protection against the 

weather. However, today’s architecture 

places additional demands on this popu-

lar building material; above all, the grow-

ing desire for “dematerialised” building 

components calls for innovative construc-

tional solutions because as glass replaces 

more and more opaque building materials, 

it has to fulfil more and more diverse 

requirements (p. 34, Fig. 4). The sizes of 

building components are increasing and 

new applications appearing. This means 

that aspects that in traditional applications, 

e.g. windows, played only a minor role 

now have to be given more and more 

attention.

Large areas of glass are frequently the 

outcome of demanding architectural con-

cepts. However, whether one component 

or a whole building is perceived as trans-

parent depends on many different factors. 

1  Different meanings of the term “transparency”

Designing with glass

General:

•  Synonym for transmis-

sion

Specific:

•  Permits views through

• Unobstructed visibility

Politics:

• Information

• Openness

• Communication

• Delicacy

• Dematerialisation

•  High proportion of 

glass

Dependent on further 

factors:

• Transmission

• Absorption

• Reflection

• Scattering of the light

• Brightness adaptation

• Glare

Transparency

Component Building

MetaphorPart of buildingMaterial property Perception
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• Architecture

•  Appearance of glazing

• Weather resistance

• Accessibility

•  Maintenance and 

replacement

• Vandalism

• Durability

• Usage

• Economy

• Tolerances

•  Availability of

components

• Building conditions

• Building safety

• Erection sequence

• Demolition

• Replacement

•  Anti-intruder measures

•  Bullet resistance

•  Blast resistance

• Fire protection

•  Static loads

• Impact loads

• Deformations

• Failure behaviour

• Restraints

• Lighting

• Heat gains

• Heat losses

• Comfort

•  Moisture, 

condensation

• Sound insulation

• Sustainability

Design Function Loadbearing structure

Aesthetics Operation of buildings
Loadbearing capacity

and serviceability
Building physics

Building and 

demolition
Safety requirements

 Transparency, translucency, 

semi-transparency 

Glass is generally thought of as a trans-

parent material; however, depending on 

the specialist discipline, the term “trans-

parency” can take on different meanings. 

In physics, for example, transparency is a 

synonym for transmission: transparency 

specifies the wavelengths for which a 

material is perme able, and to which extent. 

But once again, this says nothing about 

the quality of the radiation transmission, 

i.e. whether the light is transmitted in dif-

fuse, scattered form or directly. Transpar-

ency in terms of physics is therefore a 

property of a material or building compo-

nent which is not dependent on external 

factors. In contrast to this, transparency in 

architecture refers not only to the light 

permeability of a material or building 

component, but also to the ability to per-

ceive images through that material or 

building component. This is the case, 

when, in addition to a high non-diffuse 

radiation transmission, the degree of 

reflection (reflectance) is relatively low.

With a high degree of absorption (absorp-

tance) but otherwise a non-diffuse radia-

 Transmission, opacity 

Transmission describes the permeability 

of a material by electromagnetic radia-

tion. Light-permeable materials generally 

exhibit varying degrees of transmission for 

various wavelengths. Within the range of 

visible light, the human eye perceives this 

variation as a coloured hue. Float glass 

with an average iron oxide content of 0.1 %, 

for example, absorbs light primarily in the 

range of red light – the glass therefore 

takes on a greenish colouring, which is 

particularly evident at the edges. But the 

degree of transmission (transmittance) is 

only a measure of the quantitative pas-

sage of radiation, not the quality of the 

light transmitted. So the way the light is 

scattered, for example, is ignored. Opacity 

is another term used to describe the light 

permeab ility of a material. An opaque 

material is impermeable to light.

 Reflection and refraction 

Some optical effects occur directly at the 

surface of light-permeable materials. When 

light strikes a boundary surface between 

two media with different optical densities 

and low absorption properties (e.g. air 

and glass), it is split into two components: 

one part is reflected, whereas the other 

part enters the other medium at an angle 

different to the angle of incidence. This 

change of direction is known as refrac-

tion. When the light exits an element with 

parallel surfaces, the refractive alteration 

is reversed, i.e. the original angle is 

restored, so that, in total, the light has 

undergone only a minor parallel transla-

tion. This is usually only evident in a direct 

comparison with an unglazed surface, 

such as when a window is open.

According to the law of reflection, the angle 

of incidence is equal to the angle of 

reflection. If the surface is smooth in com-

parison to the wavelengths of visible light, 

then this reflection is perceived as regular 

– the reflected image appears bright and 

in focus (Fig. 5a). A diffuse, dull reflection 

occurs when the reflecting surface is un even 

– the rays of light are reflected in different 

directions, i.e. scattered (Fig. 5b), which 

results in a blurred image. When light re-

emerges from a pane of glass, total 

reflection occurs above a certain angle. 

For glass, this angle is about 42° (meas-

ured from a line perpendicular to the sur-

face of the glass). [1]
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1, 2 Different perceptions of transparency depend-

  ing on the luminance available; Burda Media Tower, 

Offenburg (D), 1998, Ingenhoven, Overdiek & Partner

3   Definitions of terminology: transparency, translu-

cency and opacity in conjunction with their 

transitional phenomena

4 Design and planning criteria for glass in building

5  Schematic presentation of types reflection depend-

ing on the surface properties

6  Relativity of the perception of brightness depend-

ing on the surroundings; in reality fields a and b 

have the same grey-scale value.

7  Perception of contrast gain by means of the so-

called Mach bands: although every field is a uni-

form shade, each appears lighter along its left 

border.

8  Playing with the visual effect of glass: in reality the 

constructional grid does not consist of rhombuses, 

but rather triangles and trapeziums. However, the 

white-painted diagonals behind the outer leaf are 

more prominent visually. Office building, 30 St Mary 

Axe, London (GB), 2004, Foster + Partners

human eye is able to adjust to extreme 

differences in luminance amounting to 

more than six powers of 10. This process 

is known as brightness adaptation.

 Perception of contrast 

Although our sense of vision allows us to 

see over a wide range of absolute lumi-

nance levels, our brains can process only 

a comparatively narrow range of relative 

luminance levels within a certain setting. 

In bright surroundings, an area of medium 

luminance will appear brighter than in 

darker surroundings (Fig. 6). Our perception 

of brightness is therefore closely related 

to the brightness adaptation of the eye. 

Furthermore, the contrast between two 

neighbouring surfaces with different lumi-

nance levels is augmented at the bound-

ary between those surfaces (Fig. 7). [2]

tion transmission, we speak of a hue or 

tinge of colour. Materials that transmit 

light but also scatter it, either at their sur-

faces or within their cross-section, are no 

longer transparent, but hazy or (partly) 

obscured, i.e. translucent. The use of the 

term semi-transparent is ambiguous. It 

can be applied to non-transparent or 

lightly coloured materials that appear trans-

parent or translucent to a certain extent. 

The transitions between transparency, 

translucency and toning or haziness are 

in no way constant (Fig. 3).

 Light and the sense of vision 

Various physical, physiological and psy-

chological effects lead to an object that is 

transparent in the architectural sense not 

always being perceived as such in the lit-

eral sense of the word, even though the 

transparency, as a material property, has 

not changed. When observed in daylight 

from a certain distance, the closed win-

dows of a fenestrate facade often appear 

dark grey. This happens, even though the 

building is occupied and the persons 

inside the building are of the opinion they 

are in bright surroundings and can enjoy 

an undisturbed view out through the win-

dows. Bright objects or surfaces near the 

windows remain discernible from outside 

(Fig. 8), but not objects further back from 

the windows. The way human beings per-

ceive their surroundings visually is there-

fore also important in addition to the 

purely physical properties of building 

components.

Of the many variables and units used in 

lighting engineering, luminance – the basis 

for our perception of brightness besides 

the spectral composition of the light as 

the starting point for the effect of colour – 

represents one of the most important fac-

tors affecting our visual perception of our 

surroundings. Luminance is defined as 

the luminous intensity per unit area. The 
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    Glare     

Besides brightness and contrast, various 

types of glare play a major role when 

using glass in buildings. Disabling glare 

occurs when luminance levels within the 

field of vision are so great that they exceed 

the maximum adaptation ability of the eye 

and protective reflexes take effect, e.g. 

like when we look directly at the sun. Dis-

comforting glare occurs when there is a 

sudden, substantial change in the lumi-

nance level within the field of vision follow-

ing a prior, longer period of adaptation of 

the eye to a different luminance level. That 

is the case when we move from a dark 

room into bright daylight. Direct glare is 

caused by the relatively high luminance 

level of a confined area within the field of 

vision, e.g. a bright lamp or sunlight shin-

ing on a surface. Reflected glare is trig-

gered by reflections from light sources. 

The degree of glare also depends on the 

information content of the surface 

observed. Even in the case of a high lumi-

nance contrast between a window and 

the adjacent walls, an interesting view is 

perceived as less affected by glare than 

the luminance of a correspondingly diffuse 

and translucent surface. [3]

   Transparency of building sections   

Just as the perception of the transpar-

ency of a building component is heavily 

dependent on the lighting conditions of its 

surroundings, the degree of transparency 

of a whole part of a building – especially 

its facade – cannot be evaluated without 

considering its construction. As already 

explained, the brightness adaptation and 

“contrast gain” of the human eye and 

brain can lead to the otherwise slightly 

greenish edges of glass elements appear-

ing as dark lines against a bright back-

ground (Fig. 1).

The degree of transparency of a facade 

can be expressed as the quotient of the 

truly transparent and highly absorbent or 

opaque areas. But, irrespective of this 

ratio, the number, arrangement and size 

of non-transparent facade elements can 

influence the impression of transparency. 

A highly resolved, intricate construction 

can appear considerably less transparent 

than a comparable building with fewer 

facade elements with larger cross-sections 

(Fig. 2). On the other hand, a small-format 

loadbearing construction can divide a 

facade and provide it with depth and 

expression. [4]

    Measures to reinforce the impression of 

transparency    

Changing the physical-optical material 

properties can increase the transparency 

of a glazed construction at the level of 

the building component. This can be 

achieved by reducing the absolute re -

flectance with the help of suitable anti-

reflection treatments or by reducing the 

absorptance through the use of low-iron, 

extra-clear glass. On the architectural 

level, precisely planned lighting or the 

provision of bright surfaces behind a 

facade can increase the impression of 

transparency. In order to prevent disturb-

ing reflections, the entire facade can be 

angled towards a dark soffit or a dark 

floor. This principle is often employed for 

the facades of car showrooms or airport 

control towers. Severe luminance con-

trasts within the field of vision should be 

avoided.

   Transparency as a metaphor    

 The term transparency is frequently used 

in a figurative sense to describe the open-

ness of governmental or political institu-

tions; an aspect they then try to convey 

through the architecture of their buildings. 

The forms of construction chosen are 

intended to allow passers-by and visitors 

generous insights into those buildings 

and the internal workflows (Fig. 6).

1  An all-glass facade with a high degree of trans-

parency: the glazing appears as a delicate, 

dematerialised skin; Sainsbury Centre for Visual 

Arts, Norwich (GB), 1978, Foster Associates

2  Facades extremely resolved in constructional 

terms can suffer from impaired transparency at 

certain viewing angles and under certain lighting 

conditions; Stadttor, Dusseldorf (D), 1998, 

Overdiek, Petzinka & Partner (competition, draft 

design, building permission application), 

Petzinka Pink & Partner (final design, realisation)

3  Severe luminance contrast between external wall 

and interior plus reflected glare make glazing 

appear grey and opaque during daylight.

4  At night the glazing is opaque in the opposite 

direction.

5  Schematic presentation of the glare at a pane of 

glass during daylight: the reflections on the out-

side of the glazing (Rh) suppress visual informa-

tion from the interior (Td); multi-pane insulating 

glass reinforces this effect.

6  The metaphor in construction: the use of transpar-

ent building components in parliamentary and 

governmental buildings is intended to symbolise 

openness and accessibility for the citizens; interior 

view of the plenary chamber at the Saxony parliament 

building in Dresden (D),1997, Peter Kulka
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      Optical impairments of glass products   
  A number of the optical properties of glass 

products can be specifically controlled 

for their applications in building. These 

include tinting or the removal of all colour 

via the chemical composition of the glass 

melt, or subsequent surface treatments 

such as sand-blasting or etching. In addi-

tion, optical phenomena can occur that 

are particularly conspicuous in the use of 

glass in building because even minimal 

geometrical deviations from a perfectly 

flat facade surface can distort reflected 

images and views through the glass. 

Although such flaws are frequently undesir-

able, the physical properties of the mate-

rial make this unavoidable in principal. They 

are thus not “defects” in the sense of con-

struction law.

 Bowing and dishing effects 

One optical phenomenon is frequently 

observed in conjunction with the use of 

insulating glass units. As the individual 

panes of such units are hermetically 

sealed, pressure differences between 

the surrounding air and the gas or air in 

the cavity between the panes leads to 

volume changes. This results in convex 

or concave deformations of the panes 

of glass (p. 38, Figs. 1 and 2). The extent 

of this change in volume is determined 

by:

•  Atmospheric pressure fluctuations due 

to meteorological conditions

•  Temperature fluctuations

•  Pressure and temperature differences 

between place of manufacture and 

place of installation

Besides the visible phenomena, climatic 

changes place loads on the individual 

panes. The following applies in principle: 

the larger the format and the thinner the 

pane, the lower the resulting loads due to 

climatic changes – but the greater the 

effects on the optical quality.

 Anisotropy and double refraction 

Homogeneous, evenly cooled sheet glass 

is isotropic in the optical sense, i.e. it 

exhibits the same optical properties in all 

directions. However, even when closely 

spaced, the jets of air used in the thermal 

toughening process cool the surface of 

the glass unevenly, leading to glass with 

anisotropic optical qualities. Polarised 

light, incident on the surface at an angle 

other than 90°, is split into two waves. 
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an unlucky superposition of the uneven-

ness can cause an optical lens effect, 

which leads to a convex or concave dis-

tortion of the view through the glass.

  Structural concepts   
The use of glass as a construction mate-

rial differs fundamentally from the use of 

many other building materials. Owing to 

the brittle failure behaviour of glass, 

exceeding its loadbearing capacity 

results in the sudden and complete failure 

of the component (see “Basic glass and 

derived products”, p. 11, Fig. 1). In addi-

tion, it reacts very sensitively to local 

stress peaks and has a very low impact 

strength. Once a crack has started to 

form, it can propagate unhindered owing 

to the molecular structure of glass. 

Another negative characteristic of glass, 

in addition to its problematic brittle failure 

behaviour, is the fact that upon failure it 

shatters into a multitude of sharp pieces 

that represent a further potential danger. 

These properties result in far-reaching 

consequences for the use of glass in 

building. Building materials such as steel 

or reinforced concrete are much less 

problematic because they exhibit a duc-

tile behaviour at the temperatures relevant 

to construction, meaning that local stress 

peaks can be dissipated via plastic defor-

mations. Such deformations therefore 

usually provide advance warning of the 

imminent failure of a ductile building com-

ponent.

 Safety and risks  

Safety concepts for buildings are typically 

based on building legislation stipulations 

or particular safety objectives determined 

by clients and users. Those include valu-

able operational facilities, irreplaceable 

museum exhibits, or the building itself. 

Generally, however, the protection of per-

sons is assigned maximum priority. 

Expressed in simple terms, the risk aris-

This effect is known as double refraction 

(or birefringence). Under certain lighting 

conditions this phenomenon usually mani-

fests itself as a stripy pattern correspond-

ing to the arrangement of the air jets (Fig. 3).

 Interference phenomena 

Interference is the superposition of two or 

more waves at one point. Interference 

phenomena are rare in glass applications 

in building and only occur with several 

parallel panes of float glass, one behind 

the other (e.g. insulating glass), under 

certain lighting conditions. The interference 

manifests itself as stripy zones split into 

the colours of the spectrum, the positions 

of which change as the individual panes 

deform. As the occurrence of interference 

requires that the surfaces of the panes be 

perfectly parallel, this phenomenon must 

be regarded as an indication of excellent 

float glass quality!

 Coatings 

Surface coatings for controlling the build-

ing physics properties of glass, e.g. low E 

coatings, can lead to coloured reflections 

depending on the lighting conditions and 

the position of the observer. Generally, 

however, they allow a view through the 

glass without distorting the colours (see 

“Glasses for special requirements”, 

pp. 29–31).

 Roller indentations (“roller waves”) 

A wavy surface is a phenomenon that is 

particularly prevalent with thermally 

toughened glasses. The hot glass rests 

on rollers during the toughening process, 

which can lead to deviations from an 

ideally flat surface. The waves manifest 

themselves in a distortion of the reflected 

image.

 Lens effect 

If panes of glass with roller waves are further 

processed to form laminated safety glass, 
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with the help of other, ductile materials. 

These materials, such as the polyvinyl 

butyral (PVB) film that holds together the 

pieces of broken glass, can be virtually 

invisible.

 Redundancy 

In principle, glass structures should be 

designed with inherent redundancies, i.e. 

upon failure of one loadbearing element 

in a system, the loads can be carried by 

other elements in the loadbearing con-

struction. Failure scenarios for the glazing 

must be investigated within the scope of 

the structural analysis in order to verify 

the safety of the system. Besides the 

residual loadbearing capacity, redundancy 

represents the most important safety prin-

ciple in the use of glass as a structural 

material.

 Hierarchical systems 

Glass components can be incorporated 

in a loadbearing structure in many ways. 

We distinguish between primary and sec-

ondary structural elements, and infilling, 

tertiary glass elements, depending on 

whether or not the glass element is assigned 

a loadbearing function within the system. 

Allocating the building components to 

different groups according to their task 

within the overall construction is based on 

a structural concept known as a hierarchi-

cal system. Such a system is character-

ised by the fact that the components of 

the different hierarchy levels fulfil different 

tasks and are therefore inferior or superior 

to other levels. These tasks are divided 

into load-carrying and load-applying 

functions. In a hierarchical system, forces 

are grouped together so that the loads 

increase from top to bottom, while the 

number of elements decreases. In terms 

of calculations, hierarchical systems are 

comparatively easy to handle, and the flow 

of forces is frequently readily discernible 

(p. 40, Fig. 2).

ing from a building construction can be 

considered to be the product of the prob-

ability of the occurrence of component 

failure and its effect on the building as a 

whole. In order to minimise the risk of fail-

ure of the loadbearing structure, it is pos-

sible to increase the functional safety of a 

building component and also limit the 

consequences of its failure. In most cases, 

the absolute safety for a glass building 

component (safe-life concept) is not pos-

sible for economic, architectural and 

technical reasons. However, it must always 

be guaranteed that, should a component 

fail, sufficient time remains to bring the 

persons and property to be protected to 

safety and not endanger those carrying 

out rescue operations (fail-safe concept). 

The failure of a single component should 

never trigger a chain reaction that leads 

to the collapse of the entire construction. 

Any defects in components must be detect-

able during regular, routine inspections 

and maintenance work.

 Residual loadbearing capacity  

Appropriate measures must be taken to 

prevent the sudden collapse of an entire 

construction and total failure of a glass 

component. Even in the case of damage, 

a glass component must possess suffi-

cient loadbearing reserves in order to 

remain securely in position and still with-

stand other loads, e.g. falling persons or 

objects, for a sufficient length of time. Fur-

thermore, the splinters and fragments of 

glass must be bonded together in such a 

way that there is no danger of pieces of 

broken glass falling onto persons below, 

nor a serious risk of injury to persons who 

may fall onto the broken pane of glass. 

The margin of safety against complete 

failure of a partially destroyed system is 

known as the residual loadbearing capac-

ity. This is one of the most important aims 

when using glass in construction (Fig. 4) 

and, in principle, can only be achieved 

The structural carcass normally consti-

tutes the primary structure, the main 

loadbearing system of a building. Even 

partial failure of the primary structure will 

result in serious consequences for the 

structural behaviour of the construction 

as a whole, or at least a large part of it. 

The stability of a primary loadbearing 

element for a certain length of time is 

therefore essential in the case of a major 

disaster. Glass elements cannot usually 

comply with such functional safety re -

quirements – or if they must, then only 

with the help of elaborate, costly arrange-

ments and additional safety measures, 

which in the end call into question the 

very use of the glass as a transparent, 

dematerialising building material. It is for 

this reason that glass has been used for 

the primary structure of only a handful of 

buildings to date – and none more than 

one storey high.

The secondary structure is made up of 

elements that carry loads from tertiary 

items and, in turn, transfer these plus their 

own loads to the primary structure. It 

therefore serves as an intermediate level 

between primary and tertiary structures. 

A supporting framework for a facade rep-

resents a typical secondary structure.

Finally, the tertiary structure comprises all 

1  Sketch of the principle of the bowing and dishing 

of an insulating glass unit: pressure differences 

between the outside air and the gas in the cavity 

result in deformations of the panes which can lead 

to distorted reflections.

2   Panes distorted by pressure differences manifest 

themselves as distorted reflections in a glass facade

3  The double refraction effect manifests itself as a 

stripy pattern on a glass balustrade

4  Elementary safety concepts in the use of glass as 

a structural element: redundancy and residual 

loadbearing capacity

Bereitgestellt von | ETH-Bibliothek Zürich
Angemeldet

Heruntergeladen am | 29.03.19 16:54



1 2

40

Designing with glass

Loadbearing elements

the components in the outer building 

envelope and normally consists of infill-

ing, enclosing elements that carry only 

their own weight plus weather-induced 

loads and transfer these to the secondary 

structure.

 Non-hierarchical systems 

A non-hierarchical structural system con-

sists of a multitude of identical elements 

that are interconnected and designed in 

such a way that upon failure of one ele-

ment, those adjacent to it can take over 

its function based on the principle of 

redundancy. In contrast to the hierarchi-

cal system, forces are not grouped 

together here but are spread like a net 

so that in the event of a local failure they 

can flow around any damaged or weak-

ened components (Fig. 3). As non-hier-

archical loadbearing systems are fre-

quently hyperstatic to a considerable 

degree (i.e. contain many redundant 

members), complicated calculations are 

required to design the components. In 

addition, such systems react more sensi-

tively to restraint stresses due to thermal 

loads and deformations.

  L oadbearing elements  
Planning with glass depends on the maxi-

mum available dimensions of the respec-

tive primary and secondary glass products 

as well as the physical properties of the 

material itself. Furthermore, transport, 

installation and the replacement of dam-

aged panes are all factors that may gov-

ern the dimensions that can be used.

 Sheet glass as a basic product 

Currently, glass elements cannot be 

joined together as easily as other building 

materials. Screwed, bolted and clamped 

connections represent weak spots within 

an assembly of components because 

they cause local stress concentrations 

that cannot be accommodated by the 

glass through ductile behaviour. And, in 

the case of glued or laminated bonds, 

there is the risk of creep under permanent 

loads. In addition, the loading capacity of 

a glass component is basically very much 

dependent on its surface quality and 

edge working. As the float glass method 

provides us with a cost-effective, high-

quality product, two-dimensional sheet 

glass is favoured as the basic product for 

structural tasks (p. 43, Fig. 5). It can be 

cut, shaped or combined with other pla-

nar components in such a way that one- 

and three-dimensional components can 

be produced.

 Typology 

Constructional elements can be conven-

iently classified according to their devel-

opment in space. We distinguish between 

one-dimensional (linear) components, 

two-dimensional (planar) structures and 

three-dimensional (space) structures. 

The allocation is carried out by way of the 

respective slenderness ratio. Apart from 

that, construction elements can be classi-

fied according to their loadbearing func-

tion (Fig. 4). As in practice different types 

of actions cannot always be unequivo-

cally separated, the following breakdown 

into linear members, planar elements and 

components with a three-dimensional 

loadbearing structure is based on the 

dominant loadbearing function.

If the spatial development of a compo-

nent in one dimension is considerably 

greater than that in the other two, it is 

considered as a one-dimensional compo-

nent, a linear member. Linear members 

are further subdivided into columns, 

beams, posts and fins.

A column is a linear loadbearing element 

that is primarily loaded in compression. 

Columns therefore normally have an axially 

or rotationally symmetrical cross-section 
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Designing with glass

Loadbearing elements

1  View of the non-hierarchical loadbearing system 

of a glass geodesic dome; Selimiye Mosque, 

Haarlem (NL), 2006, De Architectenkamer, 

Octatube Delft (engineers)

2  Post-and-rail facade: hierarchical facade and roof 

structure to a cinema entrance foyer; Ufa-Kino, 

Dresden (D), 1998, Coop Himmelb(l)au

3  Sketch of the principle of the flow of forces in a 

non-hierarchical loadbearing system in the case 

of failure of a component using the example of a 

geodesic dome

4  Typology of prevailing loadbearing, support, 

force-transfer and component types in glass 

construction

made up of pieces of sheet glass or glass 

tubes. As columns are traditionally primary 

loadbearing elements in hierarchical 

structural systems, they play only a minor 

role in glass constructions. But if glass 

columns are required, they must be con-

nected top and bottom via pinned joints 

to ensure that they remain essentially free 

from any moments (p. 43, Figs. 5 and 6)

A beam is a linear member that is used 

primarily as a horizontal element loaded 

in bending. Below, we distinguish between 

horizontal, inclined and vertical installation 

positions in a similar way to the Technical 

Rules for the Use of Glazing on Linear 

Supports (TRLV) (p. 43, Fig. 8).

Vertical beams are called posts and fins 

when they carry bending loads in addition 

to axial loads due to their self-weight. In 

glass constructions they are mainly used 

to resist wind loads and reduce the risk of 

buckling of panes. Very flat posts are nor-

mally called fins and are frequently in the 

form of solid metal sections or laminated 

safety glass.

 Planar elements 

A plate is a planar, flat, rigid component 

loaded only by forces acting in the plane 

of the plate. A plate can be in the form of 

a widened column or a very deep beam, 

and in the form of a shear diaphragm can 

provide a stiffening or bracing function 

(Fig. 4). A slab, like a plate, is a planar 

element, but instead is loaded in bending 

by external forces caused by loads acting 

perpendicular to the plane of the system. 

Those loads include:

• Self-weight

•  Snow and wind loads

•  Temperature differences on the 

 surfaces

•  Displacement of the supports

•   Eccentric prestressing forces

In the case of horizontal glazing or slop-

ing glazing at a shallow angle, glass pri-

marily carries out of-of-plane loads, i.e. 

acts as a slab.

 Components with a three-dimensional 

loadbearing structure 

The combination of planar components 

results in spatial structures whose edges 

are linked via shear-resistant connec-

tions – so-called folded plates. The pla-

nar loadbearing components either carry 

purely in-plane loads or can be loaded in 

bending.

A three-dimensional, rigid loadbearing 

structure in single or double curvature is 

called a shell. Shell-type loadbearing ele-

ments can be created through the hot- or 

cold-working of sheet glass (p. 42, Fig. 4).

Besides components made from float 

glass, pressed glass blocks can also be 

used for structural purposes in walls or as 

glazing carrying foot or vehicular traffic.
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Designing with glass

Stability, stiffness

  Stability, stiffness  
Linear and planar loadbearing structures 

tend to buckle in the direction of their weak 

axis/axes when subjected to compres-

sion and bending loads. This behaviour is 

known as local, global or torsional-flexural 

buckling depending on the geometry of 

the component and the nature and mag-

nitude of the actions involved (Fig. 1). The 

onset of failure is marked by the available 

strength being exceeded by the tensile 

stresses due to flexural tension or trans-

verse bending strains.

If the nature and magnitude of the 

actions cannot be changed within a 

loadbearing structure through redesign, 

appropriate measures must be taken at 

the level of the building component in 

order to guarantee stability. The following 

stiffening options are available in princi-

ple: prestressing and the geometrical 

modification of the component cross-

section using the same or a different 

material.

 Modifying the permissible loads 

Glass can be modified through con-

trolled cooling in such a way that an 

inherent compressive stress is induced 

in the outer surfaces (see “Basic glass 

and derived products”, pp. 16–18). This 

process increases the tensile bending 

strength because the inherent compressive 

stresses must first be overcome before 

tensile stresses occur. The optical prop-

erties of the pane of glass are hardly 

altered by this secondary treatment. The 

same effect can be achieved by applying 

an external prestress: a different material, 

one with a high level of tensile strength 

such as steel, is added in such a way 

that primarily compressive stresses occur 

within the glass (Figs. 3 and 6).

 Modifying the component geometry 

On the spatial-geometrical level, it would 

seem reasonable to increase the struc-

tural depth of the weak axis/axes in order 

to improve the stiffness. This can be 

achieved with glass as well as with other 

materials. One possibility is to bond sev-

eral parallel panes by means of a (trans-

parent) plastic film. Although this increases 

the toning of the glass and means that 

the visible edge of the component is 

wider, it does, however, augment the 

redundancy and the residual loadbearing 

capacity. One typical approach is to attach 

stiffeners, beams and fins in the direction 

of buckling. The linking of several panes 

with shear-resistant connections to form 

a folded plate is another effective solu-

tion, likewise the shaping of panes of 

glass to form shells. Planar sandwich 

 elements consisting of individual panes 

linked via shear-resistant connections, 

or T- or I-sections borrowed from struc-

tural steelwork, can be produced in glass 

by employing various methods of connec-

tion, and used very effectively. Further-

more, many other conventional materials 

and techniques can be used with glass 

to create composite constructions (p. 71, 

Fig. 6). 

1  Possible forms of stability failure in slender build-

ing components subjected to compression

2  Stacks of glass panes bonded together form the 

solid internal and external walls of this private 

house; Laminata House, Leerdam (NL), 2001, 

Kruunenberg van der Erve Architekten

3  Externally prestressed glass tubes, with pinned 

end connections, transfer the horizontal loads on 

the glass facade back to the row of steel columns 

behind in this foyer; Tower Place, London (GB), 

2002, Foster + Partners

4  Interior view of a hot-worked corrugated glass 

facade; Casa da Música, Porto (P), 2005, OMA
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Designing with glass

Applications/vertical glazing

 Applications  
The typical applications and uses of glass 

in buildings place characteristic demands 

on the load-carrying capacity of the 

respective product and its supporting 

construction. The existing codes of prac-

tice and directives are therefore charac-

terised by the loading cases and risks to 

be expected in conjunction with these. 

When using glass as a construction mate-

rial, we distinguish between glazing for 

vertical, safety barrier, overhead and traffic-

able (occasional or constant foot traffic) 

applications.

  Vertical glazing   
The Technical Rules for the Use of Glazing 

on Linear Supports (TRLV) make a funda-

mental distinction between vertical and 

overhead glazing. In this case, the angle 

between the plane of the glazing system 

and a vertical line is critical: up to a maxi-

mum of 10° from the vertical, the glazing 

can be regarded as vertical, but any 

angle greater than this means that the 

system must be classed as overhead 

glazing (Fig. 8). This classification is based 

on the loads to be expected with such 

types of glazing (because of the angle). 

However, if loads – e.g. those caused by 

snow accumulations on sawtooth roofs – 

can occur on vertical glazing that are not 

only brief and transient such as those 

arising from wind, the provisions for over-

head glazing apply. According to the 

Model List of Technical Construction 

Regulations, vertical glazing whose top 

edge is no more than 4 m above a circula-

tion zone (e.g. display windows) is 

exempted from the TRLV stipulations.

The glass curtain walls of modern office 

buildings represent a typical vertical glaz-

ing application. Situated at the interface 

between interior and exterior, they have to 

satisfy numerous, sometimes conflicting, 

requirements: on the one hand they have 

to function as a climate, energy and 

acoustic barrier, and on the other, pro-

vide controlled permeability for light, air 

and heat. In addition, they may also have 

to protect against fire, intruders, bullets or 

explosions, and maybe prevent persons 

falling from a higher to a lower level. The 

use of large areas of transparent glass 

panes is indispensable for ensuring ade-

quate admission of daylight and a view of 

the outside world (a legal requirement). 

As the maximum height of the glazing 

exerts a great influence on the supply of 

daylight to areas further back within the 

building, glass facades often extend the 

full height of a storey. Glass used in a 

facade can form part of the tertiary struc-

ture, i.e. perform purely infilling tasks, or 

act as a structural member as part of the 

secondary or even the primary loadbear-

ing system.

 Carrying the loads 

The facade is frequently divided into 

structurally effective components that are 

specifically planned for resisting the verti-

cal or horizontal components of the fol-

lowing loads:

• Self-weight 

• Snow loads

• Wind loads

•  Imposed loads 

•  Impact loads (see pp. 46–48)

•   Loads due to restraint forces resulting 

from thermal loads, settlement, explo-

sions, earthquakes, etc.

In principle, there are two practical ways 

in which facades can be designed to 

carry loads:

A “suspended construction” is supported 

from the floor above each storey so that 

the self-weight of the facade causes tensile 

forces within the material. This arrangement 

overcomes stability problems. However, 

strength problems can occur at the suspen-

sion points due to stress concentrations.

5  Loadbearing glass column in a café and bar in 

Göppingen (D), 2003, Mario Hägele, Attila Acs

6  Externally prestressed glass column in a private 

house, Planungsgruppe MDP, 2003

7  Overview of the complex requirements placed on 

windows and glass facades

8  Classification of types of glazing according to its 

angle with the vertical

a Vertical glazing

b Overhead glazing

  b1 Sloping glazing

  b2 Horizontal glazing
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Designing with glass

Vertical glazing 

A “standing construction”, on the other 

hand, is supported on the floor below and 

transfers the vertical loads occurring to 

the primary structure by way of compres-

sion. Without suitable bracing measures, 

such a form of construction may suffer 

from stability problems.

 Facade systems 

Various glass facade systems, which are 

primarily differentiated according to the 

configuration of their secondary structures, 

have become established for applications 

in building (Fig. 1). A further, secondary, 

distinguishing criterion is the method of 

supporting the panes of glass. Apart from 

prefabricated facades in which factory-

assembled, glazed modules are installed 

rather like oversized windows, the follow-

ing linear-type systems are in use:

 Post-and-rail facade 

In a typical post-and-rail facade, the verti-

cal posts and horizontal rails form a grid 

of square or rectangular bays (p. 40, Fig. 2). 

The cross-sectional sizes of the posts and 

rails are frequently different from each 

other; however, their surfaces in contact 

with the glass are generally flush so that 

the panes can be supported on all four 

sides. The edges of the glass are nor-

mally clamped in place by patent glazing 

bars concealed, in turn, behind capping 

strips. A multitude of standardised sys-

tems is available on the market for this 

popular type of facade construction.

 Posts-only facade 

The glass in this type of facade is sup-

ported on vertical beams, normally 

clamped along two sides or held by 

point supports. The secondary structure 

supports the self-weight of the facade 

and resists wind loads. A permanently 

resilient sealing material seals the visible 

butt joints. All manner of construction 

forms may be used for the vertical beams 

– from simple hollow steel sections to 

trusses and trussed arrangements. The 

omission of the horizontal rails can help 

to increase the degree of transparency 

of a facade compared to a post-and-rail 

design, which is why a posts-only facade 

is frequently favoured for architectural 

reasons (Fig. 2).

 Rails-only facade 

In this type of facade, horizontal beams 

resist the horizontal loads acting on the 

facade. The vertical facade loads are fre-

quently transferred to the suspended 

floors via vertical ties attached to the rails 

(see “Case studies”, Production building 

in Hettenhausen, pp. 90–91). The rails 

divide the facade horizontally, and this 

effect can be emphasized by placing the 

longer side of the glass planes horizon-

tally as well.

 Structural sealant glazing (SSG) 

This is a form of construction in which the 

glass is bonded to the supporting con-

struction with adhesive instead of being 

clamped or screwed. A silicone adhesive 

functions as both the loadbearing and 

sealing element in this solution. Such 

facades are characterised by a smooth, 

contourless outer skin defined only by the 

pattern of adhesive joints (Fig. 3, see also 

“Constructing with glass”, pp. 68 –71).

 Cable facade 

Such facades are designed as suspended 

constructions so that tensile forces are pri-

marily generated, thus enabl ing a delicate 

form of construction. Grids of horizontal 

and vertical prestressed cables (cable 

nets) are common. In the case of cable-

stayed facades, special bracing cables 

resist the horizontal loads. In contrast to 

this, there are also systems of parallel 

cables that can only accommodate the 

vertical forces through controlled deflec-

tion of the facade (Fig. 4). In both types of 
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Vertical glazing 

construction, the panes of glass are nor-

mally supported at individual points. 

There are especially ambitious cable 

structures that exploit the relatively high 

compressive strength of the glass in the 

overall facade design; however, they are 

not covered by any standards.

 All-glass facade 

All-glass facades are mostly designed 

as suspended constructions. Glass fins, 

connected to the panes of glass via 

mechanical fasteners or adhesive, can 

be added to provide horizontal stiffening. 

The individual components carry the verti-

cal loads. In principle, all-glass facades 

can be designed as very elegant stand-

ing constructions. The panes of glass 

enclosing the interior can, at the same 

time, resist wind loads acting perpendicu-

lar to the plane of the system, accommo-

date shear forces in the plane of the glass 

and even support the axial forces due to 

additional components, e.g. a roof. This 

means that primary, secondary and terti-

ary structures are all combined in one 

component. However, owing to the afore-

mentioned risks that always accompany 

the use of glass, such facades are normally 

used only for small single-storey buildings 

not open to the public, e.g. pavilions or 

private houses (Fig. 5).

 

1 Typology of customary facade systems

2  Post-only facade in the foyer of the refurbished 

local government building in Münster (Westphalia) 

(D), 2006, Kresing Architekten

3  Example of a structural sealant glazing (SSG) 

facade; Main Tower, Frankfurt am Main (D), 2001, 

ASP Schweger Assoziierte

4  Cable facade, University of Bremen (D), 2002, 

Alsop & Störmer Architects, seele GmbH & Co. 

KG (engineers)

5  Loadbearing glass facade to a private house, 

Klein Residence, Santa Fe, New Mexico (USA), 

2004, Ohlhausen DuBois Architects
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Designing with glass

Glazing as a safety barrier

1  Interior view of glazing also serving as a safety 

barrier according to TRAV category A; meeting 

room, CUBE services centre, Münster (D), 2007, 

GOP Architekten & Kaufleute

2  Categories of safety barrier glazing according to 

the TRAV: 

 a  Category A: vertical glazing with linear supports 

but without structural rail at height required by 

building regulations

 b  Category B: glass balustrade fully fixed at the 

base along its entire length, with continuous 

handrail

 c  Category C2: vertical glazing with linear sup-

ports on at least two opposite sides located 

below a structural transverse rail at handrail 

height

 d  Category C3: category A glazing behind a 

structural transverse rail

3  According to the TRAV, glass edges are regard-

ed as protected when their distance to neigh-

bouring components measured in the plane of 

the glass is no greater than 30 mm. Balustrade 

 infill panels of laminated safety glass with fixings 

in drilled holes are exempted from this require-

ment.

4  Facade with cantilevering glazed meeting cubes, 

CUBE services centre, Münster (D), 2007, 

GOP Architekten & Kaufleute

 Glazing as a safety barrier 
In certain circumstances, glazing has to 

provide protection against falling to a 

lower level. Germany’s Model Building 

Code (MBO) stipulates that constructions 

with a height of fall of > 1 m must be pro-

vided with protective barriers on all sides. 

For example, rooflights not designed for 

foot traffic, stairs, roofs and floor openings 

must be reliably protected. A balustrade 

height of 0.9 m (or 0.8 m in the case of a 

spandrel panel) is required up to heights 

of 12 m, and 1.1 m above that. The methods 

of calculation and component testing are 

based on the scenario of a person delib-

erately or accidentally colliding with a ver-

tical glazing element. These elements 

must be designed in such a way that they 

can prevent a person falling to a lower 

level in addition to withstanding the effects 

of self-weight, wind, climate and normal 

horizontal imposed loads. In the case of 

breakage, the fragments of glass should 

be blunt in order to minimise the risk of 

injuries. And broken pieces of glass on the 

outer face should not be able to fall onto 

circulation zones below. Furthermore, the 

glazing should offer sufficient resistance 

to penetration.

 Design guidelines 

In Germany the Technical Rules for Glass 

in Safety Barriers (TRAV) document pro-

vides planning aids for constructions 

that have been verified in theory and 

tried and tested in practice. With their help, 

designers and contractors can devise 

constructions that can be built rapidly, 

are reliable in terms of building technol-

ogy and relatively cost-effective. Solu-

tions that comply fully or to a large degree 

with the recommendations given in the 

TRAV will not have to undergo any further 

(costly and time-consuming) testing. 

Verification is carried out in two steps: 

firstly, “proof of loadbearing capacity 

under static actions” must be established 

by calculation, as is the case for glazing 

not subject to any special requirements; 

secondly, “proof of loadbearing capacity 
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Designing with glass

Glazing as a safety barrier

under impact-type actions” must be 

checked (see “Building legislation provi-

sions”, pp. 76–80). The TRAV covers the 

following situations:

•  Vertical glazing that must also prevent 

a fall to a lower level

•   Loadbearing glass spandrel panels 

with a continuous handrail 

•  Balustrade infill panels of glass 

The exemption for glazing elements whose 

top edge is max. 4 m above a circulation 

zone does not apply here. Safety barrier 

glazing is divided into three categories 

according to the requirements it has to meet:

 Category A: 

This category covers glazing with linear 

supports in the meaning of the TRLV pro-

visions but no loadbearing rail or handrail 

on the room side of the glass to withstand 

horizontal loads at the height prescribed 

by building regulations (Fig. 2a). The edges 

of the glazing must be reliably protected 

against impacts, either by the supports 

(e.g. posts, rails, adjacent panes) or directly 

adjacent components (e.g. walls, floors). 

A typical example of category A glazing 

is full-height windows to the facades of 

office buildings. Vertical glazing on top of 

a spandrel panel whose height does not 

comply with the building regulations also 

falls within this category. This is also the 

case with windows near floor level and 

glazed doors where there are no addi-

tional safety barriers on the outside. As 

glass itself forms the safety barrier, single 

glazing must be made from laminated 

safety glass. In the case of multi-pane 

insulating glass, combinations of lami-

nated safety glass and other products are 

permitted (see p. 62, Tab. T2).

 Category B 

This category covers loadbearing glass 

balustrades with linear supports, the indi-

vidual panes of which are interconnected 

by means of a handrail enclosing the top 

edge (Fig. 2b). The glazing must consist 

of single glazing made from laminated 

safety glass, the bottom edge of which is 

fully fixed. The handrail, besides protect-

ing the top edge of the glass balustrade, 

must also withstand the design horizontal 

loads possible at that height should any 

one of the glass elements fail (redundancy 

principle). Such handrails are therefore in 

the form of a loadbearing channel section 

with a non-loadbearing cap (as the actual 

handrail) or a loadbearing metal handrail 

with an integral channel section; both 

variants are bonded securely to the top of 

the glass balustrade. At each end, the 

handrail is normally connected to a post 

or wall so that the loads on the handrail 

can still be safely resisted should the end 

bay of glass fail.

The TRAV recommends a form of con-

struction for this category (Fig. 5). The 

panes of glass may also be clamped by 

some other sufficiently stiff form of mount-

ing construction. However, if, as shown, 

the glass has to be drilled to accommo-

date bolts or screws, the use of laminated 

safety glass made from toughened safety 

or heat-strengthened glass is recommended 

because in the case of non-toughened 

glass the zone around the drilled hole has 

a much lower strength than the rest of the 

pane.

Unsupported edges of balustrade infill 

panels of glass must always be protected 

against damage. According to the TRAV, 

such edges are regarded as protected 

when the clear distance from the edge of 

the glass to the next pane of glass or other 

adjacent component does not exceed 30 mm 

in the plane of the glass (Fig. 3). This 

requirement does not apply to glass infill 

panels made from laminated safety glass 

and supported by way of fixings in drilled 

holes because such panes of glass remain 

in place even after failure.

5  Example of the construction principle for a glass 

safety barrier according to TRAV category B

 a Handrail

 b Loadbearing channel section

 c  Elastomeric strip and filling of sealant to 

DIN 18545-2 group E

 d Edge cover in channel section ≥ 15 mm

 e Steel clamping plate min. 12 mm thick

 f   Drilled hole in glass aligned with centre of 

clamping plate, 25 mm ≤ d ≤ 35 mm

 g Plastic sleeve

 h  Bearing pad of rigid elastomer, continuous in 

longitudinal direction

 i  Setting block
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Designing with glass

Glazing as a safety barrier

without having to carry out impact tests, 

the TRAV permits deviations from square 

or rectangular panes of glass. Such panes 

may be transformed into parallelograms 

whose top and bottom edges form an 

angle not exceeding 41° measured from 

a horizontal plane. This angle corresponds 

to the maximum permissible pitch (200 mm 

rise, 230 mm going) for “stairs required 

by building regulations that lead to habit-

able rooms in residential buildings with 

no more than two dwellings” according 

to DIN 18065 “Stairs in buildings” (Fig. 2). 

In practice it is therefore possible to use 

glass safety barriers for many typical 

applications without having to carry out 

costly, time-consuming impact tests. 

However, other forms such as triangles, 

ovals and special shapes that deviate 

from a parallelogram (e.g. at top/bottom 

of stairs) will require separate verification.

 Category C 

This category covers infill glazing that acts 

as a safety barrier but where the horizon-

tal loads are resisted by another compo-

nent. The category is divided into three 

groups depending on the particular form 

of construction:

Group C1 covers balustrade infill panels 

with point and/or linear supports on at 

least two opposite sides (Fig. 1). Apart 

from the instance of support on all sides, 

laminated safety glass is mandatory. 

Point-supported glazing is only permitted 

for flat, square/rectangular panes of glass 

in interior applications. The point supports 

can be in the form of fixings in drilled holes 

(Fig. 1d) or clamp fittings (Fig. 1c). The 

reliability of the latter type of support is, 

however, difficult to achieve and verify 

because the PVB interlayer of laminated 

safety glass tends to creep under perma-

nent loading and the glass could slip out 

of its fixing (see “Constructing with glass”, 

p. 63).

According to the TRAV, Group C2 covers 

vertical glazing with linear supports on at 

least two opposite sides below a load-

resisting transverse rail at handrail height 

(p. 46, Fig. 2c). For example, this ap-

plies to post-and-rail constructions or 

 windows with a fixed glass spandrel panel 

element.

Group C3 covers category A glazing with 

a load-resisting handrail on the room side 

at the height required by the building reg-

ulations (p. 46, Fig. 2d).

 Deviations from the square/rectangular 

form 

Glazed safety barriers along the edges of 

floors frequently join directly with staircase 

balustrades. In order that the same mate-

rials and design can be used for both – 

and thus create a consistent appearance – 

1  Category C1 glazing: balustrade infill panel with 

point and/or linear supports on at least two oppo-

site sides: 

 a  Glazing with linear supports on both vertical 

sides

 b  Glazing with linear supports top and bottom 

  c  Glazing with point supports in the form of 

clamping plates

  d  Glazing with point supports in drilled holes

2  Definition of ramps, stairs and ladders to DIN 

18065:

a Step irons

b Ladders

c Stepladders

d Stairs

  d1  Basement and attic access stairs that do not 

lead to habitable rooms, also (additional) 

stairs not required by building regulations

   d2  Stairs required by building regulations that 

lead to habitable rooms in residential build-

ings with no more than two dwellings

   d3  Stairs required by building regulations in 

non-residential buildings 

 e Ramps
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 Overhead glazing  
According to the TRLV, overhead glazing 

is any glazing at an angle of more than 

10° to the vertical (p. 43, Fig. 8); exceptions 

according to the Model List of Technical 

Construction Regulations are Velux-type 

roof windows in dwellings and rooms with 

similar uses having an unobstructed 

glazed area not exceeding 1.6 m2 and 

glazing to glasshouses. The technical 

rules are based on the nature and mag-

nitude of the loads to be expected plus 

the risks that such a form of construction 

involves. In contrast to vertical glazing, 

which is primarily loaded by its own 

weight in the plane of the system, as the 

angle between the overhead glazing and 

the vertical increases, the force component 

that acts permanently perpendicular to 

the plane of the glass increases as well. 

The infilling glass panes are therefore 

increasingly subjected to bending and act 

more and more like a slab instead of a 

plate. In addition to self-weight, overhead 

glazing may also have to carry snow 

loads. And, in contrast to vertical glazing 

which would normally only have to resist 

brief loads perpendicular to the plane of 

the glass (e.g. due to wind), such loads 

represent long-term actions on overhead 

glazing. This is why glazing that only 

slopes at an angle of 10° to the vertical 

must still be classed as overhead glazing 

when certain loads are to be expected 

that exert more than a short-term influence 

on the glass, e.g. snow accumulations on 

sawtooth roofs. Furthermore, there are 

buildings in which vertical glazing gradu-

ally changes to overhead glazing (p. 51, 

Fig. 5). In such cases, the individual seg-

ments must be handled according to their 

angle of inclination; but where maximum 

homogeneity of the construction is desired, 

such glazing should be designed accord-

ing to the more unfavourable case. 

Curved overhead glazing and glazing that 

is intended to act as a bracing element 

are not covered by the rules. Overhead 

glazing usually requires more design work 

than vertical glazing. This is due to the 

tendency to use longer spans, the fact 

that the loads are perpendicular to the 

plane of the system and the greater 

safety risks.

 Areas of application 

As overhead glazing allows more daylight 

into an interior than vertical glazing, it is 

often preferred where a high level of natu-

ral daylight and, at the same time, protec-

3  Suspended nets to prevent larger pieces of glass 

falling onto circulation zone below; New Trade 

Fair, Leipzig (D), 1995, gmp Architekten von 

Gerkan, Marg & Partner

4  Suspended glass-and-steel structure; local author-

ity pavilion, Hoofddorp (NL), 2002, Asymptote, 

Octatube, Delft (engineers)

5  Glass shell with synclastic curvature made from 

several hot-worked panes of glass and a metal 

tension ring; loadbearing glass dome at the Insti-

tute for Lightweight Structures & Conceptual 

Design (ILEK), University of Stuttgart (D), 2005, 

W. Sobek and L. Blandini

tion from the weather is required. Over-

head glazing is frequently the only sensible 

option when rooms deep within the build-

ing need natural illumination. The German 

Places of Work Directive calls for a visual 

link with the outside world, but only at eye 

level by way of windows, glazed doors or 

transparent wall surfaces. This require-

ment is therefore met by vertical glazing, 

and an unobstructed view through over-

head glazing is not always necessary. 

Therefore, many different types of con-

struction are possible in principle.

Modern forms of glass construction – in 

the form of both autonomous systems and 

subsystems – are used in new buildings, 

but also as additions to, or in conjunction 

with, existing buildings. Due to their 

seemingly technical architectural language, 

glass constructions stand out distinctly 

from existing elements, but their light-

weight, dematerialising effect does not 

overwhelm them. Glass roofs can have a 

powerful influence on the effect of a space, 

but can be designed in such a way that 

they do not alter the underlying character 

of the original building: transparency 

allows the existing elements to be per-

ceived and in no way visually curtailed.
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e.g. attaching a film to protect against 

splinters.

 Typology 

As already mentioned in the section “Load-

bearing elements” (pp. 40–41), construc-

tion elements can be classified according 

to their external geometry. In the overall 

loadbearing structure, a differentiation is 

also made between flat, single curvature 

and double curvature systems. One also 

has to decide whether the glazing has to 

accommodate only those forces that act 

directly on its surface or whether it also 

has to contribute to the loadbearing action 

of the overall construction, i.e. provide a 

bracing function in addition to its infilling 

function.

 

Loadbearing structures in double curvature

Loadbearing structures with double, syn-

clastic curvature can be designed in such 

a way that the shell effect results in per-

manent loads to the structural compo-

nents being principally in the form of axial 

forces. This makes it possible for these 

systems to be designed especially ele-

gantly and economically (Fig. 5). How-

ever, the building authorities demand rel-

atively high safety margins for glass load-

bearing structures, a fact that does not 

always have a positive effect on the 

design. Even though there are examples 

of glass constructions loaded in tension 

(e.g. in facades), using glass as a mate-

rial in compression represents a good 

T1: Permissible uses of glass products in overhead applications according to the TRLV

monolithic glass type Lam. safety glass made from...

An-

nealed

Tough. 

safety

Wired Rolled Lamin-

ated

Annealed Heat-

strength.

Tough. 

safety

Single glazing + + +

Insulating glazing

Position of pane

top

bottom

+ + +

+

+ + +

+

+

+

+

Alternative: constructional measures to prevent larger pieces of glass falling onto circulating zones below 

(e.g. nets with mesh size ≤ 40 mm)

 Risks and safety mechanisms 

It can be assumed that sloping or hori-

zontal glazing over areas used by people 

constitutes a higher safety risk than is the 

case with vertical glazing due to the 

increased possibility of its being dam-

aged accidentally or deliberately by fall-

ing hard objects (Fig. 1). At the same time, 

there is an increased risk of damage should 

glazing units, either as a whole or in the 

form of sharp and heavy broken fragments, 

fall onto circulation zones. In order to mini-

mise these risks, overhead glass structures 

must be designed with inherent redun-

dancy and the components used must 

possess an adequate residual loadbear-

ing capacity and at the same time bond 

any broken pieces. At component level, the 

TRLV stipulates that only wired or lami-

nated safety glass made from annealed or 

heat-strengthened glass may be used for 

single glazing or the lower pane of insu-

lating glass. It is not possible to use lami-

nated safety glass made from toughened 

safety glass because this exhibits a poor 

residual loadbearing capacity (Tab. T1 

and Fig. 1). Protection against larger frag-

ments of falling glass can also be achieved 

by spanning nets below the glass (max. 

mesh size 40 mm) (p. 49, Fig. 3). Other 

solutions can also be approved in princi-

ple, even though they are not explicitly 

mentioned in the guidelines and codes of 

practice, provided they achieve the pro-

tective aims through the use of other glass 

products or other constructional measures, 
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option for overhead glazing. Although it is 

not regulated, the use of glass that has 

been bent to follow the form of the build-

ing exactly is particularly appealing. In 

particular, reflections in large-format 

facades with curved panes appear con-

siderably more harmonious than those 

with faceted glazing (Figs. 3 and 5).

L oadbearing structures in single curvature 

These structures, so-called barrel vaults, 

represent another type of construction 

that, in principle, is suitable for glass. 

Here, the panes of glass can be used not 

only as part of the building envelope, but 

also as part of the loadbearing structure 

(Fig. 3). The use of single, bent panes 

can be worthwhile for shorter spans (Fig. 2). 

 Plane systems 

When loadbearing structures are flat or 

have only a very minor curvature and are 

supported in such a way that they are 

mainly subjected to bending, we speak of 

plane systems. Such systems are used, 

for example, when the overall depth avail-

able is limited or the horizontal forces that 

would ensue from an arch-type construc-

tion could not be safely transferred to the 

supporting structure or resisted by ties. 

Apart from that, plane systems often rep-

resent a cost-effective solution thanks to 

their simpler planning processes and 

modular components. Generally, we can 

expect systems loaded primarily in bend-

ing to require more materials than those 

with the same boundary conditions but 

primarily subjected to axial forces, a fact 

that can influence the appearance and 

degree of transparency. Grids of metal 

or timber sections typically form the sup-

porting framework to overhead glazing. 

One special variant, however, is the plane 

all-glass system in which the elements 

form the secondary structure. The bend-

ing stresses that occur under permanent 

loads, the relatively low tensile bending 

strength of glass products and the trans-

ferring of moments to adjacent compo-

nents must be given special attention. 

Whereas float glass is available in stan-

dard lengths up to 6 m, the dimensions of 

the autoclaves in which laminated safety 

glasses are produced generally only per-

mit smaller sizes. In order to span longer 

distances with glass, it is usually neces-

sary to join several elements together. 

But, as rigid glass-to-glass connections 

are difficult to produce because they 

cause stress concentrations at the con-

1  Laminated safety glass in which all the laminations 

are made from toughened safety glass is not per-

missible in many applications, e.g. overhead glaz-

ing, because once all the laminations are broken it 

has no residual loadbearing capacity and simply 

collapses.

2   Patented roofing system consisting of cold-worked 

curved glazing and steel ties. It forms a self-con-

tained structure in itself and therefore can be 

mounted on any suitable supporting construction. 

If a glazing unit fails, it is intercepted by the ties 

and hence prevented from falling to the floor. Cen-

tral bus terminal, Heidenheim (D), 2003, Molenaer 

Architekten

3  Roof over an internal courtyard in the form of a 

glass barrel vault. Whereas the compression forces 

that occur flow through the glazing, the steel brac-

ing cables form shear diaphragms. Guy cables 

ensure that the overall construction is divided into 

segments. Maximilian Museum, Augsburg (D), 

1999, Augsburg Building Department, Ludwig & 

Weiler Ingenieure (now: Tragkonzept)

4  Trussed flat glass roof over castle ruins; Juval Castle, 

South Tyrol (I), 1997, Robert Danz

5  Cold-worked, long panes of glass form the smooth 

outer shell to the entrance foyer of Strasbourg 

Central Station (F), 2007, AREP, RFR (engineers)

nection points, alternative solutions are 

frequently chosen. The construction of 

the glass roof to the Apple Store on New 

York’s 5th Avenue is based on tradi-

tional Chinese loadbearing concepts for 

bridges and roofs (p. 52, Figs. 3, 4 and 

5). The glass roof consists of an orthogo-

nal, non-hierarchical system of glass 

beams connected exclusively by means 

of pinned joints. In this orthogonal 

arrangement, the forces from two adja-

cent beams are always introduced at the 

middle of each beam. A similar structural 

concept was used for the canopy to an 

underground station entrance in Tokyo 

(p. 52, Fig. 2). In this case, parallel, pin-

jointed glass lamellae form cantilever 

beams on which the glazing has been 

laid. The beams consist of glass and 

transparent plastic sheets. Their thickness 

increases towards the support, correspond-

ing to the flow of forces.
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Also conceivable are systems in which 

the plane of the glazing not only forms the 

building envelope and is supported on 

some type of framing, but also constitutes 

the top chord of a trussed system and as 

such accommodates the compression 

forces. Only a few such examples have 

been built to date; some of them only 

experiments as part of ongoing research 

projects (see “Building legislation provi-

sions”, p. 80, Fig. 1).

glass. In the case of truly horizontal glaz-

ing, not all the water can drain off and the 

deflection of the panes of glass due to 

their self-weight makes ponding unavoid-

able; a minimum fall of 2 % is therefore 

advisable. Special transverse glazing 

bars flattened on the upward side can be 

used to improve the water run-off. If it is 

not possible to use such glazing bars, it is 

better to omit them completely, support 

the panes on two sides only and seal the 

transverse joints with silicone (Fig. 1).

1  Horizontal sections through roof glazing 

a Parallel to direction of fall

b Transverse to direction of fall 

Government offices, St. Germain-en-Laye (F), 

1994, Brunet Saunier

2  Section through glass canopy cantilevering 

approx. 9 m; Tokyo International Forum (J), 1996, 

Rafael Vinoly, Dewhurst Macfarlane & Partners 

(engineers)

3, 4  Loadbearing concept for a glass roof; 

  Apple Store, 5th Avenue, New York (USA), 2006, 

Bohlin Cywinski Jackson, Eckersley O’Callaghan 

(engineers)

5 External view of the Apple Store

 Special constructional aspects for sloping 

and horizontal glazing 

On the constructional level, we distinguish 

between sloping and horizontal glazing 

depending on the angle of inclination to 

the horizontal (p. 43, Fig. 8, b1 and b2). It 

is not possible to use conventional patent 

glazing bars in the transverse direction 

below an angle of about 10° to the hori-

zontal because they can hinder water run-

off. In addition, shallow angles severely 

hamper the self-cleaning function of the 
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6  Underside of glazing designed for foot traffic; 

Apple Store, Regent Street, London (GB), 2004, 

Bohlin Cywinski Jackson, Eckersley O’Callaghan 

(engineers)

7  Typical configuration and support for glazing 

designed for foot traffic according to the TRLV

 a ≥ 8 mm

 b  Elastomeric, e.g. silicone, bearing pad, 

Shore A hardness 60–80

 c  Wearing pane of min. 10 mm toughened safety 

or heat-strengthened glass, non-slip finish

 d Annealed or heat-strengthened glass, 

   min. 12 mm

 e PVB interlayer, min. 1.52 mm

 f  Seal, e.g. silicone DC 993

 g Depth of pad 5–10 mm

 h  Edge cover min. 30 mm (for a span of max. 

400 mm: 20 mm)

 i  Supporting construction

  Glazing for foot traffic  
Wherever transparency and a particular 

redirection of the light are important, 

glazed building components would seem 

to be the obvious option. Trafficable glaz-

ing is fully accessible to the users of a 

building and designed to be walked on. 

As such traffic loads are generally addi-

tional to the normal loads on overhead 

glazing, the construction must satisfy both 

requirements.

Typical areas of application are:

• Stairs

• Landings

• Galleries

• Walkways

• Roofs over lightwells

• Glass bridges 

• Glass roofs 

Glazing for foot traffic can be designed 

for both indoor and outdoor applications, 

but in Germany a national technical 

approval (AbZ) or an individual approval 

(ZiE) will always be required. Exceptions 

are steps or landing elements that cannot 

be accessed by vehicular traffic and are 

not subject to high permanent loads or a 

high risk of impacts. According to the 

TRLV these should be designed as glaz-

ing units with continuous linear supports 

on all sides. The TRLV specifies three 

panes of laminated safety glass as a 

minimum for trafficable glazing. However, 

the topmost pane, of heat-strengthened 

glass at least 10 mm thick, may not be 

taken into account when designing the 

load-carrying capacity of the glazing 

because it will be subjected to severe 

mechanical damage. The scratches and 

cracks that are inevitable reduce the 

loadbearing capacity of the uppermost 

pane considerably and it should be 

regarded as a wearing course only. Each 

of the two panes underneath must be of 

annealed or heat-strengthened glass at 

least 12 mm thick (Fig. 7). Furthermore, 

the dimensions are limited to 400 ≈ 

1500 mm and a glass edge cover of 

a minimum of 30 mm is necessary. As 

only glazing supported on all sides is 

covered by the regulations, this restric-

tion results in the glass surface being 

 fitted into some kind of frame. In the case 

of steps in particular, which tend to be 

rather narrow components, the minimum 

edge cover has a negative effect on the 

light permeability. This means that aes-

thetically interesting glass stair construc-

tions, while possible, are usually outside 

the scope of standardised forms of con-

struction.

Of course, aspects of stability and service-

ability must be proved by calculation in 

addition to taking into account the con-

structional details according to the TRLV. 

Trafficable glazing and its supporting 

construction must satisfy the same struc-

tural requirements as other components 

made from other materials according 

to DIN 1055-3 “Actions on structures – 

Part 3: Self-weight and imposed loads in 

building”. But owing to the brittle failure 

behaviour of glass, proof of local mini-

mum loadbearing capacity must be 

 provided as well. This is verified using 

the loading case of self-weight plus a 

point load applied at the most unfavour-

able position; whether a 1.5 or 2.0 kN 

point load is used depends on the mag-

nitude of the imposed load relevant for 

design.

A number of other aspects should be 

considered when planning trafficable 

glazing. Persons can feel uneasy when 

walking on a completely transparent floor; 

this psychological effect can be counter-

acted by reducing the transparency, e.g. 

by way of printing or a matt finish. Further-

more, care should be taken to ensure 

that transparent building components 

do not enable any indiscreet glimpses; 

transparent, trafficable overhead glazing 

is especially affected by this aspect. And 

the client, or in Germany the employers’ 

liability insurance association concerned, 

can also demand the provision of a non-

slip floor finish, as required by safety reg-

ulations. The degree of non-slip finish 

is determined according to DIN 51130 

“Testing of floor coverings – Determination 

of the anti-slip properties” as follows: a 

person wearing standardised footwear 

walks upright backwards and forwards 

on a floor covering smeared with a lubri-

cant; the surface is gradually raised from 

the horizontal and the angle of inclination 
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1  Maximum permissible load on glazing designed 

for occasional foot traffic

2  Stairs in the Four Seasons Centre for the Perform-

ing Arts, Toronto (CAN), 2006, Diamond + Schmitt, 

Halcrow Yolles

3  Glass spiral stairs; Apple Store, 5th Avenue, New 

York (USA), 2006, Bohlin Cywinski Jackson, seele 

GmbH & Co. KG, Eckersley O’Callaghan (engineers)

4  Rooflight designed to accept foot traffic; museum, 

Denver (USA), 2007, Adjaye

5  This glass wall is readily visible thanks to printing, 

plastic sheets, etc; SureStart on the Ocean, 

London (GB), 2007, muf architecture/art

6  Sample of bird protection glazing with special 

coating

at which it is no longer possible to walk 

safely, the so-called acceptance angle, 

governs the allocation to one of five 

groups, R9 (roughest) to R13 (smoothest). 

Although dry float glass exhibits quite 

good non-slip properties, the friction 

decreases considerably once the glass 

is wet. There are several ways of influ-

encing the surface roughness of sheet 

glass:

•  Sand-blasting

•  Mechanical treatment (e.g. milling)

• Laser treatment

•  Etching with hydrofluoric acid

•   Printing with a non-slip coating

There are, however, conflicts of interest 

between the non-slip, cleaning and dura-

bility requirements. Whereas surfaces 

treated with “subtractive” methods, such 

as sand-blasting or etching, are very diffi-

cult to clean, “additive” ceramic-ink print-

ing is vulnerable to wear. In order to pre-

vent stumbling, the non-slip characteris-

tics of adjacent surfaces should not differ 

significantly. There is legal uncertainty as 

to which surfaces should belong to which 

non-slip group, and the requirements 

should be agreed with the client or the 

future users of the building at an early 

stage.

  Glazing for limited foot traffic  
In contrast to trafficable glazing accessible 

to the general public, there are glass sur-

faces that only serve as temporary work-

ing places and access routes for the pur-

poses of inspection and maintenance. 

During the design stage, it is important to 

establish whether the circulation zones 

below such glazing can be cordoned off 

for the duration of inspection or mainte-

nance work. If this is possible, then “no 

building legislation requirements result 

from the accessibility” [5] and the 

approval of the senior building authority 

is unnecessary. However, industrial 

safety regulations may call for additional 

safety measures such as the wearing of 

safety harnesses. According to DIN 4426 

“Equipment for building maintenance – 

Safety requirements for workplaces and 

access”, measures to prevent sliding off a 

smooth surface are already necessary at 

a roof pitch of just 5°. And at pitches 

exceeding 20°, additional requirements 

must be complied with.

If it is not possible to cordon off the area 

below the glazing, the area designed for 

limited foot traffic must be treated like 

overhead glazing that must satisfy addi-

tional requirements. Persons required to 

walk on such glazing must be specially 

instructed. Such surfaces may only be 

accessed by one person at a time, carry-

ing a single object (e.g. a tool) weighing 

not more than 4 kg and a 10 l plastic 

bucket filled with water (Fig. 1). Tests on 

building components are based on this 

scenario [6]. However, a special inspec-

tion and maintenance concept can be 

called for.
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[2] Gregory, 2001, p. 115ff.
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[4] Knaack, 1998, p. 13

[5]  Baden-Wurttemberg Centre for Building 

Technology, 2008, p. 8

[6] DIN 4426, 2001, 5.1.2, and GS-BAU-18, 2001

 Safety of glass in circulation zones  
Transparent and highly reflective compo-

nents or buildings in or bordering on pub-

lic areas harbour particular risks for people 

and animals. Children, sportspersons and 

people with mobility or visual impairments 

are particularly at risk. In principle, two 

approaches can be applied to minimise 

the safety risks arising from glass building 

components: reducing the probability of 

accidental impact by means of suitable 

measures (active safety), or designing 

the components in such a way that seri-

ous injuries are unlikely in the case of an 

accident (passive safety). In Germany, the 

legal obligation to take appropriate meas-

ures is derived from various sources, in 

particular the building regulations of the 

federal states. Apart from that, depending 

on the specific situation, there are statu-

tory instruments, standards and directives, 

e.g. DIN standards, workplace acts/

directives, safety regulations and the 

advisory documents of accident insurers, 

that may need to be complied with.

  Measures for reducing the risk of 
accidental impact  
There are numerous ways of preventing 

people or vehicles colliding accidentally 

with glass components. One option is to 

separate the glass construction from the 

adjacent circulation route by way of barri-

ers, physically or visually. Outdoors, the 

provision of peripheral bollards, flower 

beds, hedges, strips of grass or pools 

represents potential solutions. Indoors, 

balustrades fixed in the vicinity of a 

facade, handrails or spandrel panels in 

front of glass elements are space-saving 

solutions (see pp. 46–48). In addition, 

potential trip hazards should be avoided 

in the vicinity of glazing. Another aspect 

to be considered is connected with mak-

ing glass surfaces discernible; the glaz-

ing used in construction is often 

extremely transparent or higly reflective 

and, therefore, difficult to see. In both 

cases, we perceive either the area behind 

the glass or a reflection of the side where 

we are standing. Opaque stickers, print-

ing, transverse rails, balustrades, span-

drel panels, matt finishes or tinting can all 

help to enhance the visibility of glass sur-

faces. Where it is not possible to exclude 

deliberate or – despite extensive measures 

– accidental impacts, security glazing 

should be used.

The protection of animals is another aspect 

that should be considered in addition to 

the protection of persons. Many birds 

perish either directly or indirectly as a 

result of colliding with a glass surface 

because they obviously cannot perceive 

transparent or highly reflective surfaces. 

Studies have shown that stationary silhou-

ettes of birds of prey are practically ineffec-

tive. Measures to decrease the reflections 

and transparency of the overall construc-

tion, and reduce its attractiveness to birds, 

should therefore be considered. Panes 

of glass that distort the view considerably 

also seem to be suitable. If such meas-

ures are not suitable for the architectural 

concept of the project, specially coated 

glass that birds can detect easily but is 

hardly noticeable by humans can be used 

to reduce this conflict (Fig. 6).
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