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Preface

Glass is being used as a material in architecture for thousands of years. For a long time, its use was limited to 
windows and other small transparent elements. Only for the last decades, its use as a construction material is 
growing and therefor it is considered a material of the future. Th is makes the material very interesting for de-
signers, architects but also for product developers like myself. 
Transparency is something what architects and designers more and more use in their designs. Designing and 
especially constructing an entire transparent building is considered magic and it is not surprising that glass 
load bearing elements are not common. However, research and development in the fi eld of glass load bearing 
elements is expanding. Façades get more transparent and other construction elements are being replaced by 
glass elements. Th is research explores the possibilities in the fi eld of transparency and what can be done in 
order to realize en entirely transparent façade. Th e chemical properties, the use of glass throughout the years, 
the use of glass as a load bearing material and other transparent replacement materials will be discussed before 
I will give several design proposals regarding a façade which is as transparent as possible.

- Jules Gielen -



Glass and its production

State of matter
As we all know, substances can exist in three diff erent 
states from a molecular point of view; gasses, liquids 
and solids. Th e gasses are roughly characterized by a 
relatively low spatial density of the molecules and an 
independent motion of the particles. It is fair to say 
that the free volume in gas is approximately equal to 
the volume occupied by the whole system. However 
there are a few molecules in a certain body of gas, 
therefor the free volume is not entirely equal to the 
total volume.
Liquids also have no characteristic shape, but acquire 
the shape of a body which it is contained in. It behaves 
the same as a gas so far, but the spaces between the 
molecules in a liquid are not that wide as they are with 
gasses. Th erefor liquids have other properties than 
gasses, but I won’t discuss these properties because we 
are not interested in gasses or liquids in this writing.[1]

Th e last phase mentioned earlier is the solid phase. 
Solids consist of a periodic repetition in space of a 
certain confi guration of crystals. Compared with li-
quids, this repetition is much longer and therefor the 
solids can be used for all sorts of building activities 
and liquids cannot. Crystalline solids have a defi nite 
shape and lack the ability to fl ow.[1]

Th is is just a very rough explanation of the diff erent 
states of aggregation of matter. Th ere are of course ex-
ceptions to the rules stated above. For example, some 
crystals have the ability to fl ow (under certain con-
ditions); the so called plastic crystals. On the other 
hand, there are some liquids known in which the op-
tical properties of crystals are mimicked in a curious 
way; the so called liquid crystals. Th ese crystals are 
not entirely solid but neither entirely liquid.[1]

If we look at glass is seems to be a solid because it 
has a defi nite shape and it has mechanical pro-
perties of solids. On the other hand, glass is a 
transparent material and it possesses an amorphous 
structure. Th erefor it also has some abilities of a liquid 
material. It becomes clear that we are talking about a 
very interesting subject. An important question there-
for is; to which of the mentioned states of aggregation 
can glasses be assigned to? In order to cope with this 
problem, several diff erent scientists proposed to de-
fi ne the vitreous state of glass as the fourth state of 
aggregation. It is important to mention that similar 
proposals have been done according to other materi-
als with unusual structures such as plasma.[1]

Composition and properties
We now know that glass can’t be assigned to one of the 
states of matter, but that is has a special composition. 
We would like to know what glass is really made of, 
how it’s produced and how we can use it in the build 
environment.
First it’s composition. Glass is a natural product as well 
as a man-made product. Th e natural product consists 
of two diff erent types; obsidian glass (fi gure 2) and 
mountain crystals (fi gure 3). Obsidian glass is found 
in volcanic rocks and is used since 3500 B.C. in ob-
ject made by man (Egypt, Mesopotamia and Mexico). 
Obsidian is a dark, vitreous rock which is translucent 
but not entirely transparent. Mountain crystals con-
sist of pure quarts and are found in very small but also 
very large pieces. It’s use in man-made objects dates 
back until 5000 B.C. in the Middle East.[2]

It is clear that glass is already being used for ages, but 
we are interested in another type of glass; glass which 
is used for transparent building elements, but also for 
drinking vessel. Th is type of glass is  called sodalime 
glass and it is composed of 75% silica (SiO2) with
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Figure 1; crystal structure of solids (left ) and glass (right)[1]  
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sodium oxide (NasO), calcium oxide (CaO) and se-
veral other materials added to it. One of the impor-
tant additives these days is recycled glass. Th e silica is 
common known as sand. Soda-lime glass is an amor-
phous, noncrystalline and transparent material and is 
made of long chains of SiO crystals. Th ese long chains 
cause the material to crystallize in a very slow pace of 
and therefor glass has the ability to get into a vitre-
ous state. Glass doesn’t have a melting point but a so 
called glass transition point, Tg (fi gure 4). Th is means 
that glass soft ens gradually when heated and changes 
from a hard and relatively brittle state into a molten

Figure 2; Obsidian glass Figure 3; Processed mountain crystal

or rubber-like state. When the glass is in the rubber-
like state, it’s called a liquid crystal. Th e glass transi-
tion point is around 600 degrees centigrade, depen-
ding from the glass composite. At this point, the glass 
undergoes a sudden change. Th is means that glass is 
in an almost solid state when used on earth. Almost 
solid because it has a very high viscosity but this vis-
cosity is high enough to use it as a solid material.[1, 2] 

Figure 4 shows the transition point of regular glass, 
with in green the temperatures below and above the 
transition point.
As mentioned earlier, glass consists for about 75% of

Figure 4; the glass transition point 



silica and the other 25% are additives. Th ese additives 
cause the glass to have diff erent properties. First the 
basic properties of the glass used in the build envi-
ronment will be mentioned and aft erwards the use of 
additives will be explained.
One of the advantages of glass is that it is an isotropic 
material, without grain boundaries. Th is causes the 
glass to have its transparent properties, but because 
it is an isotropic material it’s also relatively easy to de-
form glass. Other properties are its strength and its 
hardness, it has a high resistance against chemicals 
and glass is weather proof. Glass is also available al-
most without a limit because of the use of silica as a 
raw material. On the other hand, glass is very brittle 
and therefor hard to use as a construction material. 
Th e options for use as a construction material will be 
treated later on.
For the use in the build environment, some materials 
are added to the basic glass composition in order to 
give it some extra properties. Examples are calcium or 
aluminium for making the glass more resistant to the 
weather conditions. Other examples are carbon and 
arsenic to produce a more pure form of glass. It is also 
possible to add metal oxides to give the glass several 
diff erent colours. Of course lots of other operations 
are possible, but these are just the basics of glass as we 
use it in the build environment.[1, 2]

Production of glass
To describe the production of glass panes as we use 
them nowadays, the production of glass throughout 
the years will be discussed starting with the Phoeni-
cians in 1550 to 300 B.C. Th ese people civilisation
with the glass blowing process. Aft er blowing glass in 
a tubular form, they rolled the tube into a sheet. Th is 
sheett was still very rough and had allot of bumps, 
but they actually made the fi rst glass panes and other 
objects(fi gure 5).[2]

Aft er the Phoenicians, the Romans used fl at glass as 
windows, but around 1000 B.C. people really started 
fi lling holes in walls with glass. More about this later 
on in chapter 2, ‘History of glass usage as a building 
material’. Th e so called crown process (related to glass 
blowing) was developed by the Normans.[2, 3]

It was not until 1900 that the development of me-
chanical fabricated glass got to an industrial scale. 
In 1914, Emile Fourcault started with the fi rst glass 
factory in the world , where window glass was pro-
duced mechanically; the so called Fourcault pro-
cess which used an updraw machine. Alongside the 
Fourcault process, another process was developed in 
the U.S. Th e Libbey-Owens glass Company used the
Irving Colburn machine to make fl at glass. Th e panes
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Figure 5; Phoenician glass

produced in these processes where not fl at at all, 
but for that time it was a signifi cant improvement
(fi gure 6).[2, 3]

In the 1920s the Bicheroux process was introduced 
in Germany to make glass with a higher degree of 
fl atness. Glass was melted in a pot and carried to a 
steel table, where it was poured through a pair of 
rollers. Th e plates where subsequently ground and 
polished. Th ese plates where far more fl at and without 
fl aws than the plates made in the Nehou process, in-

Figure 6 glass pane produced in the early twentieth century
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exits the fl oat bath with a viscosity of 1013 poise and 
passes through the annealing lehr, where it is cooled 
uniformly in order to prevent formation of non-
uniform internal stresses that may bend the glass. 
Th e cooled glass is then carved by diamond-tipped 
cutters, and individual sheets are separated and 
stacked.[2, 3] 

Th ere are of course lots of secondary processes to 
change the properties of the fl oat glass. Hardened 
glass, layered glass and double glazing are examples 
of the outcome of some secondary processes. I will 
not discuss all these side processes.

07

troduced around the same time by the founder of St. 
Gobain Lucas de Nehou.[2, 3]

In 1935 Alastair Pilkington and his improved the pro-
duction process and came up with a machine where 
glass was cooled immediately aft er it came out of the 
oven. Th e grounding and polishing process was done 
automatically. Th e so called twin process followed 
rapidly (1937), where glass panes where cut aft er the 
roughening and polishing process. Finally also this 
process was abandoned in 1959; the fl oat process was 
invented and this ended the production of plate-glass; 
the fl oat glass process became the standard for fl at 
glass.[2, 3]

Float process
I will give a short description of the fl oat process. Fi-
gure 7 is added to illustrate and clarify the descrip-
tion. Th e raw materials used for this process are 
70-74% sand (SiO2), 5-12% lime (CaCO3) and 12-
16% soda (Na2CO3).[2]

A glass ribbon, soft  enough to be workable, comes out 
a glass-melting furnace (approximately 1500 °C) and 
is passed between rollers into a fl oat bath. Th ere, the 
glass fl oats on molten tin under a controlled atmos-
phere of nitrogen (N2) and hydrogen (H2) that pre-
vents oxidation of the tin. At this time, the viscosity 
of the glass is 103,5 poise (1 poise is 1 g. • cm-1 • s-1)  
at a temperature of 1000 °C. Compared with water, it 
has a viscosity of 0.00899 poise at a temperature of 25 
°C . Th e higher the viscosity the more solid a material 
is.[2, 3]

As the bulk of the glass begins to cool, the surface is 
heated and polished in order to remove surface fl aws. 
Aft er that the surface is allowed to cool to. Th e ribbon
Figure 7; visualisation of the fl oat process[3]  



History of glass usage as a building 
material

As mentioned in the paragraph about the produc-
tion of glass, the Phoenicians came up with the fi rst 
panes of fl at glass but they didn’t use them in buil-
dings. Th e Romans instead did use glass for the use as 
windows. A bathhouse window of greenish blue co-
lour was discovered in the ruins of Pompeii and Her-
culaneum (fi gure 8) and was most likely obtained by 
casting. Th e fi gure makes clear that the glass wasn’t 
really transparent these days.[2, 3]

Aft er the Romans it took more than 1000 years un-
til windows where fi lled with glass panes. Openings 
in walls where fi lled with oiled paper, hog’s bladder 
en animal hides for centuries. Around 1000 A.D, the 
Normans developed the crown process for making 
window glass.[2]

Structual glass
Th e use of glass is becoming more and more common 
in the build environment. People are fascinated by 
the properties which this material possesses. It cau-
ses light to enter our buildings and when used in an 
extraordinary way, it can make a building look com-
pletely diff erent compared with buildings made out 
of “conventional” materials such as concrete, brick or 
wood. 
Nowadays plate-glass is used in a variety of ways; 
hardened, layered, coated, isolating glass, safety glass 
or multiple glass. Th ese improvements have made 
glass into a widely used material in the build environ-
ment, but until recently only as a non-structural fa-
çade element. Th rough the years the requisite arose 
to develop a material which requires little mainte-
nance, would have a low self-weight, be translucent 
and could be used as a construction material. Th e era 
of construction glass saw its inception.

Th e use of glass as a construction material is nowa-
days roughly divided into self-supporting facades 
and load baring elements such as stairs, roofs, fl oors 
and even girders. I will discuss a few structural glass 
designs in order to understand how the glass is used 
and which measures are necessary in order to use the 
glass in a correct and safe way. Th e common feature of 
these designs are the fact that the glass elements are all 
transparent. Th ere are a lot of structural glass designs 
which aren’t transparent (for example the 11 March 
Memorial in Madrid, which consist out of glass forms 
which can be stacked)[4], but the focus of this research 
is with the transparent glass elements.
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Figure 8; Roman window glass found in the ruins of Pompei     
                  and Herculaneum 

Figure 10; glass blocks used for building the 11 March 
                    memorial in Madrid 

Figure 9; 11 March memorial in Madrid
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features. I would like to know if it is possible to 
make a facade more transparent than the facades of 
Jobsveen and Campalimaud, which are representative 
for the major part of glass facades applied in architec-
ture around the world. In order to understand glass 
as a building material, I would like to explain the me-
chanical features of glass and aft er that, I will discuss 
the glass façade itself along with other constructive 
glass elements.
Glass is known as a very brittle and fragile material, 
but it has a greater compressing strength than steel. 
Th e pulling strength is roughly the same as the pul-
ling strength of steel. Th e diff erence between steel 
and glass is that the energy needed to bring glass to 
its breaking point is much lower (1 J/m2) than steel 
(106 J/m2). Th e intrinsical pulling strength of glass is 
10.000 N/mm2 and the compression strength is even 
higher (100.000 N/mm2). Nonetheless these are not 
the values with which glass constructions can be cal-
culated. Glass has always some defects. Th ese defects 
cause stress concentrations which expand present 
cracks and eventually result in failure of the glass. 
Th erefor the calculation strength is less than 1 percent 
of the intrinsic strength.[5]

Nonetheless the compressing strength is still ten times 
higher than the pulling strength. Th erefor glass is of-
ten used as the pressure layer in glass constructions. 
Th e space structure on fi gure 13 is an example of this. 
Th is structure is supported on the edges and there-
for the upper layer consists of pressure elements only. 
Th ese pressure elements are replaced by glass. In this 
case the glass functions as roof covering as well as an 
element for load transferring. All the other elements 
(tension elements) are made out of steel.[6]
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Figure 11; Jobsveen residential building in Rotterdam

Figure 12; Champalimaud Research Centre in Lisbon

Figure 13; glass used as pressure layer in a roof construction[6]

Mechanical features
When we look at a structural glass façade strictly 
speaking, the glass panes on the outside aren’t the 
only structural elements in the façade. Other elements 
in the form of a steel construction or glass fi ns will 
be necessary in order to come up with a fully struc-
tural façade. To demonstrate this feature of structural 
glass, I have included the façade of a residential buil-
ding (Jobsveen) in Rotterdam (fi gure 11) as well as 
the façade of a research Centre (Champalimaud) in 
Lisbon (fi gure 12), where glass itself is used to ensure 
to constructive stability of the facade. In Rotterdam, 
steel cables are used instead of glass. Both the glass 
and the steel cables cause the facade to be less trans-
parent than it would be without these constructive



Types of glass suitable for construction

Reinforced glass
As mentioned earlier, glass is a brittle material which 
fails without a warning. To deal with the problem of 
brittle failure, constructive glass elements nowadays 
are generally composed of several glass layers which 
are combined with interlayers of foil or resin (fi gure 
14). In order to make a safe glass construction ele-
ment, 
it oft en relies on overdimensioning. Th is means that 
the outer layers of the elements laminate are sacrifi cial 
in order to protect the inner layers. If one of these sac-
rifi cial layers might fail, the inner layers will suff er no 
damage and are still able to carry a load.[7]

Th e probability of a total failure has to be minimized, 
but it cannot be eliminated. Repeating impacts, stress 
concentrations caused by assembly errors at joints or 
supports and nickel sulphide inclusions in case tem-
pered glass are aspects of possible failure of a glass 
construction.[7]

Minimizing total failure of, for example, glass beams 
is not the focus of reinforced glass designs. Th ese 
designs aim for controlled ductile failure behaviour, 
which is obtained by adding a small stainless steel re-
inforcement to the tensile zone of the glass beam (fi -
gure 15). By situating this addition at the lower edge 
of the beam, the transparency of the beam is hardly 
aff ected. An overload on the beam will cause the glass 
to crack, but the propagation of this crack is limited 
due to the deformation of the reinforcement element. 
Th is deformation is caused by the fracture energy. 
Th e reinforcement element will act as a crack bridge 
which handles the tensile forces (fi gure 16). Together 
with compression forces in the (un-cracked) com-
pression area, the tensile forces will generate an in-
ternal couple and therefor enable the beam to carry 
a load aft er cracking of the tensile zone has begun. 
Th e beam keeps functioning as a closed system, With 
the beam being intact aft er cracking, bystanders are 
alarmed by the cracks. Th is gives them time to fl ee of 
to take proper measures.[8, 9]

Th e reinforcement layer is adhesively bonded to the 
glass with an acrylic or an two-component epoxy ad-
hesive. According to the Glass & Transparency Re-
search Group, the two component epoxy adhesive 
performs best on a structural level, but the epoxy is 
preferable when looking at manufacturing proper-
ties (short curing time and it can be used for both 
glass-glass and glas-reinforcement bonding). Regar-
ding a combination of structural and manufactu-
ring properties, both adhesives are preferable. Over-
all, it seems that the more the reinforcement layer is 
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Figure 14; laminated glass with diff erent layer dimensions

Figure 15; possible reinforcement options with stainless steel 
                  (black elements on the lower part of them beams)[9]

Figure 16; reinforcement layer will handle the tensile 
                     forces[9]

surrounded with glass (the option on the right on
fi gure 15), the more stress it is able to handle.[9]

Th is concept of reinforcing a glass beam with a stain-
less steel element, requires the use of ordinary an-
nealed fl oat glass. Th e type of glass fails at relatively 
low stresses, but more important, in large shards. 
Th ese shards are able to transfer compression forces 
aft er cracks have occurred in the glass beam, due to 
an interlocking eff ect. Fully tempered glass is able 
to carry higher initial loads, but when this type of

Capita Selecta Building Materials 2012-2013 | 7S910
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glass fails, it disintegrates into numerous small glass
fragments. Th ese fragments are not able to carry the 
remaining load and therefor tempered glass is not 
suitable for the use in reinforced glass beams.[8]

Adhesively bonded overlapping glass segments
In the past, designers oft en resorted to steel construc-
tions when designing glass elements. However, glass 
from a mechanical point of view is more related to
concrete than to steel.[10] Nonetheless, long-span glass 
beams are nowadays oft en produced using metal fric-
tion joints to combine two or more standard sized 
glass panes (fi gure 17). Th ese joints cause two impor-
tant problems;
- Th e transparency of the glass beam is aff ected;
- When these metal joints are used, holes have to be 
    drilled into the glass. Th ese holes lower the strength 
   of the glass and introduce high local stress in the     
    area around the joints.[11]

In order to replace the joints, an ‘adhesively bonded 
overlapping glass segments’ concept has been deve-
loped.[11] Th is is a more glass-specifi c technique and 
the concept enables construction of fully transparent 
and continuous glass beams with no metal joints or 
whatsoever. A continuous glass beam is realized by 
overlapping and annealing several fl oat glass panes. 
Th ese panes are arranged according to a specifi c plan 
(fi gure 18) and adhesively bonded with an acrylic 
based adhesive. Possible forces between panes are 
transferred through shear in the adhesive connec-
tions. Th ese connections are relatively large (the total 
length of a connection between panes) and therefor 
shear-stresses are low and peak stresses are not pre-
sent in the glass beam. Due to the adhesive connec-
tions, glass beams can be produced which possess a 
safe and ductile failure behaviour.[11]

Figure 17; diff erent parts of a glass beam are held together by 
                  friction joints

Figure 18; symmetric (top) and asymmetric segmentation of   
                    glass panes. Th e percentages give the amount of 
                    glass in a section[11]

Figure 19; a glass beam made out of several annealed panes[11]



Structural glass elements

We have seen the use of glass through the years, the 
properties and mechanical features of glass and types 
of structural glazing, but we still don’t know what 
is really possible with glass. Glass is being used in 
several diff erent ways in architecture, which I will dis-
cuss in the next chapters. I will deal successively with 
facades, beams, columns, roofs and joints all made 
out of glass.

Glass façade
We know that the pressure layer of constructions 
could be replaced by glass. I would like to transfer 
this knowledge to glass facades. As mentioned earlier, 
I would like to use a residential building in Rotterdam 
(fi gure 11) and a research centre in Lisbon (fi gure 12) 
as examples of buildings with a glass façade. First the 
residential building in Rotterdam. Th is building fea-
tures a non-climatized atrium on the street side of 
the building. Th is atrium has a glass façade which is 
roughly 13 meters high and 8 meters wide and con-
sists of glass panels with dimensions ranging from 
1550x950 mm. to 4000x950 mm. It is clear that the 
glass surface is very large and therefor vulnerable for 
the wind. Th e wind load will cause a movement of 
the glass panes perpendicular to the façade and with 
no precautions, this movement will rapidly grow in 
a way that the glass can’t handle it anymore. Th ere-
for the wind load is absorbed by vertical steel cables 
which are attached to the upper and lower construc-
tions of the non-transparent façade (fi gure 20). Th ese 
cables are pre-tensioned, otherwise they would have a 
horizontal displacement of about 145 mm., which is 
too high. It becomes clear that the cables are the ten-
sion elements and the glass is the pressure element of 
the façade.[12] When the façade is turned 90 degrees, 
it also looks more or less like the space structure men-
tioned earlier (fi gure 13).
Another element which causes a vertical movement 
of the façade is it’s self-weight. Th e larger the façade, 
the higher its self-weight will be. Since architects like 
large glass facades, innovation is needed on glass fa-
çade construction. One of the examples of this inno-
vation is the pre-tensioned glass façade of INHolland 
in Delft . Th is building uses aramid cables, in compo-
site tubes which are placed in the cleft  of the façade, to 
ensure a fl at surface on both the inside as well as the 
outside of the façade. Th e cables are the tension ele-
ments and tie rods cover the self-weight of the façade. 
Th is façade is the thinnest glass façade in the world 
with a thickness of just 54 mm. (fi gure 21).[13, 14]
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Figure 20; impression of the glass facade at the Jobsveen resi-
                    dential building

When we look at the research centre in Lisbon, there 
are no cables on the inside of the glass façade. Th ey 
are replaced by glass fi ns which are located perpen-
dicular to the glass façade (fi gure 22). Th e panels of 
this façade are glued together. It seems that the glass 
fi ns ensure the tension layer of the façade. Th ey sta-
bilize the vertical glass panes. Th e fi ns are made out 
of 4 separate hardened glass layers which each have a 
thickness of 15 mm. with 3 layers of so called “Hurri-
cane foil” in between the glass layers. Th is foil ensures 
extra strength without losing any translucency.[25]

Figure 21; the thinnest glass facade in the world
Capita Selecta Building Materials 2012-2013 | 7S910
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Figure 22; glass stabilizing fi ns on the inside of the facade

and will ensure the structural integrity of the 
beam.[15] 
It took a long time before glass beams where fi nally 
used as a construction material, but nowadays they 
are being used in a wide range of buildings and de-
signs. Th e structural properties of glass cause beams 
to be very high compared to their width (fi gure 23).

With the glass fi ns in mind, I will move on to hori-
zontal glass structural elements. I have already men-
tioned a space structure with glass pressure members, 
but I would like to focus on elements which are al-
most entirely made out of glass. Roughly there are 
two types of elements as we have seen in the chapter 
‘types of glass suitable for construction’; beams based 
on reinforced glass and beams based on adhesively 
bonded overlapping glass segments. Both types are 
now discussed.

Beams
Beams consist of two parts. One part is the tension 
layer and one part is the pressure layer. As we have 
seen earlier, glass is very brittle and when it collap-
ses, it happens suddenly without a warning. Th at’s 
why glass beams are produced out of laminated glass 
panes. Th ese panes are rolled together under consi-
derable pressure with foil (PVB, PolyVinylButyrate) 
in between the various panes. Th is process takes place 
in an autoclave, where the temperature reaches 250 
degrees centigrade. When fi nished, the end result is a 
completely transparent piece of glass. 
Beams produced this way won’t fail completely. Th e 
PVB foil keeps the glass fragments together. On the 
other hand, when the beam is struck by an object, only 
the outer layers will break. Th e inner layers stay intact

Figure 23; glass beams are high compared to their width

Columns
Th e dimensions and use of glass beams guide me to 
glass columns. When used in facades, these columns 
have the same look as glass beams, because the loads 
on facades can be compared with the loads on a roof 
(the direction compared to the orientation of the glass 
element). Columns which are placed in other parts of 
the building endure other and diff erent loads. Th ere-
fore glass columns as we see them in facades, can’t be 
used elsewhere. Round columns (fi gure 24), columns 
formed as a cross (fi gure 25) and composite columns 
(fi gure 25) have been part of research the last decade.

Figure 24; detail of a round glass column[15]



When columns endure a load to the extension of the 
column, they can collapse in three diff erent ways; 
crumbling under too big a compression load, buck-
ling and simply breaking due to shear force.[15] Buck-
ling is the most dangerous aspect for glass columns 
to collapse since it is a tensile stress. To compensate 
this, columns have to be made out of two, three of 
even more layers of glass, which is comparable with 
glass beams. When one or more layers are broken, the 
other layers have to maintain the structural integrity 
of the column. Th e risks involved with these glass 
construction elements cause them to be notably ab-
sent in architecture. Th ey are mainly used as a façade 
element, but not as a load bearing column in space 
where people live and work.

Roofs
Roofs can be seen as the horizontal facades. Both have 
to protect us from the outside environment. Where 
the facade has to mainly withstand wind loads, the 
roof has to handle rain and snow. Wind is also playing 
a role, but the wet natural elements are causing trouble 
most of the time. When for example, the slope of the 
roof is less than 5 degrees, water won’t fl ow down and 
special measures have to be taken. Th is is nonethe-
less not a specifi c glass-roofi ng problem and is seen in 
every single roof, no matter what material is used.[15]

In order to withstand loads, mainly from snow and 
wind (suction), laminated glass has to be used. Roofs 
are placed overhead and therefor it is not allowed to 
have tiny or big shards of glass falling down in case 
of failure. Some people say that toughened glass 
fails in innumerous small parts, but experience has 
proven that also this type of glass forms larger shards 
when failure occurs. Th erefor laminated glass is 
mandatory.[15]

Joints
Since glass panes have maximum dimensions be-
cause of production techniques and transport equip-
ment, bonds and joints have to be designed in order 
to connect several diff erent panes for constructing 
a large glass facade. On the other hand, horizon-
tal (beams for example) and vertical elements have 
to be connected to each other. Th ere are ways for 
realizing this without special designed joints (fi gure 
28), but in general these connections have to be made 
with joints other than glass. Several diff erent tasks of 
the joints (connecting the glass, transporting forces, 
stabilizing a façade and so on) cannot be fulfi lled 
by the glass itself as mentioned above. In order to 
handle these aspects,  special joints have to be designed. 
Th ere are roughly three diff erent types of joints in

14

Figure 25; glass column formed as a cross (top) [15] and a 
                     composite transparent facade element 
                     (bottom)[16]

Figure 26; glass roof
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Figure 27; the joints are nicely visible while the rest of the 
                    facade is entirely transparent
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glass structures; [17]

- Direct, glass to glass (welded, not used in building 
   practice);
- Semi-direct, glass- adhesive-glass (an adhesive is used 
   to connect diff erent parts, used in building practice), 
   fi gure 28;
- Indirect glass-intermediate component-glass (most 
  common in building practice, restricted to fi nger 
    joints), fi gures 26 and 27.

Th e adhesive bonds are subject of discussion because 
the strength, durability and reliability are not entirely 
proved so far. Th is causes the fi nger joints to be used 
as a common indirect joint between glass panes.[17]

Oft en, steel components are implied as joints but 
these components lack transparency. Th erefor they 
play a major role in the overall perception of a glass 
façade (fi gure 27). 
Th rough the years, researchers have developed more 
transparent joints but these are not made out of glass. 
Transparent polymers could be the solution. Material 
properties of polymers diff er considerably (there are 
literally hundreds of diff erent transparent polymers), 
but they can be quite strong with tensile strengths 
easily exceeding 50 megapascals (MPa) and they show 
creep and visco-elastic behaviour. Some of the poly-
mers are brittle, what makes the choice of the used 
polymer very important.[17] Th is last aspect is of great 
importance. Glass is a very brittle material and when 
it collapses, it happens very sudden. Th is is not some-
thing that one would like to see in a building where 
people work and live. Th erefor a brittle polymer is not 
desirable for use as a joint between glass panes but 
what polymer is usable?
Acrylic polymers (PMMA, or Polymethylmeth-
acylate) are. Th e ultimate strength of acrylics can be 
two times higher than glass and they are 20 times less 
brittle.[18] Besides that, acrylics have a very high light 
transmittance, it’s relatively scratch resistant and stiff  
compared with other polymers and it will stay in a 
better optical shape. Besides the mechanical proper-
ties, it has favourable processing characteristics; it can 
be cast unlike other polymers, it can be extruded and 
ejection moulded but the extrusion results in inferior 
properties (both mechanical and optical). Last but not 
least, it can be glued to other materials, which means 
that other adhesives can be applied to acrylic joints. 
A disadvantage is its fl ammability. It burns roughly 
similar to hard wood species. In the end, acrylic can 
perform fi ve times better as a glass sheet of equal 
thickness.[18]

Figure 28; principle of welded transparent joints [15]

Figure 29; polymer joint. In the red circle the part that has 
                    been made transparent [17]

In the end four polymers have credible potential for 
use as structural glass joints, including the acrylics:[18]

- Polycarbonate (PC)
- Acrylics (PMMA)
- Polyesters (PET)
- (Polypropylene (PP)
I will not discuss these polymers on it’s chemi-
cal properties because that is not what this research 
is about. Other scientists have done research into 
this subject and their conclusion is that PC, an en-
hanced form of PET (PET-G) and PMMA are the 
most suitable polymers for use as joints in structural 
glazing.[17] Depending on the situation, location and 
desired properties, an engineer has to choose one of 
these polymers. Th e problem of visible steel parts still 
exists since the whole joint can’t be made out of poly-
mers at the moment. When designing a completely 
transparent façade, possibilities other than joints have 
to be considered.
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Use of other materials besides glass

If we look at the glass facade systems and other glass 
structural elements discussed in this research, it be-
comes clear that we have to design several additions in 
order to make glass functional for structural purpos-
es. We more or less see glass as the only material for 
the design of transparent facades, roofs, staircases and 
so on. Th at’s why we make a lot of eff ort to ‘adapt’ the 
glass for applications as a structural material, but what 
if we could use a transparent material which could re-
place glass and could be used as a structural material 
without the addition of other materials? Bulletproof 
glazing, blast resistant curtain walls and overhead 
glazing or horizontal walls all use polymer additions. 
Th e stronger the glass has to be, the more polymers 
are used. Th e solution seems to be very obvious; re-
place the glass and start using polymers. But is it 
really that simple? Th e polymers discussed in the 
joints-chapter could be a good starting point to 
answer this question.
Th ere are a few aspects of a transparent façade that are 
of great importance; the horizontal forces (for exam-
ple wind loads), it’s self-weight, stability, stiff ness and 
of course transparency. We have seen that the glass 
facades as we design them the last few years, consist 
of a vertical glass screen with a secondary structure 
behind this screen. Th is vertical structure has to deal 
with the vertical forces and ensure the stiff ness and

stability of the façade. Without this structure, the 
façade can’t exist. However, the secondary structure 
is the part of the façade that is causing transparency 
problems. Th ese problems are more and more limited 
to the joints and parts of the façade that are located 
perpendicular to the outside layer (fi gure 30). If we 
want to make the façade more transparent, we have 
to deal with the secondary structure. Polymers could 
help with this issue.

I would like to further reduce the list of four polymers 
presented in paragraph about the joints in order to 
mark out the research. I’m going to continue with PC 
and PMMA. Th e other two polymers lag behind be-
cause of their low stiff ness and low ultimate strength 
compared with PC and PMMA (table 1).[18]

In order to make you familiar with PC and PMMA, 
I will give you their best known brands: PC is bet-
ter known as Apec, Lexan and Makrolon and is be-
ing used for years now as translucent wall cladding 
or roofi ng material in architecture (fi gure 31). Th is 
cladding is able to reduce the U-value of a wall to 
0,85 W/m2K. Th is value is comparable with a triple 
glass with argon in the crevice and a low-e coating. 
PMMA is also known as Plexiglas or Perspex.[18] 
Plexiglas sheets with a thickness of roughly 25 mil-
limeters even have a U-value of 0,76 W/m2K and this

Figure 30; joints and elements perpendicular to the vertical 
                    screen are causing transparency problems
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can be reduced to 0,43 W/m2K when the sheets are 
double glazed with an airspace located in between the 
two panels.[19]

PC’s and PMMA’s
PMMA’s are the most common polymer replacement 
of glass but the properties of PC are comparable with 
those of PMMA (table 1). Th ere are however diff er-
ences which cause PMMA’s to be used as transparent 
windows instead of PC’s; PC is more impact resis-
tant, but it is more likely to scratch, it is substantial-
ly more expensive (around 2 or 3 times more than 
PMMA’s), ultraviolet rays turn PC yellow over time and 
PMMA’s are more transparent.  When PMMA’s are 
being scratch or damaged somehow, it is fairly easy to 
restore the transparency of a PMMA based pane.[20] 

Because of these facts and the PMMA’s already being 
used as a material in architecture, I am going to con-
tinue the research with PMMA only.

Architects and designers are continuously looking for 
new and more extreme forms. PMMA’s can be easily 
molded and extruded at the cost which is only a frac-
tion of glass. Th is gives designers the opportunity to 
design and produce (the most important part in this 
case) curved shapes (fi gure 32). Th ese shapes are very 
hard to produce when glass is used.
Th e best part of the production process is that the di-
mension of a transparent panel is virtually limitless 
and in the end, the panel is more transparent (92% 
for acrylics and 80-90% for glass), an doesn’t has the 
greenish tint we see with glass.[21] Th is doesn’t mean

Table 1; mechanical properties of several polymers and glass

Figure 32; curved PMMA facade at the Raab Karcher 
                    Flagship store in Berlin, Germany

Figure 31; PC transparent roofi ng material

that a gigantic panel can be pro-
duced at ones, but it is possible to 
weld acrylic panels together with-
out a visible joint. In the extrusion 
process, it is possible to obtain pa-
nels with a width of 2 meters, a 
thickness of 25 mm. and no limit 
regarding the length.[18] However, 
when truly gigantic transparent 
walls are needed, the production 
time and cost rise considerably. For 
example the transparent window of 
the Okinawa Churaumi sea aquari-
um (fi gure 33). Th is window is 22,5 
meters wide and 8,2 meters high. It 
is has thickness of 600 mm. and has 
been build out of 7 diff erent panes. 
Each of these panes exist out of 15 
separate panels with a thickness of 
40 mm. It took the engineers 1 year

and 8 months to construct this window. Th e last part, 
welding the 7 separate panes together, took 2 months 
and had to be done inside the aquarium because the en-
tire window was too large to be transported at once.[22]
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Th is is of course an exceptional example, but the 
greater the transparent element is going to be, the 
longer and more expensive the production process 
will be. Acrylics are nonetheless preferable, because 
they can be welded without a visual joint into a very 
large (as a matter of fact limitless) transparent pane. 
Th is is not possible with glass, where joints are always 
visible in case of constructing transparent facades 
which are larger than the largest glass pane that can 
be produced. 
Both glass and acrylic viewing panels have benefi ts 
depending on the application, but in my opinion 
acrylics have surpassed glass the last few years in ver-
satility, production methods and multiple uses. Th at 
is why I would like to redesign a glass building by 
using acrylics as the basic transparent material instead 
of glass in order to make the original building more 
transparent. Th e subject of redesign is going to be the 

Apple glass cube in New York (fi gure 30). In order to 
redesign this building, I fi rst have to examine possible 
negative aspects of acrylics and I would like to know if 
it is feasible to construct a load bearing wall and roof 
entirely out of acrylics.

Negative aspects of PMMA’s
Th e surface of an acrylic window is very soft . Th erefor 
it is easier to scratch this surface compared with glass. 
It is however easy to remove these scratches by po-
lishing the surface. When glass is scratched, it has to 
be replaced.[21, 22]

Degradation of the material because of exposure to 
weathering could be an important aspect regarding 
the design of an entirely transparent building. Sun-
light and organic solvents will degrade the material
properties more rapidly.[23] A façade is normally ex-

posed to service environment, which means that the 
acrylic panes have to be protected before they can 
be used as a façade element. Another option is over-
dimensioning or the use of sacrifi cial panes. Th ese 
panes will degrade, but the core structure is not 
harmed. Above all, proper care and regular inspection 
has to be obvious in order to achieve the design life of 
the façade without fracturing or removal. 
When protected, inspected and maintained regularly, 
these problems stated above can be controlled. An 
event that can’t be controlled is fi re. Once in a while, 
a building catches fi re. Concrete and stone façades are 
resilient to fi re, but PMMA isn’t. Flammability and 
its reaction to fi re is the biggest issue with PMMA 
building elements and this is something that should 
be carefully studied before a design is actually being 
build.[18]

To give a clear overview of the positive and negative 

Figure 33; PMMA based viewing window

aspects of both glass and PMMA’s, table 2 is an enu-
meration of the aspects of both materials. Some of 
the aspects have not been discussed in this research. I 
consider them for granted.

Load bearing capabilities
PMMA response more complex to applied loads 
than for example metals. Th is response is nonli-
near and is associated with both the temperature and 
the duration of the applied loads. As we have seen 
earlier in this research, polymers exhibit viscoelas-
ticity, which means that creep occurs. Th is visco-
elasticity is temperature and time-depended which 
infl uences the magnitude of strain, but also the yield 
point of the polymer.[23] Large temperature diff er-
ences and long lasting loads could therefore have a
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serious infl uence on the mechanical properties of the 
material. Th e thermal expansion coeffi  cient of PMMA 
is for example 6 to 7 times higher than that of glass.[18]

Table 2 makes clear that the yield strength of PMMA’s 
is much higher than the yield strength of glass. Th is 
is one of the reasons why PMMA’s are used for large 
viewing windows in sea aquariums. Th ese windows 
are made for resisting the water pressure inside the 
aquarium but not for enduring loads from above. Th e 
viewing window is placed in a steel or concrete frame 
and this frame sustains the loads from the building 
elements which rest on top of the window (fi gure 34). 
Th e question is if it’s possible to use acrylic panels as a 
vertical load bearing element which is able to replace 
concrete or steel constructions. 
Th e compression strength of PMMA’s is somewhere 
on the order of 95 MPa.[24] Th is is multiple times 
the tensile strength of PMMA’s and is compara-
ble with the compression strength of high strength 
concrete. Th eoretically it should therefor be pos-
sible to design a load bearing façade out of PMMA. 
Th e problem is the degradation of the material due 
to exposure to the service environment and its vis-
coelastic behaviour which is temperature and time-
depended. When designing the transparent façade, 
the load bearing PMMA core should be protec-
ted against the service environment and also should 
be kept on a constant temperature to prevent fatal 
stresses within the material. As to the safety of the 
users of a building, it is favourable to keep the perma-
nent load on the façade as low as possible.

Table 2; positive and negative aspects of PMMA’s

Figure 34; vertical section of an aquarium viewing window. 
                    Th e grey parts are the concrete structure
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Design

Th e fi nal part of this research will be a design propo-
sal for replacing the existing Apple glass cube in New 
York (fi gure 35). Th is proposal will consist out of 3 
separate design solutions, each with the pro’s en con’s, 
starting with a cube made entirely out of acrylics.

PMMA cube
Th e most ideal solution for redesigning the existing 
glass cube would be to simply replace the glass ele-
ments with PMMA elements. Th ese PMMA elements 
could be welded together and the fi nal result would be 
an all transparent glass cube without objects blocking 
the view from both the inside as well as the outside. 
Th is is however not possible because of the thermal 
expansion coeffi  cient of PMMA. Th e temperature on 
the outside of the building (the temperature on the 
inside could be kept of the same level all year long) 
diff ers throughout the year. Th e temperature in New 
York can range from -10 degrees centigrade in Janu-
ary or February to 35 degrees centigrade in the sum-
mer months. Th is could result in a change of length 
of more than 1 mm./m. Th e façade of the glass cube 
in New York would grow or shrink more than a centi-
metre throughout the year when the PMMA construc-
tion is exposed to the outside climate. If this would be 
the only temperature change, it wouldn’t be a major 
problem Another aspect is the occasional large tem-
perature diff erences between the inner and outer skin; 
up to 30 degrees or more in wintertime. No matter 
how you design the façade, this temperature diff er-
ence always exists in some part of the construction. 
Th e stresses inside the material could grow to heights 
where the material fails, assuming that the adhesive 
bond between diff erent panes reacts identical to the 
PMMA panes. When this adhesive bond reacts diff er-
ent, delamination can occur. 
When the façade is produced as a monolithic struc-
ture, the temperature diff erence exists in the entire 
shell (fi gure 36). A façade with a cavity in between the 
inner and outer shell, would give the same problems. 
However it is possible to let a fl uid or gas ran through 
the cavity to keep the façade on a constant tempera-
ture (fi gure 37). When using a fl uid, the transparency 
of the façade could be troubled by the diff erent refrac-
tive indexes of water and glass (fi gure 38). I also want 
to avoid problems regarding temperature diff erences 
in the façade when the systems fails which are respon-
sible for the air (or water) running through the cavity.
Another problem is the degrading of the material due 
to the weather and it’s low scratch and impact resis-
tance compared with glass. Th e material would degrade

Figure 36; temperature diff erences along the entire shell

Figure 35; former Apple cube in New York

Figure 37; keeping the facade on a constant temperature
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considerably when exposed to the outside environ-
ment and the chance failure due to an impact of an 
object is very high.

Glass protected PMMA
In order to avoid the problems regarding the thermal 
expansion coeffi  cient and degradation of the material, 
the PMMA inner structure could be protected by a 
material which possesses a low thermal expansion co-
effi  cient, a higher scratch and impact resistance and 
is weather proof. Glass is in this case a perfect mate-
rial. Th e idea is to combine glass with PMMA into 
a load bearing façade. Th e glass acts as an insulating 
and protective layer and PMMA would function as 
the load bearing construction which runs across the 
entire facade. Th e glass is adhesively bonded to the 
PMMA without distortions. Th e transparency pro-
blems which occur with the joints and glass struts 
perpendicular to the façade can be avoided because 
the entire façade consists of glass and PMMA. Th is fa-
çade however is going to be wider than a conventional 
glass façade (fi gure 39). 
In my opinion, the glass façade is transparent because 
its specifi c material use but also because it is a very 
slim construction. When adding several centimetres 
of PMMA to the entire façade, the design is going to 
be very bulky, no matter how transparent the cube is 
going to be. Th e feeling of true transparency fades and 
the addition of PMMA has no eff ect (it is even pos-
sible that it has a reversed eff ect). Th e PMMA inner 
construction therefor has to be designed in a subtle 
way.

Replace part of the existing elements by PMMA
At this moment, the glass cube is made up of hori-
zontal and vertical glass panes, vertical façade struts 
and horizontal beams. Th ese elements are bonded 
with non-transparent joints. When the façade struts 
and horizontal beams could be replaced by PMMA, 
the design is going to be a lot more transparent than 
it is at the moment. Th e non-transparent joints would 
be redundant because the glass and PMMA elements 
could be adhesively bonded. Th ere is nonetheless still 
a problem; PMMA panes possess not the same trans-
parency on all areas (fi gure 40). Th e sides of the panes 
are very murky. When PMMA panes are used per-
pendicular to the façade (comparable with the glass 
façade struts), the sides would be eye-catching and 
therefor greatly reducing the optical transparency. 
Table 1 in the “Use of other materials besides glass” 
chapter shows the properties of a few transparent ma-
terials and it is very clear that PMMA has a greater 
potential as a load bearing material than glass. Th is 

Figure 39; facade containing glass and PMMA layers

Figure 40; lack of transparency on the sides of an acrylic pane

Figure 38; diff erent refractive indices of water and glass
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is compromised by viewing windows such as the 
one in the Okinawa Churaumi sea aquarium (fi gure 
33). PMMA is used instead of glass in order to with-
stand the enormous volume of water. Th ese proper-
ties should make it possible to reduce the number of 
façade struts and roof beams. Th e idea is to design a 
frame which is stabilized by the horizontal and verti-
cal glass panes. Th e panes could be strengthened by a 
thin PMMA layer, when necessary. Th e frame consists 
of 4 columns in each corner and 4 beams in between 
the columns. Th e outher skin still consists out of glass 
(fi gures 42 and 43). In this case, the four sides and the 
roof of the cube are almost entirely transparent. Re-
ducing the number of façade struts and roof beams is 
just what the designers of the cube did recently (fi gure 
41 ). PMMA’s are able to perfect this idea. Transparent 
silicone kit can fi nally be used in order to optimise 
transparency.

Figure 41; Th e Apple cube has changed trough the years

Figure 42; the new Apple Cube consists of 4 PMMA columns 
                    which are connected with PMMA beams

Figure 43; Horizontal (top) and vertical section (bottom) of 
                  the design pictured in fi gure 42
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Conclusion

Glass as a construction material is very limited due 
to its brittle nature and very low tension strength. 
It however possesses a very low thermal expan-
sion coeffi  cient and a high compression strength, 
which makes it an excellent material for construc-
ting facades. Th ere are however materials which are 
more transparent and have a higher tensile strength. 
PMMA’s are one of these materials. Compared with 
glass, the thermal expansion coeffi  cient of PMMA’s 
is very high. Th is makes the material not suitable for 
use as a load bearing façade which is exposed to large 
temperature fl uctuations. 
Glass and PMMA’s possess several opposite properties 
and therefor are these materials suitable for combined 
uses. Th e properties which glass lack are possessed by 
PMMA’s and vice versa. When combined in a certain 
way, glass and PMMA’s can be used to design a more 
transparent façade compared with a façade where 
only glass is used. 
Th e most important non-transparent aspects of a 
façade are the joints between the diff erent glass ele-
ments. Th ese joints are redundant with a combined 
use of glass and PMMA; both materials can be ad-
hesively bonded together without visible distortions. 
Adhesive joints are already used in glass construction, 
but on a very limited scale compared with PMMA’s.
Glass as well as PMMA’s can’t be used as the only con-
struction material in a façade, but a combined use 
could end up with a more transparent façade. Th e 
materials complement each other in the same way as 
steel and glass do, but the diff erence with steel is that 
PMMA’s are highly transparent. Why PMMA’s are not 
used already as a construction material? It’s too ex-
pensive in production and construction time.
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Epilogue

Glass used as a load bearing material is, in spite of being used for a few decades, a relatively rare material in 
architecture. Th is makes it an excellent research object. Nonetheless this research was a diffi  cult one, but yet 
very interesting due to the combination of diff erent transparent materials. Th e hard part was fi nding suffi  cient 
information regarding the constructive properties of glass (and also PMMA). Much is known about these ma-
terials, but structural laws, formulas and agreements for construction and designs as we see them with other 
building materials such as concrete, wood and steel are scarce.  However this absence of specifi c information 
makes the subject worth investigating. In the end, I would like to have more information about the use of 
PMMA in construction. Th e absence of the material in architecture is one of the reasons that it was hard to gain 
information. Overall, PMMA is used as an addition to existing building elements such as glass. Nonetheless I 
am convinced that PMMA (and perhaps other polymers) have a future in the fi eld of transparent facades, but 
research is required in order to enhance the material on the points of interest discussed in this text (mainly 
production and the costs involved). For me it was very interesting to plunge deeper into glass and polymers as 
a building material, especially because they are materials of the future.
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