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Abstract

Nowadays, in the field of civil engineering construction, glass has been used as a new structural component.
However, the biggest obstacles to the actual use of the glass structure are fear and unconsciousness. In recent years,
numerous advanced glass-related developments have been implemented in Europe, but other nations have been too
slow to follow such trends. Generally, Glass exhibits low tensile strength while demonstrating high compressive
strength. For this reason, structurally designed glass could even withstand higher compressive loads than steel or
concrete. This paper effectively reviews recent research on fundamental components of glass structure, including
glass beams, columns, slabs, facades, curtain walls, and frames under static or dynamic loading conditions. Besides,
the specific connections between glass and other materials, as well as various glass-related composite structures such
as glass-concrete, glass-steel, glass- fiber, and glass- timber, are also discussed. Usually, laminated glass column or
beam shows higher buckling resistance property as well as load-carrying capability than a monolithic one due to the
presence of interlayer material (PVB or SGP) between two panels. Contrarily, concrete with glass fiber reinforced
polymer bar or basalt glass fiber displays better internal bond, compressive as well as tensile strength than normal
one. Moreover, laminated or GFRP reinforced curtain wall shows better performances under blast load as well as
lateral load and could resist out of plane deflection. Finally, this paper aims to raise awareness of glass structures by
highlighting their advantages and to encourage its application.

Keywords: Glass structure; static performance; dynamic performance; laminated glass column.

1 Introduction

Glass is a versatile material which is being used extensively in contemporary construction precisely because of its
extraordinary transparency, beauty and ability to make good use of natural light. Its impermeability and recyclability
make it an ecology-friendly, and its compressive strength, which is usually stronger than steel and concrete, allows a
higher level of potential structural power. However, the non-crystalline and fragile nature of glass makes it weaker
in terms of tensile strength in which it fails to resist unexpected failure. This brittleness and the inability of the
material to transfer internal stresses make the material difficult to use in load-bearing applications. Despite these
limitations, glass can be successfully combined with other structural elements such as steel beams, masonry walls
and concrete columns allowing for innovative architectural designs (Konishi et al., 2003). Nonetheless, the problems
associated with privacy, high cost of production, and the complexity of the connections (especially for bolted joints
where stress concentration is likely to occur) is still significant for any engineering problems.

The development of comprehensive design guidelines is hindered by a lack of research developments in the field of
investigation of buckling, flexural and general load-bearing behavior of glass elements under conditions of static and
dynamic loading. More research work needs to be performed to enhance the tensile performance of structural glass,
the methods of connection and include glass specific recommendations into the leading design codes, such as
Eurocode 4, AISC-LRFD, BS 5400, CSA and BNBC 2016, to augment its practical application. This review seeks to
give the engineers and designers guide for safe and efficient use of glass in building structure, analyze the
mechanical behavior of glass, and summarize the recent development in the glass structural research.

2. Classification of Architectural Glass

The specific sort of glass utilized for construction purposes is referred to as architectural glass. This glass's
transparent glazing, which describes how the glass is fitted into the window frame, is its main feature. Usually,
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architectural glass is used for windows, exterior walls, or interior partitions. The detailed descriptions of the
classification of architectural glasses are highlighted in this section.

2.1 Annealed glass

Annealed glass was invented by Sir Alastair Pilkington. First, 60% sand, 20% lime, dolomite, and 20% soda are
mixed at 2800°F for 50 hours and after that, the molten glass is placed into the tin bath to gradually cool to avoid
residual tension. The cool glass sheet is treated with titanium dioxide to make it self-cleaning. Such glass can break
under severe impact loading or tension and break into deadly shards. To prevent injury, annealed glass is banned in
bathrooms, doors, fire exits, and schools.

2.2 Chemically strengthened glass

Chemically strengthened glass is strengthened chemically. Strength is 5-6 times greater than float glass, although
failure pattern is comparable (Mognato et al., 2016). Generally, it is maintained in potassium salt solution at 3000C
to generate potassium nitrate coating by replacing sodium ions at the glass surface. This coating boosts glass's
compressive and bending strength. Fighter aircraft canopy glass is usually chemically toughened.

2.3 Tempered glass

Tempered glass is also called “thermally toughened” or “fully toughened” safety glass since it has been chemically
treated to be stronger and more stable than annealed glass. After tempering, its outside surface compresses, not it’s
inner (Maniatis and Elstner, 2016). Tempered glass fractures into granular tiny solids or circular bits rather than
uneven fragments due to stress, reducing harm. However, it can be employed in building windows, car window
glass, mobile screens, bullet and bomb proof surfaces.

2.4 Laminated glass

Laminate glass is made by bonding two or more glass panes, which can be reinforced, annealed, or mixed polyvinyl
butyral (PVB), EVA, or sentry-glass plus (SGP) are typical polymers used as thin interlayers in laminated glass, but
EVA is only utilized for solar industrial laminated glass. Such assemblies retain broken glass together and prevent it
from flying. Laminated glass is safe because of that. As a glass column, beam, girder, or slab, these glasses have
been employed in construction recently. Laminated glass typically measures 3000 mm x 7500 mm and 300 mm X
300 mm. Naturally, laminated glass windows are hard to cut. For this reason, it helps to prevent criminal attacks.
Under cyclic loading, PVB performs better under hysteresis and hypo-elasticity. However, SGP has stronger initial
stiffness, ductility, and deformability than PVB, with a typical value of about 480 MPa. Fig. 1 represents the typical
comparative stress-strain diagrams of PVB and SGP.
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Figure 1. Typical comparative stress-strain diagrams of PVB and SGP
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Table:1 Classification of Architectural Glass
Type of Manufacturing Process / Composition Mechanl_cal Advantages Limitations
Glass Properties
A blend of sand, lime and dolomite, and Breaks into shar
soda in about the ratio of 60%, 20%, and Economical. | shards rohibiteg
20% was melted at 2800degF for a period Basic strength; ’ ards p
. clear in restrooms,
Annealed of about 50 hours. The molten glass | brittle as under . X
. ; - . appearance, doors, fire exits,
Glass floated on a tin bath and cooled slowly in | high tension or
. . - easy to cut | schools Dangerous
order to yield to the internal stresses. Self- impact ;
. . . o and shape. in areas prone to
cleaning was achieved using titanium :
L impact
dioxide.
Immerse the glass in a bath of potassium . The process is
. A High surface
. salt at a temperature of around 300 degrees | Five to six times costly and has a
Chemically . - . . strength, .
Centigrade and the potassium ions will | as much as float . failure pattern that
Strengthened di . X improved .
Glass |splgce the sodium ions on_the surface | glass when bent scratch can be likened to
forming a layer of compression called a | and compressed. ; float glass
. ; - resistance.
potassium nitrate coating. (shards).
Breaks into tiny After tempering, it
Heated and rapidly cooled to cause the | granular pieces; | High impact can't bepcut ogr
Tempered | introduction of internal tensile stress and approximately resistance, X
. . N . drilled. It may
Glass external compressive stresses (“thermally | four to five times | safe failure -
¥ propitiously break
toughened"). stronger than mode. -
on its own.
annealed glass.
Maintains High sgfety L
. - (retains After tempering, it
integrity after
. Under heat and pressure, two or more g fragments), cannot be cut or
Laminated . . fracture; SGP .
Glass panes of glass are combined by interlayers ~480 MPa _ soun_d dn_ll_ed. It may
of polymers such as PVB, EVA or SGP. . - insulation, propitiously break
stiffness (higher -
uv on its own.
than PVB). .
protection.

Table 1 represents the summarization of various architectural glasses.

3. Components of Glass Structure

Glass used with steel is often used to provide good stability since it has good compressional ability, but poor tensile
characteristics. Some of the common structural glass elements are columns, beams, bricks, panels, and fins.

3.1. Glass Column

Glass columns can distribute the compressive loads and retain their transparency. Types that are slendered by ratio to
50 up to 80 are called laminated types, thereby offering resistance to buckling. It is due to the increased confinement
that, when compared to other columns, the bundled columns with borosilicate rods add a factor of about 25 percent
to the stiffness and the load-carrying capacity. Figure 2 represents the common failure modes of glass column.
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Figure 2. Common failure modes of glass column
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(¢) Crossed shaped column

(a) Circular shaped bundle (b) Rectangular shaped column .
(top view)

column (top view) (front view)

Figure 3. Types of laminated glass column

3.2. Glass Beam

Glass beam make it possible to have transparent load transfer between supports. Laminated beams with SGP
interlayers are stiffer and have a higher ductile nature compared to PVB. The prestressed beams made of GFRP have
a greater pre-crack resistance and advanced flexural strength (80-120 Mpa) by 15-20% compared to others.

3.3. Glass brick

Glass bricks are used to make transparent wall/facade compositions. They possess poor tensile resistance and
average compressive strength (40-60Mpa). Slenderness ratios do not exceed 30 and structural adhesives enhance the
small amount of load (less than 50 kN). Glass beams are the strongest in flexure, glass columns are the strongest in
compressions and glass bricks the most versatile in architecture, but the weakest in load, compared with the others.
In Amsterdam, the facade of the townhouse hotel incorporated 6,500 glass bricks, as illustrated in Fig. 4.

B e

(a) Glass brick with ceramic strip (b) Application of glass brick in
Townhouse hotel at Amsterdam
Figure 4. Different features of glass brick

4. Connection of glass structure

A connection can transfer load from one member to another. Connection is difficult in any structure. Temperature
change can also cause glass structural connections to weave, which is damaging to building facades. To protect the
connection from temperature change, polyurethane coating was applied to an aluminum section of the glass facade.
There are two categories of joints utilized in the connection between glass and steel. One is a bolted joint, and the
other is an adhesive joint. A bolted joint generates increased stress concentration. Conversely, glued joints exhibit
elasto-plastic behavior (polyurethane, silicone, and modified silicone) as well as rigid behavior (acrylic and epoxy),
characterized by reduced weight and enhanced aesthetic qualities.

5. Different Glass-Related Composite Structures
Various glass-based composite constructions have been employed to mitigate tensile weakness. Glass-based
composite constructions may enhance overall structural rigidity, stiffness, deformability, energy dissipation capacity,

and tensile properties. The detailed descriptions of different glass-related composite structures are highlighted in this
section.
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5.1. Glass-concrete composite structure

Waste glass powder may serve as a partial substitute for fine aggregate in concrete. Furthermore, the waste glass
powder enhanced the compressive, flexural, and pozzolanic strength of concrete, while reducing alkali-silica
reaction expansion (Ismail and AL-Hasmi, 2009). Later, the laminated glass web had been linked to the reinforced
concrete flange to address the structural problems of glass as a load-bearing component, as illustrated in Fig. 5. This
type of glass-concrete composite beam exhibited minimal brittle behavior and enhanced ductility (Freytag, 2004).
Cracking was seen in the glass web due to its lower tensile strength, whereas crushing and spalling occurred in the
flange of the concrete. Glass-steel hybrids have high flexural strength (up to 150-180 Mpa) characteristics, as well as
strong post-failure stiffness. The adhesive-bonded I-beams have approximately 30 percent greater load capacity than
pure glass beams, and avoid the centration of stress. These are torsionally buckling controlled composite and
excellent energy absorbing structures.

3 layer laminated glass web

(Each layer = 8 mm)

56 cm

Figure 5. Standard glass-concrete composite beam according to Freytag’s experiment

5.2. Glass-steel composite structure

Glass-steel composite buildings are utilized today for their structural and aesthetic properties. The installation of the
glass web-steel flange connection presents the greatest challenge. Drilling holes should be prohibited to avert stress
focus. The torsional buckling and post-failure behavior of a glass-stainless steel hybrid beam was investigated with
acrylic glue (Weller et al., 2010). Fig. 6 shows 10 specimens' four-point bending tests at 10 N/s. Displacement
transducers were put at the center to measure outward buckling and linear strain gauges at the bottom to quantify
elongation. Finally, glass-stainless steel beam (I-shaped steel flange and glass web) had stronger flexural strength
and better post-failure behavior than laminated glass beam.

Figure 6. Standard four point bending test setup for glass-steel hybrid beam (Weller et al., 2010)
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5.3. Glass-timber composite structure

Glass-timber composites are light weight, strong and deform under weight excellently, and with excellent elasticity
(up to 10-14 GPa). Their ability to withstand weight rises by approximately 20 percent as compared to similar
reinforced concrete frames. A recent study revealed that glass-timber composite structures have superior bearing
capacity, deformability, and elasticity compared to reinforced concrete structures when subjected to fire.
Consequently, the glass-timber composite frame may serve as a double fagade system in various multistory edifices
(Schleicher, 2016).

6. Conclusions

The architectural features and transparency are regarded as the primary advantages of the glass structure.
Nonetheless, the manufacturing of glass is exceedingly expensive, which impedes its widespread practical
application. Future research should be done in this issue. If the need for realistic glass implementation increases, the
cost will reduce. This investigation permits the following conclusions:

e Glass column and glass beam: Laminated glass column or beam shows more resistant to loads, ductile, and
buckling (SGP > PVB); prestressing with GRP or borosilicate is also applicable.

e Connection of glass structure: Bolted joint creates higher stress concentration but the glued joint shows elasto-
plastic and rigid behaviour with greater aesthetic aspects. In the meantime, epoxy adhesive shows better durability,
elasto-plastic and hysteresis behaviour under cyclic loading condition than silicon adhesive.

e Glass-related composite structures: Waste glass powder can be used as the partial replacement of fine
aggregate in concrete because it shows better mechanical performances including higher compressive, flexural,
pozzolanic strength of concrete. Maximum stiffness is found by glass steel; and maximum fire resistance by glass-
timber.
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