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Abstract

The article presents an overview of research and applications of glass as structural material, cooperating with other mate-
rials: steel, timber, glass or carbon fibre composites. It presents examples of reinforced glass structural elements as well as
complex composite components. The most promising seem to be beams with a glass web and flanges made of timber (prefer-
ably laminated). In the near future, the author plans to conduct the laboratory research on hybrid timber-glass beams on
the full-scale models.

Streszczenie

W artykule przedstawiono przeglad badan i zastosowan szkla jako materialu konstrukcyjnego, wspodlpracujacego z innymi
materialami — stalg, drewnem, kompozytami zbrojonymi wiéknem szklanym lub weglowym. Przedstawiono zaréwno
przyklady elementéw ze szkla zbrojonego, jak réwniez wielomaterialowe elementy zespolone. Najbardziej obiecujace wyda-
ja sie tutaj byé belki ze Srodnikiem szklanym i pasami z drewna (najlepiej klejonego). W niedalekiej przyszlosci autor
przewiduje objecie tego typu elementdéw badaniami w skali naturalnej.
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1. INTRODUCTION strength than annealed float glass, laminating few
panes together to minimize the probability of total
glass failure, dimensioning with very high safety fac-
tors and applying sacrificial sheets to the laminate to
protect the load-bearing sheets. The conservative
techniques seem to be uneconomical and do not fully
use the potential of the material.

There are many materials that seem to be non-structur-
al but after study their properties thoroughly they pre-
sent a huge potential to build modern, safe and durable
architecture. One of such examples is glass. However,
the material glass itself poses many difficulties in struc-
tural considerations. The one results from its brittle-
ness. When overloaded glass breaks immediately into
shards without warning. Secondly, glass is much weaker
in tension than in compression therefore it becomes a
problem to fully exploit its strength in bending. Lastly,
glass is extremely susceptible to stress concentrations so
there is a big challenge to design structural connections
between glass and other materials.

In the last decade several research projects focused on
glass combined with other materials have been start-
ed. The concept of reinforced glass beam was to
strengthen a glass beam with a strip made of steel
[1-4], carbon fibre [5] and glass fibre [6] bonded to the
tensile side of the beam. The idea of hybrid glass beam
was to combine a glass web with flanges made of steel
[7, 8], concrete [9] and timber [10-13]. These research
projects show a tendency to seek ductility and post-
breakage safety. The paper presents the results of the
studies and applications.

A traditional approach to design glass elements takes
into account above mentioned issues and involves the
use of tempered glass which demonstrates higher

3/2012 ARCHITECTURE CIVIL ENGINEERING ENVIRONMENT 53



M. Koztowski

2. MATERIAL PROPERTIES OF GLASS

The most important physical properties of glass are
summarized in Table 1.

Table 1.
Physical properties of glass [14]
Density 25 kN/m?3
Young’s modulus 70 000 MPa
Shear modulus 28 000 MPa
Poisson’s ratio 0.23
Hardness (Mohs scale) 6
Coefflec;c;)r:n(;fotrlllermal 9106 k-1
tensile strength 45 MPa
compressive strength 800 MPa

Glass with a density comparable to reinforced con-
crete presents modulus of elasticity almost equal to
that of aluminium. Glass shows isotropic and almost
perfectly elastic behaviour. Due to its brittle manner
glass does not yield plastically and therefore is very
susceptible to stress concentrations. Glass is several
times weaker in tension than in compression. The
practical strength of glass can be improved in tem-
pering process which is about introduction of a sur-
face compressive residual stress by a heat treatment
of glass. Since the surface tensile stress due to actions
is smaller than the residual compressive stress in tem-
pered glass, no crack will develop. The fracture pat-
tern of glass is highly dependent on residual stress.
Annealed float glass breaks into large fragments
whereas fully tempered glass presents high fragmen-
tation and breaks into small pieces which does not
affect post-breakage strength.

3. REVIEW OF RESEARCH PROJECTS
AND APPLICATIONS

3.1. Metal reinforced glass beams

Comparing the load-bearing capacity of different
glass beams in four configurations of glass strips: lay-
ered (three strip of glass bonded directly), laminated
(three strip of glass laminated with a 1 mm polycar-
bonate interlayer), laminated segmented and lami-
nated reinforced glass, Veer [1] has proved that even
small amount of steel bonded to tensile side of a glass
beam improves the post-breakage performance of
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the beam significantly. A 3000 mm long reinforced
glass beam with a stainless steel L-profile 3 x 3 mm of
1 mm thickness bonded to the bottom of the glass
beam was examined in a three-point bending test.
Looking at the load-displacement curve (Fig. 1) three
peaks can be identified. Each peak corresponds to
the failure of a single pane. As can be noticed even
after first pane breaks, the stress is redistributed and
almost the same strength is achieved. It relates to the
fact that when first pane fails, the tensile stress is
taken by the steel L-profile.
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Figure 1.

Force-displacement curve of a three-point bending test of
3000 mm long metal reinforced glass beam [1]

In 2002 under the Studium Generale group of Delft
University of Technology, Veer [2] focused on the pro-
ject of a 8000 mm long aquarium for the atrium in the
main library of the university. The designed beam
had a cross-section of a 300 x 300 mm box with a few
openings in top plates to let the fish breathe. Because
the glass plates were not available in lengths more
than 6000 mm it was decided to divide the beam and
solve the problem using two 4000 mm long boxes con-
nected by two overlapping side plates. To increase the
bearing capacity of the structure and avoid brittle
failure of glass two stainless steel tubes of a wall
thickness of 1 mm and cross-section of 10 x 10 mm
were bonded to the bottom plate (under the vertical
glass plates) (Fig. 2).
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Figure 2.
The 4000 mm long prototype with two stainless steel profiles
bonded to the bottom plate during lifting process [15]

A preliminary FEM study showed that it was possible
to build the aquarium with 10 mm thick plates made
of annealed float glass bonded together with adhe-
sive. Two 4000 mm long prototypes were built but
only one was examined in a three-point bending test.
At a load of 14.5 kN the beam failed rapidly within a
second by crack growth in all glass panes (Fig. 3). The
promising results of tests on the prototype allowed to
start building a full-scale model. Alike the prototype,
the 4000 mm long beam was tested in a three-point
bending test and at a load of 16 kN crack started to
form in the centre of the beam. In contrast to the
rapid failure of the prototype, the beam failed slowly
(Fig. 3). A probable reason was that both beams were
made of the same glass thickness, thus the 4000 mm
long beam was stiffer which caused rapid and explo-
sive failure of the specimen. The tests confirmed the
feasibility of the design but finally due to the uncer-
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Figure 3.

tainties it was decided to resign on the project of the
8000 mm long aquarium. Instead, the second, not
tested 4000 mm long prototype was placed in the
library as an aquarium and located one meter above
the pavement.

The reinforced box-section glass beam concept was
developed by Bos [3]. A 3000 mm long prototype of
210 x 70 mm cross-section dimensions was composed
of 1500 mm long segmented of 6 mm thick annealed
float glass sheets. Two small stainless steel profiles
10 x 10 x 1 mm were bonded to the underside of the
side plates. The beam was examined in a four-point
bending test. At the load of 10.8 kN first visible crack
appeared but the maximum load just before the fail-
ure was 14.3 kN. The prototype showed a post-initial
crack strength of almost 135%.

In 2004 following the research on box-section glass
beam, Bos focused on the concept of post-tensioning
of glass beams [3]. The parabolic, prestressed T-sec-
tion had a changing cross-section dimensions, with a
height of 210 mm and flange width of 90 mm in the
mid-span decreasing to 110 mm and 60 mm for a
height and a flange with, respectively, at the ends.
The web consisted of a middle 10 mm thick glass
sheet and two 8 mm outer layers. The flange was
composed of two 8 mm sheets (Fig. 4). All the glass
sheets building the web and the flange were segment-
ed in 750 and 1500 mm long sheets.

Failure mode of the prototype (left) and crack forming in a 8000 mm long beam (right) [2, 15]
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Figure 4.
The prototype T-section beam [3]

Under the middle glass sheet of the web a stainless
steel box section 10 x 10 x 1 mm was bonded. The
beam was tensioned to 20 kN by a high-strength steel
rod with a diameter of 7 mm inserted through the
stainless steel hollow profile. Then the prototype was
tested in a four-point bending test. The first crack
formed at the load of 20.5 kN and at the load of 23.9
kN beam broke explosively. The prototype showed a
post-initial crack strength of almost 120%. The influ-
ence of post-tensioning on the buckling resistance of
the glass T-beam was also investigated by Belis [16].

A more detailed research on post-tensioned beams
and methods of transferring tensioning forces to the
beam supported by bending tests on full-scale models
can be also found in [17].

In 2004 at Delft University of Technology an All
Transparent Pavilion was designed and built (Fig. 5)

[4]-

Figure 5.
All Transparent Pavilion exhibited at Delft University of
Technology [4]
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The main load-bearing element of the roof structure
was a glass beam supported by glass columns and
secured from lateral buckling by glass purlins placed
every 1200 mm. The beam had a span of 4800 mm
with two 1200 mm cantilevers at both ends. Between
the supports the beam was 385 mm high and outside
the supports the height was reduced to 230 mm. The
beam was composed of four 15 mm sheets between
the columns and two 15 mm sheets at cantilever part.
Due to the significant length of the beam the sheets
were divided into segments and bonded together with
an adhesive. Because of the cantilevers the bending
moment distribution required stainless steel rein-
forcement on the top and bottom part of the beam.
A three-point bending test was performed to investi-
gate the structural behaviour of the beam. The tests
showed that the beam was able to withstand a load
almost 50% higher than the load that caused initial
failure (Fig. 6).
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Figure 6.
Force-vertical displacement curve of a three-point bending
test of a 7200 mm long beam [4]
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Results of an experimental research on different
reinforcement geometries of steel reinforced glass
beams can be also found in [18, 19]. Group of
researchers confirms a positive effect of adding a
steel profile to the tensile side of a glass web on the
load-bearing capacity and post-failure behaviour of
the steel reinforced glass beam. Due to different
cross-sections and spans of the specimens it is diffi-
cult to compare results. The specimens showed the
post initial crack strength from 120 to 150%.
Nevertheless, some conclusions can be drawn. In case
of local failure of glass a stress distribution occurs
where the steel profile carries the tensile stress and
the beam can withstand higher load. The part of load
between first crack and total failure is called a safety
margin. The structure provides a warning signal that
something is wrong and gives time to prevent a total
failure. Moreover, the research shows that although
the steel reinforced glass beam concept does not
solve the problem of torsional buckling failure, it can
be solved by proper design of cross section of beam
e.g. a T-shaped or a box-section.

3.2. Carbon and glass fibre reinforced glass beams

Probably the first research on carbon fibre reinforced
glass beams was performed by Palumbo [5]. A carbon
fibre strip was bonded to the bottom edge of a glass
beam with a structural adhesive. The main role of the
solution was to tie all glass sheets together and
strengthen the beam by decreasing the value of ten-
sile stress acting on the glass beam by moving down

Figure 7.
6000 mm long glass beams with carbon fibre reinforcement
as load-bearing elements of the saddle roof structure of
“Loggia de Vicari” [5]
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the neutral axis. The idea was examined in a three-
point bending test on a 1100 mm long laminated
beam consisting of four sheets made of float glass. It
was concluded that carbon fibre reinforcement sig-
nificantly increases the load bearing capacity of the
beam and in case of glass failure the carbon fibre
strip will hold the shards together and the beam will
not collapse. The concept was applied in the restora-
tion of the saddle roof of XIII century “Loggia de
Vicari” located in northern Italy (Fig. 7).

Glass fibre reinforced glass beams were researched by
Louter [6]. The main idea was to embed glass fibre rods
in the interlayer of a laminated glass beam. To place the
rods at intended positions the polymer interlayer mate-
rial SentryGlass was applied. The Sentry Glass provides
good shear stiffness, high bond strength and it easily
adapts to the geometry of the glass fibre reinforcement
rods during lamination process. To investigate the bond
strength of the rods to the laminate a series of pull-out
tests were conducted. Two specimen types were exam-
ined: round rods with a diameter of 2 mm and flat rods
with section dimensions of 0.8 x 6 mm at -20, 23 and
60°C. The tests showed that at all temperatures the
pull-out strength of the specimens with flat rods was
higher than the pull-out strength of the specimens with
round rods. It can be explained by a larger bond area of
the flat specimens compared to the round specimens.
To investigate the influence of glass fibre rods embed-
ded in the interlayer of a glass laminate on the post-
breakage behaviour of the beam, a series of tests were
performed. The beam samples with a length of
1500 mm were composed of a double-layer glass lami-
nate with either 5 round or 3 flat glass fibre reinforce-
ment rods (Fig. 8). The tests showed that the beams
with flat reinforcement rods showed higher post-break-
age strength and stiffness than the beams with round
reinforcement rods.
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Figure 8.

Exploded cross-section of the beam specimens with round
and flat rods: 5 round (left) or 3 flat (right) glass fibre rein-
forcement rods [6]
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Undeniable features of carbon and glass fibres are
high strength and stiffness. These allow to design
glass beams with high post-breakage strength using
minimum material. A fibre strip bonded to the tensile
side of a glass beam significantly improves redundan-
cy and post-breakage behaviour of carbon and glass
fibre reinforced glass beams. However, the concept
demands complicated manufacturing process and
expensive materials.

3.3. Hybrid steel-glass beams

Hybrid steel-glass beams were researched by
Wellershoff [7] at Institute of Steel Construction at
RWTH Aachen. The cross-section of the beam con-
sisted of a glass web adhesively bonded to steel angles
screwed to steel rectangular flanges (Fig. 9). The pre-
fabricated 3600 mm long I-shaped hybrid beam was
build and examined in a four-point bending test.

Mﬁﬁm

Figure 9.
A cross-section of the hybrid steel-glass beam [7]

At a load of 137.8 kN first crack was observed. At the
same time the test was stopped due to large deflection
of the specimen. The load bearing capacity of the
hybrid beam seems to be impressive if compared with a
pure glass beam. The theoretical load that causes buck-
ling failure of a pure glass beam of the same dimen-
sions as the tested beam was estimated at 29.6 kN.

Similar studies of hybrid steel-glass beams were per-
formed by Ungermann [8] at Institute of Steel
Construction at Dortmund University. In contrast to
Wellershoff’s [ 7] research the steel flanges were bond-
ed directly (with no transitional angles) to the glass
web. 4000 mm long specimens consisted of a web
built of two 12 mm toughened glass panes laminated
together and steel flanges with a cross-section of
10 x 80 mm. The flanges were bonded to the web with
three different adhesives: polyurethane, epoxy resin
and silicone. The beams were examined in a four-
point bending test. To avoid the failure caused by lat-
eral buckling of the beam a lateral support was built
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at mid-span. To interpret the influence of steel
flanges application on a load-bearing capacity of the
hybrid beams a failure load of a glass fin without
flanges was estimated to be 40 kN (based on a glass
strength of 120 MPa). The studies proved that stress
distribution in the hybrid steel-glass beams was high-
ly dependent on the stiffness of the adhesive con-
necting the glass web and the steel flanges (Fig. 10).
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Figure 10.

Load carrying capacity of hybrid steel-glass beams with
joints made of different adhesives (TS4 - silicone,
TS1 - polyurethane, TS3 - epoxy resin) [8]

In case of a silicone adhesive the specimen reached the
load of 52.8 kN before first crack occurred. Due to low
stiffness of silicone the flanges had small contribution
in carrying forces and the beam failed due to glass fail-
ure. An increase of 32% with recpect to the failure
load of the glass fin without flanges was explained by
the fact that the glass strength was higher than expect-
ed. The beam with polyurethane adhesive (stiffer than
silicone) showed the same behaviour at the load of
72.1 kN. An increase of 180% was explained by the
glass strength as well. The highest load-carrying capac-
ity was shown by the beam with joints made of epoxy
resin — 126.6 kN. The adhesive was so stiff that the
steel flanges played a main role in carrying forces and
almost reached the yield strength. In the test an 316%
increase of failure load was achieved.

Studies presented before confirm an increase of load-
bearing capacity of glass beams with steel flanges
bonded by linear adhesive connections. This concept
can be applied particularly in a design of glass fins,
girders and columns where the lateral torsional buck-
ling resistance is crucial. The research of Ungermann
[8] proves that the stiffness of adhesive has a strong
influence on stress distribution in hybrid beams. The
greater stiffness of the adhesive the higher contribu-
tion of load transmission in flanges and smaller dam-
age intensity of glass.
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3.4. Hybrid concrete-glass beams

A research on glass-concrete composite beams was
performed by Freytag [9] at Graz University of
Technology. Freytag [9] presented structural behav-
iour and detailed theoretical failure mechanism of a
hybrid concrete-glass beam. A 7800 mm long beam
consisted of a glass web and two flanges made of
ultra-high-performance concrete (Fig. 11). The web
was composed of three 8 mm panes made of fully
tempered glass resin laminated together. The direct
connection between glass and concrete was made by
placing the web into the form before pouring fresh
concrete. To ensure proper joint the glass was spe-
cially pretreated by roughening the surfaces.

Figure 11.
The cross-section of the glass-concrete beam and the speci-
men during test [9]

To validate the concept two experiments were per-
formed. The bottom flange of the first beam was pre-
stressed by unbonded tendons placed in the bottom
flange of the beam to close the cracks caused by
shrinkage of concrete and retrieve the original stiff-
ness. The second specimen was simply reinforced.
The experiments showed a strong influence of pre-
stressing on the load-bearing capacity of the glass-
concrete composite beams. The prestressed beam
failed at a load of 257 kN whereas the second
achieved maximum load of 100 kN.

The experiments proved the high load-bearing capac-
ity of glass-concrete beams. However, the concept
demands complicated manufacturing process and
special treatment of a glass surface before pouring
the fresh concrete into formwork. In the project fully
toughened glass has been used. In case of a glass fail-
ure there is no post-breakage stiffness of a glass web
so shear forces will be transferred only via concrete
flanges. Furthermore, the alkaline concrete can cor-
rode the glass.
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3.5. Hybrid timber-glass beams

Timber-glass composite beams were researched by
Hamm [10, 20] at Ecole Polytechnique Fédérale de
Lausanne. Eight 4000 mm long and 250 mm high
beams with various cross-sections of timber flanges
were built and tested. The web of all the specimens was
10 mm thick and made of annealed float glass. The
laminated timber flanges were glued to the web by a
polyurethane adhesive. The height of the flanges varied
from 50 mm to 30 mm and the width was 60 and
50 mm. At both ends two timber posts were applied to
place the beam on the supports. The beams were exam-
ined in a four-point bending test. To make sure that the
forces are applied directly to the timber flanges instead
of the glass web wooden blocks were placed under the
jacks. All the specimens showed a similar behaviour.
First cracks started to form long before the failure of
the beam (Fig. 12). After each crack occurrence a small
reduction of stiffness was noticed.
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Figure 12.
Force-displacement curve for the 4000 mm long timber-glass
composite beam [10]

Figure 13.

A beam after failure presenting a typical fracture pattern for
timber-glass hybrid beam with the web made of annealed
float glass [10]
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Comprehensive research on I-shaped timber-glass
composite beams including float, heat-strengthened
and fully tempered glass were performed by Kreher
[11] at Ecole Polytechnique Fédérale de Lausanne.
All beams were 150 mm high and spanned 2000 mm
with a web thickness of 4 and 6 mm. The cross-section
of flanges varied from 20 x 20 mm to 50 x 50 mm. All
specimens were tested in a four-point bending test.
The tests results proved that edge processing (finish-
ing) had crucial influence on strength of the glass.
The wooden flanges increased the stiffness of the
beam and were suitable as a load introduction and
support. Moreover, the flanges bonded to the tensile
side of the beam acted as reinforcement and when a
crack formed they behaved as a crack bridge taking
over tensile stress. This allowed a ductile structural
behaviour of composite beams and increased residual
strength up to 300%. Kreher [11] in his thesis pre-
sented also an analytical approach to calculation of
stresses and deflection of timber-glass composite
beams.

The concept developed by Kreher [11] was tested on a
full-scale model and applied in the construction of
the Palafitte hotel in Switzerland [21]. The main load-
bearing element of the roof structure was a timber-
glass composite beam with a span of 6000 mm. The
cross-section was composed of a glass web with
wooden members bonded on both sides (Fig. 14).
The upper flange was composed of two timber joists
100 x 160 mm and for the lower flange two joists
65 x 65 mm were used. The web was a single glass
pane 580 mm high and 12 mm thick made of fully
toughened glass. To ensure the structural safety of
the beam in case of failure of glass the timber mem-
bers were designed to resist the full load.

Figure 14.
Timber-glass composite beams in the conference room in the
Palafitte hotel [11]
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Timber-glass composite beams as structural elements
suitable for glass housing model with more than one
storey were developed by Cruz and Pequeno [12]. For
the concept 20 beams were tested — 15 composite
beams with timber flanges 70 x 100 mm, four timber
beams and one glass beam. I-profile and rectangular
section of the composite beams were tested, also with
and without vertical supports. The 500 mm high web
was a laminate consisting of two 6 mm annealed float
glass sheets. Three adhesive types were examined:
polymer, silicone and polyurethane. The span of the
specimens varied from 650 to 3200 mm. Fig. 15 shows
the results of a four-point bending test of the beams.
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Figure 15.

Load-vertical displacement curves of 3200 mm long beams:
A (timber-beam), B (glass-beam 6.6.1), C (I-section timber-
glass composite beam, silicone adhesive), D (rectangular sec-
tion timber-glass composite beam, silicone adhesive) [12]

Whereas the timber beam failed at a load of 15 kN
with deflection of 50 mm, the all-glass beam failed at
a load of 19 kN with deflection of 5 mm. The results
of the composite timber-glass beam bonded with
adhesives is a combination of propositions of beams
mentioned before. At a load of 35 kN a first crack
appeared in the I-section beam, but the failure load
was 65 kN. The rectangular-section beam cracked at
the load of 50 kN then failed at the load of 67 kN due
to adhesive failure. The I-section composite beam
showed a significant post initial crack strength of
almost 185%.

Timber-glass composite beams were also researched
by Blyberg and Serrano [13] at Linnaeus University as
a part of research project with official name “Glass
and Timber — Innovative Building Components with
Added-Value”. All specimens were 3850 mm long
and 240 mm high. The glass web 200 x 3850 mm with
a thickness of 10 mm was made of annealed float
glass. Two types of glass edges were tested: polished
and non-treated. The wooden flanges were
45 x 60 mm with 25 mm high grooves and widths:
13 and 15 mm. To bond the flanges to the glass web
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three types of adhesives were studied: acrylic, silicone
and polycarbonate. The most promising results
showed the beam with acrylate adhesive. The 140%
increase of failure load was noted after the first crack
was observed.

A Group of researches on timber-glass composite
beams presented before shows a huge potential of
combination of timber and glass in beam components.
This concept provides ductility and prevents brittle
failure of a glass beam. In addition, it offers a high
post-breakage strength after possible glass failure.

4. CONCLUSIONS

The reinforced glass beam and hybrid glass beam
concepts offer many demonstrable advantages. The
first is redundancy. After glass failure the reinforce-
ment (or non-glass bottom flanges) acts as a crack
bridge which together with an uncracked compressive
zone of the web (or top flanges) allows the beam to
still carry the load. The second is ductility. The con-
cepts allow for much greater deflection than a pure
glass beam. The third is a high post-breakage
strength of composite beams after glass failure.
There is a considerable safety margin between first
crack and total failure of the beam. It provides a
warning signal that something is wrong with the beam
and gives time to prevent the beam from total col-
lapse. All of these features make the composite glass
beam concept a safe load-bearing system.

Among all the materials used in the presented
researches timber, besides meeting the above
requirements, deserves a special attention. It is a nat-
ural, ecological and recyclable material. Its mechani-
cal properties allow to transfer tensile stress. Timber
flanges also provide a good lateral restraint of a glass
web simultaneously protecting the most sensitive part
of the glass plate — the edges. Moreover, timber is
easy to manufacture and appropriate for producing
pre-fabricated elements that affect the economical
aspect of the building process. The association of
mechanical capacity of glass and timber, environ-
mental sustainability and recyclability let believe that
timber-glass composites have a huge potential in
structural applications.
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