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Abstract

This article concerns the use of structural glass in the adaptive reuse of historic facilities using glass beams as
structural elements in steel-glass roofs. More and more often, glass is increasingly being used as a structural
material. This fact provides new design possibilities in the adaptation of historic buildings due to the neutral
perception of glass and, at the same time, offers the possibility of distinguishing modern structural elements in the
historic fabric. The use of structural glass is, however, associated with limited spans of structural elements. For
larger spans, solutions of mixed materials are proposed, which are exemplified by steel-glass roofings. Based on
selected examples, steel-glass systems with the use of glass beams are characterised. The strength of glass as a
structural material is discussed. The main approaches in the design of glass beams with the lateral-torsional
buckling phenomenon are indicated.

Keywords:  structural glass, glass structures, glass beams, steel-glass roofs, lateral-torsional buckling, adaptive
reuse of historic buildings

1. INTRODUCTION

Nowadays, the preservation of built cultural heritage represents a significant design challenge. Adaptive
reuse is one of the recognised strategies aimed at preserving historic buildings [1-6]. No clear definition
of the term adaptive reuse has yet been made, as noted by various researchers [5, 7]. Nevertheless,
considerations of the definition of adaptive reuse can be found in numerous publications. Wilkinson et
al. [8] and Vafaie at al. [9] note that a huge number of terms, such as renovation, refurbishment,
remodeling, reinstatement, retrofitting, conversion, transformation, rehabilitation, modernisation, re-
lifing, restoration are used to define adaptation. According to ICOMOS [10], a successful adaptation
project modifies a site, or a building, for its use while preserving its heritage value. It has been explicitly
stated that adaptation should not dominate or significantly obscure the original form or material, and
should not adversely affect the shaping of a site that constitutes a valuable cultural heritage. Plevoets
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and Van Cleempoel state clearly that the term adaptive reuse refers to changes involving a functional
and physical element. A change in function does not necessarily imply a radical change; it may be more
subtle [5]. This is related to the redevelopment of existing buildings for new or continued use, which
may lead to a complete change or be limited to minor changes [5]. Douglas, on the other hand, focuses
on the technical aspect, understood as any construction work beyond maintenance to change capacity,
function or performance [11]. The technical aspect was also distinguished by Plevoets and Van
Cleempoel, who identified three different approaches to adaptive reuse: 1) typological, 2) technical and
3) architectural strategies [12, 13].

Glass can be used as a building and construction material in architectural concepts aimed at
reusing a heritage building [14-18]. Various architectural concepts are being developed that enable
changing the function or improving the conditions of the building use. As part of the adaptation of
historic buildings, solutions are presented in which a glazed roofing is proposed. Jager [19] classified
the strategy adopted towards the existing fabric as 1) addition, 2) transformation, 3) conversion. With
glazed roofing, within the strategies mentioned, additional usable space is quite often gained, which
offers a significant benefit of such solutions. Glazing also allows light to enter the building, while at the
same time allowing to distinguish between new and old building development and exposing the view of
historic building development. It is now possible to design all-glass roof structures but with limited
spans [16, 17]. Examples of such structures include the V&A Museum in London, the Town Library in
Enfield, Family Home of John Paul Il in Wadowice. In all-glass roofs, laminated glass beams are most
commonly applied as the main load-bearing elements. For larger spans, a need emerges for steel
structures, which can be designed in various structural systems. Steel-framed glazed roofs have been
designed for numerous historic facilities, such as the British Museum in London, the Reichstag Dome
in Berlin and the Central Train Station in Strasbourg. In addition to all-glass roofs and steel roofs, steel-
glass roof roofings with mixed material solutions can be distinguished. The main load-bearing elements
are designed of steel, while glass beams constitute the second-order elements. These beams act as purlins
supporting the glass panels. Such solutions are far from common; thus the lack of studies on the ways
to design steel-glass roofs with the use of glass beams.

The purpose of the following article is to present the potential for the use of structural glass in
adaptive reuse. This issue remains under-recognised, despite the design opportunities offered by the use
of structural and building glass in historic buildings. The scope of the analysis concerns steel-glass
roofing with the use of glass beams. The development of glass structures is facilitated by an increase in
knowledge of the mechanical and strength-related properties of glass, although the inadequate
availability of design methods and procedures still needs to be noted. This also concerns the design of
glass beams. Works are underway on normative documents with regards to the design of structural glass,
including glass beams, which will result in Eurocode 10 [20, 21].

2. THE PROPERTIES OF GLASS AS A STRUCTURAL MATERIAL

2.1 Mechanical and strength properties of glass

In assessing the feasibility of glass being used as a construction material, its mechanical and strength-
related properties play an important role. One of the basic mechanical properties of glass is its Young's
modulus, which stands at 70 000 MPa, the same as for aluminium. In comparison, Young's modulus for
steel is 210 000 MPa. In addition to Young's modulus, Poisson's ratio can be compared, which stands at
0.23 for glass and 0.3 for aluminium and steel. Table 1 below compares the physical and mechanical
properties of glass as compared to aluminium and steel.
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Table 1. Physical and mechanical properties of basic soda lime silicate glass and steel [22—24]

Material | Symbol Unit Soda lime Aluminium Steel
Properties silicate glass
Density P kg/m3 2500 2700 7 850
Young's modulus E MPa 70 000 70 000 210 000
Poisson’s ratio \Y - 0.23 0.3 0.3
Shear modulus G MPa 24 455 27000 81 000
o F

2(1+v)

Coefficient of linear o °c1 9-107° 26-107° 12-107°
thermal expansion
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Fig. 1. Stress-strain relations of steel and glass [25]

The theoretical strength of glass is quite high. In the case of tensile strength, the strength of glass can
reach 32 GPa, which results from interatomic bonds [26]. In practice, however, the strength of glass is
significantly lower. The reduction in glass strength is influenced by such aspects as structural defects.
According to Grifitth's theory [27], cracks in glass are the cause of stress concentration. Compared to
steel, glass is a brittle material (Figure 1); thus, plastic distribution of stresses concentrated in the fracture
areas of glass sheets is impossible. This leads to sudden damage to the glass. Therefore, the strength of
glass is determined by several factors, including the size of the cracks or the surface condition of the
glass panel. In practice, the characteristic bending strength value for annealed float glass is 45 MPa [22].
Higher glass strengths are achievable if a thermal treatment process is applied. By deliberate heating of
glass to a temperature close to its softening point and then by slow cooling, heat-strengthened glass with
a strength of 70 MPa (Table 2) is obtained, whereas rapid cooling leads to obtaining thermally toughened
glass with a strength of 120 MPa (Table 2). In special cases, the strength of the glass can be increased
by chemical processes. The characteristic strength of chemically strengthened glass can be 150 MPa
(Table 2). The thermal and chemical treatment process also affects the nature of the crack network and
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the size of the glass fragments in the event of its breakage [20]. This is important for the classification
of glass as safety glass.

Table 2. Values of characteristic bending strength f;, ;, for design of prestressed basic soda lime silicate glass

Glass material Values for characteristic strength f;, , from-stressed glass processed from:
Thermally toughened Heat-strengthened Chemically
safety glass to EN glass to EN 1863-1 strengthened glass to
12150-1 [28] and heat- [30] EN 12337-1 [31]

soaked thermally
toughened safety glass
to EN 14179-1 [29]

float glass or drawn 120 MPa 70 MPa 150 MPa
sheet glass

For design purposes, at the ultimate limit state, the calculative bending strength of the glass is determined
according to the formula given in Technical Specification CEN/TS 19100:2021 [32]:

fgk fok—fgk
fg,d =ke'ksp'/lA'Al'kmod'ﬁ-l'kp'ke,p'Tgy (2.1)
where:
fgx — the characteristic value of bending strength for annealed glass,
f.x — the characteristic value of bending strength after a strengthening treatment,

ym — material partial factor, depends on the class of consequences, for glass beams CC2 [33]

yM == 18,
¥p — partial factor for prestress on the surface, depends on the class consequences, for the CC2
Yp = 1.2,

k. — edge or hole finishing factor, for float annealed glass with polished edges k.=1.0,

ks, —surface treatment factor, for float glass kg, = 1.0,

A4 — size-effect factor area, for area <18 m? 1, = 1.0,

A; — size-effect factor length (edge, hole), for length <6.0 m 4; = 1.0,

k.moq — modification coefficient depending on load duration,

k,, — coefficient accounting for the reduction of the process-inducted prestressed, for float glass and
polished edges k,=1.0,

k., —edge or hole prestressing factor, for heat strengthened and thermally toughened (in-plane loading

in case of beams) k, ,,=1.0.

In the formula (2.1) used to determine the calculative bending strength of glass f, 4, partial safety
coefficients have been introduced, in accordance with the limit state design that will be in force under
Eurocode 10 [20]. One of these is the modification coefficient k,,,4. Its value depends on the duration
of the load; for typical loads, it ranges from 0.29 to 1.0. A k,,,,4 Vvalue of 1.0 is assumed for short-term
loads, e.g. wind gusts. For long-term loads, the value of the coefficient is lower; for permanent loads, it
stands at 0.29. This means that the calculative load value of glass for bending varies according to the
type of load and its duration. When different types of loads operate, it is advisable that for further
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calculations, the load with the shortest duration or a weighted average that takes into account
combinations of loads of various durations is considered [34].

2.1. Structural behaviour of laminated glass

In theoretical analyses, the structural behaviour of a monolithic glass beam is often considered.
However, in design practice, laminated glass beams are used as a result of the requirement to ensure a
certain level of safety. Laminated glass is obtained by glueing together two or more layers of glass panes
joined by special adhesive layers. The glass lamination process takes place in an autoclave at a
temperature of approximately 120°C and at a pressure of 12 bar [35]. The materials used for glass
lamination include polyvinyl butyral (PVB) film or its stiffer variant at thicknesses of 0.38, 0.76, 1.52,
and 2.25 mm. This material is an amorphous thermoplastic that adheres to the glass through hydrogen
bonds [36]. In solutions with special design requirements, SentryGlas ionomer is quite often used.
Similarly to the PVB film, the ionomer is a viscoelastic material whose stiffness depends on the duration
of load and the operation temperature. It is characterised by a significantly higher stiffness and less
sensitivity to load duration and operation temperature, as compared to other interlayers [37].
Additionally, SentryGlas ionomer exhibits high tensile strength and five times the tear strength, as
compared to a typical PVB film [20].

Laminated glass exhibits residual load capacity in the event of breakage of one of the glass layers
[38, 39]. Following a breakage, the adhesive layers hold the glass fragments and thus a post-breakage
strength is achievable; this depends on the type of glass used. The larger the shards of the broken glass,
the higher its post-breakage strength. The largest glass fragments are obtained after breaking annealed
float glass, then for heat-strengthened glass. Thermally toughened glass has the lowest post-breakage
load capacity, although it has a higher load capacity and impact resistance than annealed float glass and
heat-strengthened glass [26].

The post-breakage behaviour of laminated glass is important with regard to its use as a structural
material and was therefore researched by Bennison et al. [40] and Kott [41]. The mechanism of failure
of laminated glass at bending has been analysed based on a model of a glass plate consisting of two
panes of glass bonded by a PVB film. Kott [41] distinguished three stages of operation (Figure 2). In
stage I, the glass sheets remain undamaged. The cooperation of the glass sheets is based on the sandwich
theory [42], namely, the distribution of compressive and tensile stresses depends on the value of the
shear modulus of the interlayer in the laminated glass. In stage 11, one of the glass panes breaks and then
the tensile stresses are mainly, or fully, taken over by the unbroken glass sheet. In stage Ill, both panes
of glass are damaged in the same cross-section. The compressive stresses can then still be transferred
between the pieces of broken glass, while the tensile stresses are taken over by the interlayer only.
Excessive elongation or tearing of the interlayer leads to complete destruction of the glass.

(a) (b) (c)

D O [ O [ |-
/éj l interlayer
C
@

|
L
|
stage | stage 11 stage 111

glass

@ L

@

Fig. 2. Three stages in the failure process of laminated glass: (a) stage I; (b) stage I1; (c) stage IlI. Figure adapted
from [20]
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3. LATERAL-TORSIONAL BUCKLING OF LAMINATED GLASS BEAMS

3.1.  Design buckling curves for laminated glass beams
Lateral torsional buckling poses a significant problem in the design of flexural beams. Many researchers
undertake analytical, numerical and experimental studies [43—50] to research this phenomenon for the
purpose of using glass as a structural material. Glass beams are characterised by their high slenderness
ratio, which results from the proportion of the cross-sectional dimensions relative to their span. For this
reason, elements subjected to bending are susceptible to buckling in the compression zone. For steel,
timber or concrete beams, buckling and instability are prevented by using appropriate design methods.
Typically, standardised buckling curves are used. This approach has also been adopted for the design of
steel columns and beams in the design standard Eurocode 3 [24]; according to its guidelines, the
resulting design moment My, should not exceed the value of the design moment buckling strength
Mp,Ra-

Mga < My pa = Xur - Wy - 2%, (3.1)

M1

where:
.7 — reduction factor for lateral-torsional buckling,
W, — section modulus about the strong axis of the beam,
fyi — characteristic value of yield strength,
ym1 — partial safety factor.

The resistance is of a beam with the account of buckling My, r4 is expressed using the buckling reduction
factor y,r, the value of which can be determined using the following equation:

1
Xir = ———, xir < 1.0,
':DLT+ CD%,T_A%,T (32)

CDLT = 0,5 * [1 + al‘mp - (A_LT - ao) + /T%T], (33)
where:

— M W, -o
— pl _ y “yk
e J m® J n® G4
cr cr
@, — buckling reduction factor,

A, — slenderness ratio for lateral-torsional buckling,
Aimp, Ao — imperfection factors,

with:

Mc(f) — elastic critical moment for lateral-torsional buckling,
M, — plastic moment resistance,
oyk — yield stress.

The method for considering lateral-torsional buckling in the design of glass beams has been adapted
from Eurocode 3 [24] and is presented in numerous papers [43—46, 49]. The determination of the
buckling curve together with the imperfection factors poses a problematic issue. In the works by Lubile
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and Crisinel [43—45], a design curve ‘¢’ is assumed with imperfection factors a;,,=0.45 and a(,=0.20
according to Eurocode 3 [24]. In the Guide for the Design, Construction and Control of Buildings with
Structural Glass Elements CNR-DT 210/2013 [51], the factors with the following values: a;,,,=0.26
and a,=0.20 are taken from a study by Bedon and Amadio. According to a study by Ferreira [52], the
more suitable values for the imperfection factors stand at a;;,,,=0.35 and a(=0.00.

For buckling curves, the slenderness ratio A, and the reduction factor y, are determined
similarly as for steel beams. However, in contrast to steel, both values are based on tensile strength [43—
45], thus the slenderness ratio for lateral-torsional buckling A;  is determined as follows:

_ ORk 2 ORk " Wy
ALT = M(E) = M(E) y (35)
cr cr
Where:

oryk — Characteristic tensile strength of glass,
Mc(f) — elastic critical lateral-torsional buckling.

The reduction factor y, ; is determined in the slenderness ratio function A, as:

XLt = f(/TLT) (3.6)
Hence the design value of the bending moment capacity My, g, is:
Mp,ra = Xi1 * Ora " Wy, (3.7)

where:
orq — design tensile strength of glass,
W,, — section modulus about the strong y-axis of the beam.

3.2. Elastic critical moment for lateral-torsional buckling of laminated glass beams

3.2.1. Lateral-torsional buckling for laterally unrestrained glass beams

In the design of glass beams, the value of the elastic critical moment Mgf) is used to determine the
slenderness ratio for lateral-torsional buckling A, 7. One of the first approaches to determining the elastic
critical moment Mﬁf) was presented in the work by Lubile and Crisinel [43—45]. The method can be

applied to both monolithic and laminated glass beams. The beam is assumed to be supported by fork
supports and loaded with a constant moment load with the top edge being unsupported (Figure 3).
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Fig. 3. Lateral-torsional buckling of a simply supported beam: (a) overview; (b) deformation of beam; (c) cross-
section deformation for monolithic and laminated glass. Figures adapted from [46, 50]

For such assumptions, the critical torsional buckling moment of a beam with a rectangular cross-section
can be calculated for with:

2 E-ly

2
LCT

G-K-L%,

M. =C
cr 1 T2E-I,

[1Cy- 2z, + +Cy 74, (3.8)
where:

E — Young's modulus for glass,

I, — moment of inertia about the minor z-axis of the beam,

G — shear modulus,

K- torsion constant,

L, —buckling length,

C, — factor depends on different bending moments (table 3),

C, — factor depends on different bending moments (table 3),

z, — distance between the centre of gravity and the point where the load is applied.
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Table 3. Lateral-torsional buckling factors C; and C, [26]

Bending moment C; G,
Constant 1.0 -
Linear (zero at mid span) 2.7 -
Parabolic (zero at both extremities) 1.13 0.46
Triangular (zero at both extremities) 1.36 0.55

3.2.2. Lateral-torsional buckling for laterally restrained glass beams

Glass beams are used in roofs to support glass panels using mechanical or adhesive connections. These
connections are characterised by stiffness that reduces susceptibility to displacement along the top edge
of the beam either continuously or in discrete locations. Nowadays, a growing body of research is
focused on silicone connections, which can be considered as additional flexible supports (Figure 4).

(b)

»
!

Fig. 4. Laminated glass beam with continuous silicone joints: (a) overall view; (b) analytical model of cross-
section. In the figure: k,, - represents the translational (shear) rigidity of the continuous elastic restraint, per unit
of length, along the y-axis; k,, - is the rotational rigidity of the continuous elastic restraint, per unit of length,
about the x-axis. Figure adapted from [53]

Numerous publications that present research results show the advantageous effect of lateral restraints.
[53-59]. Belis and Bedon [53] analysed the critical buckling moment of simply supported beams and
restrained laterally along their top edge. Significantly, the analytical critical moment values obtained
matched reasonably well with those obtained in the numerical analyses, but in later work conducted by
Bedon and Amadio [54] the matching of the results was even better. Bedon and Amadio [54] also
studied the elastic buckling behaviour of monolithic glass beams with an elastically restrained edge
(Figure 4). A closed-form expression was derived for the critical buckling load of a beam loaded by a
uniform bending moment, taking into account that the number of half-sine waves ny in the buckling
shape can be greater than one (Figure 5). For such beams with a rectangular section (for the rotational
stiffness of the continuous elastic restraint ky = 0 and I, = 0 the warping constant), the critical
moment can be calculated as:
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Lo 2
(E) _ _ 0
Moy g =My = 2y " Ky - <TlR -n)

et () (i ik ()
where:

7y, — distance between the continuous lateral restraint and the x-axis,
k,, —joint shear rigidity,

ng —number of half-sine waves able to minimize,

E —Young's modulus,

G — shear modulus,

I, — moment of inertia about the minor z-axis of the beam,

Lo — buckling length.

(3.9)

In accordance with equation (3.9), for a monolithic glass beam subjected to a constant bending moment
M,,, it can be also indicated that:

- in presence of a ‘weak’ sealant joint (k,, = 0), ng = 1, the critical buckling moment is:

ME = y® (3.10)

cr,R = “cr 1

where Mﬁf) = Ll - JEL, - GI, in this equation E and G represent Young's and shear moduli of glass,
0

while I, signifies the moment of inertia about minor z-axis and I, is the torsional moment of inertia;
- in presence of a partially rigid sealant joint (0 < k,, < =), ng > 1, the critical buckling moment is:

ME =R, -ME (3.11)

cr,R cr

where: Ry = f(ky, B, h, Loy, zy, ng) > 1 is amplification factor able to take into account the effects
driving from the joint shear rigidity k,, geometrical condition of the beam, the glass elastic bending and

torsional stiffnesses, also the position of the applied restraints z,, and the half sine-waves ny able to
minimize, base on equation (3.9).

(a)

(b)

Fig. 5. Lateral-torsional buckling deformed shape for a laminated glass beam with lateral restraints: (a) number
of half-sine waves nz=1; (b) number of half-sine waves ny=2
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4. STEEL-GLASS ROOFS WITH GLASS BEAMS

4.1. General characteristics

The structural solutions for roofing that are used in the adaptive reuse of historic buildings include steel-
glass roofs with glass beams. The combination of the two construction materials makes it possible to
obtain structurally and functionally efficient load-bearing systems. The choice of structural solution for
the roof depends on such aspects as the horizontal span, the geometric form of the roof, the shape of the
roof plan and the layout of supports [60]. Steel-glass beam systems can be formed using the main steel
elements in the form of:

- beams,

- frames,

- trusses,

- cable girders.

The cross-sections of the steel elements are designed from both hot-rolled profiles and plate girder
profiles, as well as specially formed cross-sections in the shape of triangles, trapezoids, etc. The initial
height of the cross-section in steel beams is assumed as 1/25 of the span L, while in frame rafters it is
assumed as 1/30-1/40. Steel trusses can be characterised by different shapes and truss patterns [61]. The
height of the truss depends on the shape; for double-trapezoidal trusses and those with parallel strips,
the height can be assumed as 1/8-1/12 of its span L [62]. Cable girders can be shaped using only steel
tendons, an example of which is the Jawerth system [63, 64], or as a hybrid string structure [65]. The
height of the cable girders should be selected using the H>L/8 condition [64]. Cable trusses with parallel
chords with full x-shaped trussing are a special type of cable girders. This pattern of truss contributes to
reducing the tension force [64].

In steel-glass roofing, the glass beams act as purlins. By using structural glass, the proportion of
steel structural elements can be reduced, which is advantageous in the design of historic buildings. Glass
beams are designed as multi-layered laminated glass. The initial cross-sectional height can be assumed
as 1/17 L [66]. The beams are supported on the main structural elements by welded steel ‘shoes’. When
developing structural details of glass, it is crucial to avoid stress concentrations and direct contact
between steel and glass. For this reason, liners such as polyoxymethylene (POM) [26, 66] are used in
steel ‘shoes’.

The spacing of the glass beams is correlated with the dimensions of the glass roof panels and
equals approximately 1.5+2.0 m. Insulated glass units (IGU) are most commonly used on roofs. Due to
the nature of the glazing placed above the heads of facility users, it is advisable to use laminated glass
as the inner layer. In the event of damage to one of the glass panes, an adhesive layer will hold the glass
shards.

Glass beams support the glass panels with mechanical or adhesive connections [56, 59].
Mechanical connections are represented by metal clamp fixings (linear or point support), drilled fixings
and other metal connectors. Mechanical point supports provide fully rigid restraint to the joined glass
panels, allowing the minimisation of the metal substructures. Adhesive connections are continuous
within the connections of the glass panel to the glass beam. Two different types of structural silicone
sealants are available, namely one- and two-component silicones [26]. Under loads applied to the glass
panels, the adhesive joint behaves as a rigid joint in the z-direction, while the same connection works as
a flexible shear connection toward the possible out-of-plane direction (y-direction) [56].
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4.2. Case study of historical buildings with steel-glass roofs

Currently, solutions for roof coverings that combine load-bearing steel and glass elements are
uncommon. However, existing implementations in this area can make an important contribution to the
consideration on how to design such roofing into the historic fabric. One example of such solutions is
provided by the Senate House in London. The building was erected for the university in the 1930s. It
was designed by Charles Holden. The building was designed in the art-deco style and constituted the
first phase of an unfinished university complex. It consists of 19 floors and is 64 m high. At the time of
its construction, it was the tallest building in London [67], following St Paul's Cathedral. In 1969, Senate
House was entered on the list of monuments in the UK as a Grade 1| monument.

The contemporary challenges of higher education development prompted the decision to refurbish
and extend the building. The architectural proposition was prepared by Rock Townsend Architects. The
design activities were aimed at providing additional space for students to study, meet and relax. The
new student centre was located in the northern block on the lower ground floor and the ground floor,
which replaced a formerly unused internal courtyard. A glass roof was designed above the courtyard at
the first-floor level. Its plan measures 27.9 x 21.0 m. The roof is supported by eight internal columns so
as not to strain the existing masonry structures. Its carved form is a characteristic feature of the structure.
The main roof structure consists of curved steel beams (Figure 6) with a span of 15 m. The cross-section
of the beams was designed as a welded trapezoidal shape. The glass beams are 3 m long and have been
arranged perpendicularly and placed every 1.5 m. Their cross-section measures 48.56 x 250 mm. The
beams were designed of four layers of heat-strengthened glass, bonded with 1.52 mm PVB film. The
inner layers of glass are 12 mm thick, while the outer layers are 10 mm thick. The beams support a
glazing unit made of bent glass, whose interpane space is filled with krypton, 16 mm thick. The outer
layer consists of laminated glass with two layers of 10 mm-thick float glass, bonded with a 1.52 mm-
thick layer of Saflex extra stiffness film. The roof glazing is fixed to the beams with curved aluminium
caps.

Steel framing systems on which the glass beams are supported can also be used in steel-glass
roofs. This solution is used at Gwyn Hall in Neath. The building was built in 1887 as a Victorian theatre.
It was designed by John Norton. After a fire in 2007, the building was substantially rebuilt, retaining the
original facade. The architectural changes were designed by Holder Mathias Architects. As a result of
the design work, the functional layout of the building was modified, and a new glass extension was
designed. The main structure of the glass box consists of steel frames with a span of 5.2 m and a spacing
of 4.4 m. The frames were designed with square hollow steel sections. Glass beams, 4.4 m long, were
fixed perpendicular to the spacing of steel profiles. The beams act as purlins that support the glass roof
panels (Figure 7). The roof glazing panels, measuring 1.50 x 2.20 m, were fixed to the glass beams using
system point fixing Planar.

Steel-glass roofs can also be shaped using trusses. Trusses allow for obtaining large spans. For
this reason, it was possible to design an atrium covering for the inner courtyard of the Conservatorium
Hotel in Amsterdam. The building was designed by Dutch architect Daniel Knuttel and erected in a neo-
Gothic style in 1901. Originally, the headquarters of the Post Office Savings Bank (Rijkspostpaarbank),
it later housed the Conservatorium. The atrium was designed by MVSA Architects as part of the
adaptation work to modify the building for its new use. The glass roof measures 45 x 18 m. The main
structural elements of the roof consist of trusses with different spans, matching the shape of the roof and
the building development within the atrium. The largest span of the steel trusses measures 18 m; they
are spaced every 3.2 m. The trusses were designed as Warren trusses using rectangular hollow steel
sections (Figure 8). Laminated glass beams 3.2 m long are attached to the trusses to support the roof
glazing.
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Fig. 6. Senate House, North Block, London, Fig. 7. Gwyn Hall, Neath, photo by © Andrew Smith
photo by Anna Jozwik — SG Photography Ltd
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Fig. 8. Conservatorium Hotel, Amsterdam, Fig. 9. Museum of Contemporary Art of Rome,
photo by © Amit Geron Rome, photo by ©Luigi Filetici
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For larger roof spans, cable structures such as cable girders or cable trusses can also be used. These offer
the advantage of lightness and small cross-sections. Cable girders were used in the Macro Museum of
Modern Art in Rome, which was built on the site of the former Peroni brewery. The new utility function
in the post-industrial area involved an extension of the facility. The architectural design by Studio Odile
Decq assumed that, under the adaptation of the area of the 19th-century Peroni Brewery, the additional
development of a substantial area centred around a central atrium would be conducted. The building's
glazed roof, on a polygonal plan, acts as a skylight. The main structural elements include x-shaped lattice
girders (Figure 9), with a top chord of circular hollow sections. The girders have a maximum span of 18
m and are spaced every 2.5 m. The 2.5 m long glass beams were fixed by steel consoles welded to the
top chord of the girders. In addition, glass beams perpendicular to the purlins were used in the axes of
the top chord, thus creating a grid system.

5. CONCLUSION

Adaptive reuse can be an effective strategy for the preservation of cultural heritage, as it takes into
account various aspects, such as architectural, technical, economic, and sustainability issues. The neutral
perception of glass offers great opportunities in adaptive design solutions. Glass can be used to shape
roof coverings in existing buildings over internal courtyards, extensions and links. Structurally, steel-
glass roofs using glass beams are one of the possible solutions. Glass beams, despite being second-order
elements in these load-bearing systems, attract attention to their design methods. A significant problem
is posed by the phenomenon of lateral-torsional buckling, which results from the geometrical conditions
of the beam and the slenderness ratio of the cross-section. Several approaches have been developed to
determine critical moment values for lateral-torsional buckling. One of the key issues in the design of
glass beams as composite elements is determining the equivalent thickness, i.e. the thickness in bending
and compression. The effective thickness value depends on the mechanical and geometrical properties
of both the glass layers and the interlayers, as well as the conditions of loading and edge conditions [68].
In the works available to date [43-46], references can be found to the sandwich theory described by
Stamm and Witte [42] and the Bennison-Wofel method [69, 70]. Currently, the Enhanced Effective
Thickness (EET) method [71-73] is used to determine the thickness in bent element sections, which can
be seen as an improvement in comparison to the Bennsion-Woéfel method. The Enhanced Effective
Thickness method is based on the hypothesis of small deformations and the role of the interlayer is
limited to the transmission of shear between glass layers and is and is characterised by the degree of
bonding of the layers. The degree of bonding in laminated glass is determined by the # coefficient. Its
value ranges from 0 to 1, with = 0 indicating no bonding, » = 1 full bonding [20]. Additionally, due to
the degree of shear bonding of the glass layers by the interlayer, the Enhanced Effective Thickness
(EET) for torsion has been derived [74].

The glass beam design method is included in the normative documents: the Australian Standard
AS1288 [75], the Guide for the Design, Construction and Control of Buildings with Structural Glass
Elements [51] and the Technical Specification CEN/TS 19100 [76], which is a preview of the future
Eurocode 10. Part three of the CEN/TS 19100 provides guidelines for the equivalent imperfection to be
applied when verifying elements subjected to in-plane loading, for the occurring stability phenomena.
The committee developing the future Eurocode CEN/TC250/SC11 has already identified a range of
corrections and supplements, among which buckling curves for flexural and lateral-torsional buckling
and their combinations for simple load cases and simple aspect formats of glass panes [21] can be found.
The development of the Eurocode for the design of structural glass, including the design of glass beams,
will make verification using numerical methods unnecessary in simple design cases. It will thus make it
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possible to design load-bearing structures with glass beams more widely, also for the adaptive reuse of
historic buildings.
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