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ABSTRACT

It can be said that at the present time in buildings most of glass elements are used as a part
of curtain wall or simple window glazing systems; consequently, these glass types are
defined as ‘infill panels’ that have a lower class of consequence with respect to main and
secondary structure elements and do not contribute to the structural stability of the load
bearing members.

This research and its case studies focus on structural calculation methods and FEM-based
design and analysis of insulating glass units (IGU) and laminated glass panes used as infill
panels. Regarding the laminated glass panes, the study aims to investigate the stiffness
family oriented shear transfer contributions of viscoelastic interlayer materials to the
‘equivalent thicknesses’ of laminated glass panes in terms of simplified calculation method
of EN 16612:2019. Regarding the insulating glass units, this study aims to analyse the
calculation methods provided by the same standard in order to obtain the load partition
values of external loads and the effects of internal loads by taking into account the
presence of gas within the glass unit cavities.

Within the framework of main case study analyses, a wide variety of IGU options were
analysed by preparing 3D FEM models in Autodesk Robot Structural Analysis software,
including ‘vertically/horizontally positioned, two edge/three edge/four edge supported,
double glazed insulating glass units (DGU) with PVB/Ionoplast interlayers’ and ‘vertically
positioned, two edge/three edge/four edge supported, triple glazed insulating glass units
(TGU) with PVB/Ionoplast interlayers’. In this context, a wide range of comprehensive
calculations were carried out by performing linear FEM analyses.

For the laminated glass panes, the equivalent thickness values were calculated by referring
to the time and temperature dependent w-shear transfer coefficients of the reference PVB
and Ionoplast interlayers.

External loads (wind loads, imposed loads, snow load) acting on IGU options were
determined in accordance with the relevant Eurocodes and Italian technical standards,
basing on assumptions. Internal loads given by the isochore pressures due to the cavity
pressure variations of altitude, temperature and barometric pressure were determined by
referring to standard IGU production and installation conditions mentioned in DIN 18008.
Selected groups of load combinations were created in accordance with the “limit state

design” rules by using the partial factors proposed by EN16612:2019 for glass infill panels.
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The deflection values obtained under SLS combinations were checked with the design
values of deflection. The bending stresses obtained under ULS combinations were checked
with the design values of bending strength. To do this, the design bending strength for
heat-strengthened and tempered glass panes were calculated by taking into account the
appropriate values of “load duration factors-kmod”. Finally, the results of linear FEM

analyses performed for the structural models of all IGU options were presented.

In addition to ‘main calculations’ of the case study, a set of additional complementary
analyses were also performed in order to deepen the research studies. In this framework,
geometrically nonlinear plate bending theory calculations were performed for one of the
four-edge supported double glazed IGU options of the case study, by referring to formulae
given by EN16612:2019. Subsequently, geometrically nonlinear calculations were also
performed on FEM models of related IGU options to observe nonlinear behaviour of glass
panels under large displacements and increment of stiffness of glass panels due to the
internal membrane effects. The results of linear and nonlinear calculations were also

presented and compared.

While the outputs of the case study and additional complementary analyses give tangible
reference points to be taken into account for an optimal structural design of infill panel
glass elements, it is also expected that entire research study will contribute to the practical

development of structural design of glass elements.
Keywords: Glass structural design, EN 16612:2019, glass infill panels, FEM analysis of

glass elements, equivalent thickness of laminated glass, load sharing in insulating glass

units (IGU), internal actions and climatic loads in IGU
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1

INTRODUCTION

The use of glass as a structural element in terms of modern architectural and construction
applications is getting more widespread day by day. Glass often becomes one of the most
attractive materials in terms of architectural design, with the contribution of its
transparency to aesthetics. Thanks to special production techniques and technological
applications that can improve and expand the its thermal and structural performance, glass
comes up with a wide range of practical application examples, both as laminated glass

panes and insulating glass units.

From an engineering point of view, the glass elements in practical construction
applications can be categorized depending on their class of consequence levels, that is, they
can be classified as structural or non-structural components. Bedon et al. (2019) points out
that typical applications of glass can be found in the form of curtain walls, innovative
“adaptive” facades or even load-bearing members (beams, columns), shear walls intended
to contribute to the structural performance of the building they belong to or complex stand-

alone systems. [1]

This research study focuses on structural design and verification of glass elements used as
infill panels, by investigating the calculation methods provided by the sole common
European standard EN 16612:2019. In doing so, the study also examines the practical uses
of the relevant methods by experiencing them through FEM models.

“EN 16612:2019, Glass in building — Determination of the lateral resistance of glass panes
by calculation” published by European Committee for Standardization (CEN) on October
2019, stating that it gives the status of a national standard for all member countries by
April 2020. Its predecessor prEN16612 was published in 2013 and it was only a draft

version.

EN16612:2019 provides general methods for obtaining the lateral load resistance of glass
elements used as infill panels in terms of limit state design principles. Therewithal, it also
provides facilitating calculation methods for both laminated glass panes and insulating

glass units that allow to construct FEM-based calculation models and perform analyses in

practice.
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For the calculations related to laminated glass, “equivalent thickness" approach is one of
the prominent approaches in the literature, where the shear transfer ability of interlayers are
taken into account in order to determine their contribution to the equivalent thickness value
of laminated pane. Italian technical guide CNR-DT 210/2013 states that several models are
found in the literature for calculating the equivalent moment of inertia in relation to the
shear deformability of the interlayer, to the geometry and to the boundary conditions of the

element [2] and it gives brief introductions about those principle ones.

EN 16612:2019 highlights that interlayer elements are viscoelastic, thus their shear
modulus can vary considerably at different temperatures and load durations. “w-shear
transfer coefficients” and “stiffness families” are determined from Young’s modulus of
interlayers for different load conditions according to the test method of “EN 16613:2019”-
the technical standard that regulates the determination of interlayer mechanical properties
of laminated glass. By following this method, laminated glass elements can be modelled as

monolithic panes in FEA tools according to their equivalent thickness value.

For the calculations related to insulating glass units, the effects arising from the presence of
the gas within the cavity of glass units should be carefully considered. Thus, the partition
of externally applied loads by the panes and the effects of internal loads should be taken

into account.

This can be done by referring to the real gas pressure law by means of iterative calculation

procedures with the help of specially developed software and calculation tools.

As an alternative, EN 16612:2019 also provides calculation methods for double glazed and
triple glazed insulating units in order to determine the load partition values of external
loads and the effects of internal loads by taking into account the presence of gas within the
glass unit cavity. In this way, all necessary load values (the internal loads and the
partitioned external loads) can be determined and they can be applied structural models in

terms of FEM analysis.

This research is constructed with the following main chapters:

(i1) Literature review in terms of ‘structural glass’

(iii) Calculation methods of EN 16612:2019 for laminated glass and IGUs

(iv) Case study: Linear FEM analysis of IGUs (iv) Additional complementary analyses

(v) Results and discussions (vi) Conclusions
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2

LITERATURE REVIEW
IN TERMS OF ‘STRUCTURAL GLASS’

2.1 Material properties of glass used in structural applications

Glass can be described as inorganic solid with amorphous non-crystalline atomic structure.
According to Feldman M. et al. (2014) glass can be regarded as an “amorphous solid”, as a
result of this the mechanical behaviour of glass is very brittle without any plastic

deformation capacity. [3]

In the industry the glass is produced with a wide variety of constituent materials, whereas
the ‘glass’ used in buildings as architectural and structural elements are commonly

produced as “soda lime silicate” products.

As a part of “Glass in building” series, the European standard EN 572-1 [4] introduces the

general physical and mechanical properties of basic soda-lime silicate glass products.

Hegger M. et al. (2006) report that in EN 572 the constituent of glass for building are
defined as silicon dioxide (SiO2), calcium oxide (CAO), sodium oxide (Na20), magnesium
oxide (Mg) and aluminium oxide (Al203) and the glass used for the majority of
applications in building consist of 75% silicon dioxide, 12% sodium oxide and 12%

calcium oxide. [5]

EN 16612:2019 mentions that the following values for soda-lime-silicate glass may be

used for all glass types as approximate values [6]:

glass density p = 2 500 kg/m?
Young’s modulus E = 70 000 MPa

Poisson number u = 0,23
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2.2 Main glass types

2.2.1 Annealed glass
Annealed glass products are generally known as float glass or clear glass.

Unlike the prestressed glass, annealed glass products are not quenched after the heating
process, but they are let to cool down slowly. This controlled slow cooling process helps to

minimise residual stress in the glass.

Annealed glass is broken into large and sharpy pieces that would pose dangerous

situtations.
2.2.2 Prestressed glass types

The term ‘prestressed glass’ is referred to the glass products subjected to strengthening
treatment either thermally or chemically. These treatment processes induce a stress field
along the surface of the glass which exhibits compression stress on the surface of the glass,

while exhibiting tension stress in its inner part.

The practical application examples of ‘prestressed glass’ products can be listed as heat-

strengthened glass, toughened (tempered) glass and chemically strengthened glass.
2.2.2.1 Heat-strengthened glass

Heat-strengthened glass are produced from the annealed glass, by subjecting them to
heating and cooling cycles. By the help of this controlled heating and cooling procedure, a

permanent surface compressive stress is occurred on the glass.

The strength of heat-strengthened glass generally achieves a value that is approximately
twice that of annealed glass. However, when the heat-strengthened glass is broken, its
pieces become larger than pieces of full tempered glass. Therefore, heat-strengthened glass

is not considered as a safety glass product by the regulatory codes.
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2.2.2.2 Thermally toughened (tempered) glass

In the literature, toughened glass are also known as ‘tempered/full tempered’ glass.
Toughened glass are also produced from the annealed glass, where the annealed glass is

heated up to approximately 650°C and then it is subjected to a very rapid cooling process.

The heat treatment applied to annealed glass to obtain ‘tempered glass’ results in a larger
variation between the compressive stress at the surface and tensile stresses at the interior.

(Code of Practice for Structural Use of Glass, 2018) [7].

/

compression

tension

compression

Figure 2.1 Stress profile in tempered glass [7]

As underlined previously, the sizes of the pieces that formed after the breakage of annealed
glass and prestressed glass show significant differences, especially in terms of safety.

Figure 2.2 illustrates these differences visually.

Annealed glass Heat-strengthened glass Fully tempered glass Laminated glass
Breaks easily, typically Resistant to breakage; twotimes  Resistant to breakage; four times as Resistant to penetration; breaks
in long, sharp shards as strong as annealed glass; strong as annealed glass; shatters on impact; tends to keep shards
breaks in large shards completely in small pieces, typically intact after breakage; made of two
vacating the frame after impact or more pieces of glass adhered

together by interlayer

Figure 2.2 Breakage of differenet glass types [8]
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2.2.2.3 Chemically strengthened glass

Chemically strengthened glass are referred to glass products subjected to strengthening

treatment in terms of a chemical process called ion-exchange reaction.

In article from bentglassdesign.com (2016) it is stated that during the chemically
strengthening process, the glass is submerged in a bath of potassium salt or potassium
nitrate at 300 degrees celsius, where this relatively high temperature allows the potassium
nitrate to react with the surface of the glass, exchanging and compacting the ions, in this

way strengthening the glass. [9]

2.3  Strength of glass

According to Feldman M. et al. (2014), under loading the strain response to the stress for

glass is perfectly linear with sudden failure. [3]

In Figure 2.10, the stress-strain relation of glass and steel are illustrated, where the linear-

elastic behaviour of glass until failure can be seen observed.

Steel Glass
Ca (o]

Strength

Yield Stress -

Brittle Fracture
Strength -

E~210.000 N/mm?

E~70.000 N/mm?

elastic plastic elastic

g

.."",V

Figure 2.3 Stress-strain relations of glass and steel

(Feldman M. et al., 2014, pp.25) [3]

It can be said that the mechanical strength of glass under compression is higher than the
mechanical strength of glass under tension. Therefore, in the design and verifications of

glass, the bending strength becomes as the decisive parameter.
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2.3.1 Characteristic bending strength of glass

As explained on the previous parts of this chapter, the strength of the glass products highly

depend on the treatment procedure to which they are subjected.

Table 2.1 shows the characteristic bending strength values of heat-strengthened glass,

toughened (tempered) glass and chemically strengthened glass products.

Glass material per | Values for characteristic bending strength f}  for prestressed glass
product processed from:
(whiche_v?r thermally toughened safety glass heat chemically
composition) to EN 12150-1, and heat soaked strengthened | strengthened
thermally toughened safety glass glass to glass to

to EN 14179-1 EN 1863-1 EN 12337-1
float glass or drawn 120 N/mm?2 70 N/mm? 150 N/mm?
sheet glass
patterned glass 90 N/mm? 55 N/mm? 100 N/mm?
enamelled float or 75 N/mm? 45 N/mm?
drawn sheet glass
enamelled 75 N/mm? 45 N/mm?2
patterned glass

Table 2.1 Values of characteristic bending strength (EN 16612:2019) [6]

2.3.2 Design bending strength of glass

Regarding design bending strength of the glass, many technical standards introduce the
load duration factors-kmod which decreases the bending strength of glass by considering the

static fatigue phenomenon.

In order to evaluate the design values of bending strength for prestressed glass, the

following formula introduced in EN 16612:2019:

_ kmodkspfg;k + k\' (fb;k - fg;k)

gd

J/M;A }/M:v (Eq. 2.1)
where;

kmod— Load duration factor
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fo:;k —Characteristic value of the bending strength of annealed glass
fv:k —Characteristic value of the bending strength of prestressed glass
fe:.a—Design value of bending strength for prestressed glass material
ksp—Factor for the glass surface profile

ym:a—Material partial factor for annealed glass

ym;v—Material partial factor for prestressed glass

EN 16612:2019 highlights that the surface of glass is hydrophilic, and it states that the

effect of water on the chemical bonds leads to the effect of static fatigue.

Table 2.2 shows the values proposed for kmod by EN 16612:2019 as per different load
durations, whereas Table 2.3 illustrates an example calculation for the design bending

strength of a heat-strengthened glass with kmod:1.0.

Action Load duration Kpnod
Wind gusts? 5 s (orless) 1,0
Wind storm accumulative 10 min equivalent® 0,74
Balustrade loads - no crowds (e.g. building use 30 s¢ 0,89
categories A, B, C1 and E)

Balustrade loads - crowds 5 min¢ 0,77
Maintenance loads 30 min 0,69
Snow 3 weeksd 0,45
Cavity pressure variations on insulating glass 8 he 0,58
units

Dead load, self weight, altitude effects on permanent (50 years) 0,29

insulating glass units

Table 2.2 The values proposed for kmoda by EN 16612:2019 [6]
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"Action: Wind gusts; Load duration 5s (or less)"; EN 16612:2019-

kmod Factor for duration of load 1.00
Table 5
ksp Factor for the glass surfacae profile 1.00 "As produced"; EN 16612:2019-Table 4
YM;A Material partial factor for annealed glass 1.80 EN 16612:2019-Table 1
yMmv Material partial factor for prestressed glass 1.20 EN 16612:2019-Table 1
ke Edge strength factor 1.00 "Float or sheet glass", "Polished edges"; EN 16612:2019-Table A.5
kv Factor for strengthening of prestressed glass 1.00 "Horizontal toughening”; EN 16612:2019-Table 7
Characteristic value of the bending strength of
fg;k (Mpa) 4500 [EN572-1
annealed glass
Characteristic value of the bending strength of
fb;k (Mpa) 8 g 70.00 |["Float glass, Heat-Strengthened"; EN 16612:2019-Table 6
prestressed glass
Design value of bending strength for prestressed glass ) Foskw Fon K fon = Fon)
fg;d (Mpa) 8 & & P & 45.83 Spq =—monmh y SRR SERDEN 16612: 2019; Part 8.2

material

S M My

Table 2.3 Parameters for an example calculation of design value of bending strength (fg;d)

for a heat-strengthened glass with a kmod value of 1.0

2.4 Glass assemblies

2.4.1 Laminated glass

Laminated glass is composed of two or more glass layers that are connected with an

interlayer element. In this sandwich composition, the glass panes that make up the

laminated glass are bonded together with the help of interlayers by being subjected to

controlled cycling process under high temperature and pressures.

Interlayer

Figure 2.4 Laminated glass & interlayer [10]

Laminated glass is also known as the common type of safety/security glass, due to the fact

that after breakage the glass panes are hold together.
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Laminated glass can be produced with annealed glass or prestressed glass types. The post-
breakage behaviour of laminated glass would differ in terms of the dimensions of the
broken pieces, depending on the heat-treatment type of the glass panes. Figure 2.5

illustrates the post breakage behaviour of laminated glass made of different glass types.

)

annealed glass
(ANG)

heat strengthened glass
(HSG)

better structural performance
and impact resistance

better remaining structural
capacity after breakage

fully tempered glass
(FTG)

Figure 2.5 Post breakage behaviour of laminated glass made of different glass

types (Haldimann et al., 2008, pp.14) [11]

2.4.1.1 Interlayer materials

Different types of interlayer materials can be found in the market, which are used for a
wide range of different application fields, including both building and automotive sectors.
Regarding structural glass applications, the most prominent interlayers can be introduced

as PVB (Polyvinyl Butyral), Ionoplast and EVA (Ethylene Vinyl Acetate) interlayer.

Following to this, it can be said that PVB is the most common interlayer among the
previously mentioned options. According to interlayer manufacturer Kuraray, more than
90% of laminated safety glass interlayers are made from PVB and in architectural
applications PVB is mostly used in fully-framed windows, insulated glazing units and glass

applications. [12]

Ionomer based Ionoplast interlayers stand out with the ability of higher stiffness values and

wider temperature resistance. Kuraray, the current manufacturer of well-known
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SentryGlass interlayer, states that compared to PVB interlayers SentryGlas ionoplast

interlayer is 100 times stiffer and performs better over a wider temperature range. [13]

According to Satinal, the manufacturer of EVA interlayers Strato, one of the main
differences between EVA and PVB is the speed at which water vapour is transmitted from
natural water or atmospheric humidity, therefore EVA is more resistant to moisture than

PVB at open edge. [14]

Interlayer materials are viscoelastic. The determination of viscoelastic properties of
interlayer materials are done according to EN 16613:2019 [15] Since the interlayer

materials are viscoelastic, they have an evident load duration and temperature dependency.

Table 2.4 illustares Young’s Modulus values of Trosifol Extra Stiff, Clear/Ultra Clear,
SentryGlass and SentryGlass Xtra interlayers under different load duration and
temperatures according to EN 16612:2019. In the same manner, Table 2.5 shows Young’s

Modulus and stiffness family values of Saflex Clear and Saflex Structural interlayers.

Load case Load Max. Trosifol® Trosifol® Clear/ SentryGlas® SentryGlas®
according to duration temperature Extra Stiff UltraClear SG 5000 Xtra™
EN16612:2019

[*C] [°F] E(t) [MPa] E(t) [MPa] E(t) [MPa] E(t) [MPa]
Wind gust load - 3 sec a5 95 17 1 302 208

Mediterranean areas

Wind gust load - 3 sec 20 68 690 20 612 459

other regions

Wind Storm load - 10 min 35 95 23 0.95 141 65
Mediterranean areas

Wind Storm load - 10 min 20 68 140 1.9 525 340
other regions

Balustrade loads - 30 sec 30 86 o 1.5 349 250
no crowds

Balustrade loads - 5 min 30 86 5.8 1.2 243 163
crowds

Maintenance loads 30 min 40 104 1.8 0.58 34 20
Snow load - 3 weeks 0 32 13 4.0 639 222

external canopies, roofs
of unheated buildings

Snow load - 5 days 20 68 -4 0.9 380 87
roofs of heated buildings

Climatic loads - 6 hours 40 104 1.4 0.2 17 7.8
IGU summer

Climatic loads - 12 hours 20 68 7.7 1.2 438 148
IGU winter

Permanent 50 years 60 140 - - 2.2 0.2

Table 2.4 Young Modulus values of Trosifol Extra Stiff, Clear/Ultra
Clear, SentryGlass and SentryGlass Xtra Interlayers [16]
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Load Scenario Saflex Clear (R series) Saflex Structural (DG)
Young's Stiffness Young's Stiffness
Modulus E Family Modulus E Family
(MPa) (MPa)

Wind gust load (Mediterranean areas)
(3s, 35 °C) 25 1 25 2
Wind gust load (other areas)
(3s, 20 °C) 33 1 1005 7.
Windstorm load (Mediterranean areas) 11 1 17 2
(10 min, 35 °C) ) )
Windstorm load (other areas)
(10 min, 20 °C) 23 ! 2 2
Balustrade loads - no crowds
(30 s, 30 °C) 21 1 33 2
Balustrade loads - crowds )3
{5 min, 30 °C) Lo - 71 L
Maintenance loads
(30 min, 40 °C) Lot - = =
Snow load external canopy/unheated buildings®
(3 weeks, 0 °C) 23 1 26 2
Snow load external roofs of heated buildings
(5 days, 20 °C) 0.96 1 42 2
Cavity pressure variation IGU: summer @
(6 hours, 40 °C) 0.19 1 1.1 2
Cavity pressure variation IGU: winter

L (12 hours, 20 °C) 12 ! 8 g

Table 2.5 Stiffness family classification of Saflex Clear
and Saflex Structural Interlayers [17]

2.4.2 Insulating glass units (IGU)

Insulating glass unit (IGU) can be described as a multi-paned, thermally and acoustically
improved glass combination in which two or more panes are spaced with edge spacer

elements and hermetically sealed cavity is filled with a fixed quantity of gas.

Insulating glass unit is one of the most used glass product in terms of structural
applications. It can be built-up by introducing the glass panes made from any of the

previously mentioned glass types.

In accordance with the IGU’s basic perspective of achieving high thermal insulation and
maintaining energy efficiency; the spacer elements are used as ‘warm edge spacers’
generally composed of aluminium or stainless steel hollow bars filled with desiccant
elements. Depending upon the purpose of use, the cavity may contain dry air or can be
filled with argon, krypton or xenon gas options. It can be said that argon is commonly used
as cavity gas option, and a mixed use formulations of “%10 Air + %90 Argon”, “%5 Air +
%95 Argon” are generally selected. In order to improve the thermal performance of the
glass units and achieve a better Ug value (thermal transmittance value of IGU), low

emissivity coatings on glass panes are also commonly preferred.
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| glass pane

3 L/
t][ totalenergy |4~ ||~ cavity
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- desiccant
- primary seal
— secondary seal

inside

Figure 2.6 Principle built-up of ouble-glazed insulating glass unit

(Haldimann et al., 2008, pp.16) [11]

In addition to double glazed insulating glass units (DGU), triple glazed insulating glass
units (TGU) are also being used in many practical applications, especially in the case of
higher energy efficiency requirements. Figure 2.7 shows a horizontal section of a

conventional unitized curtain wall facade application TGU glass option.

Aluminium frame .,

Structural silicone plass retention

sereare. aSkeEES

Sealant or tape  ...........
e Prossure equalised cavity

Thermalbreak wmisrceiry
e Structural silicone secondary seal

Insulating glass unit ="

Figure 2.7 Section of conventional unitized curtain wall with

TGU (Gargallo et al., 2020, pp. 3) [18]
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2.5 Glass elements as per class of consequences

EN 1990:2002” highlights that the criterion for the classification of consequences is the
importance of the structure or structural member concerned, in terms of consequences of

failure. [19]

In connection with this, glass elements can be also classified according to failure scenarios
and structural functions in terms of class of consequences. They can be used as main

structure, secondary structure or as infill panels.

Figure 2.8 illustrates the identification of typical structure in terms of class of consequences.

Key

| - main structure

2 - secondary structure
3 - infill panel

Figure 2.8 Identification of typical structure in terms of class of consequences [20]

2.5.1 Glass elements used as infill panels

Most of glass elements are used as infill panels as a part of curtain wall or simple window

glazing systems.

Figure 2.9 shows the elements of a standard curtain wall stick system and its example

practical application on a building.
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-
panel) ™
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Figure 2.9 Elements of a standart curtain wall [7]

EN 16612:2019 underlines that it provides methods to determine the lateral load resistance
of linearly supported glazed elements used as infill panels. It states that these infill panels
are in a class of consequence lower than those covered in EN 1990, as a results of this, it
provides different partial factors to be used for the limit state design and verifications of infill

panel type glass elements.

2.5.2 Glass elements as main or secondary structures

Glass elements can also be designed as ‘secondary structure’ or ‘main structure’ and can

take place in the structural scheme of the building with this functions.

Glass fins can be given as an example of glass secondary structure. According to prEN
16612, a failure of secondary structure only affects the infill panels or the non-structural
elements carried by that secondary structure and in no case the secondary strucure has any

effect on the main structure of the building. [20]
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Regarding the characteristics of glass main structures, Feldman et al. (2014) states in
general they are also loaded by in-plane loads and that they can take loads from the overall

structure or from other elements. [3]

An example of the practical application of glass as a primary structural element is shown in

the Figure 2.10.

Figure 2.10 Application of glass a primary structural element: Glaspavillon

Rheinbach (Feldmann M., 2015) [22]

In order to develop and publish a common European design code for “structural glass
elements”, a Working Group (WG3) was created within CEN Technical Committee 250
“Structural Eurocode” and the technical standard (SC 11 — EN ‘Structural Glass’) is
currently being prepared by the related working group. Feldman and Kasper et al. (2016)
mention that a Eurocode for Structural Glass is being performed within three tasks; in the
first task Scientific and Policy Report has been established, in the second task CEN-
Technical Specification (CEN-TS) is being established, and as a third and last step the
CEN-TS will be converted into a Eurocode on Structural Glass. [23]

In connection with these processes, a common European code for structural glass elements,
as “Eurocode 10 -Design of Glass Structures”, is expected to be published in the near

future.
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3

CALCULATION METHODS FOR
LAMINATED GLASS AND IGUs

3.1 Calculation methods for laminated glass panes

3.1.1 Equivalent thickness approach

Different calculation methods are found in the literature to evaluate and verify the
structural performance of laminated glass panes by taking into account the shear transfer

contributions of interlayer materials.

According to Asik and Tezcan (2005), the layered combination of very hard material glass
and very soft materials interlayer makes the laminated glass behave in a very unusual

manner due to the order difference in modulus of elasticity of materials. [24]

/77777y Glass Beams 7= Polyvinyl Butyral -
/ J ( PY_B_)__ b By = —
i ; hy hy  — e
X ! L___ t T?‘L\__ —
h, hz h, NS
E.LA L 1
] T—

u, |

zZ, W :

Figure 3.1 Laminated glass beam and undeformed and deformed sections of a laminated

glass (Taken and merged from: Asik and Tezcan, 2005) [24]

The flexural performance of laminated glass depends upon shear coupling between the
glass components through the polymeric interlayers and in design practice this effect is
usually taken into account through the ‘effective thickness’ definition, where a monolith
thickness with equivalent bending properties in terms of stress and deflection is introduced
to represent the the multilayer laminated glass pane. (Galuppi and Royer-Carfagni, 2015)
[25]

Due to the fact that the interlayer materials are viscoelastic, their tensile and shear modulus

can change at different temperatures and load durations.

35




According to Galuppi and Royer-Carfagni (2015), it is often very difficult to obtain a
closed-form solution for the strain and stress field in a laminated glass plate, the precise
calculation of the resulting state of stress and strain is quite difficult and usually requires
numerical analysis, and this is why simplified methods are becoming more and more

popular in the design practice. [25]

For what concerns the modelling of geometry and constraints, Italian technical guide CNR-
DT 210/2013 (National Research Council of Italy, 2013) discuss about three different
levels of method, in which the Level 1 is referred to Method of Equivalent Thickness. In
connection with this, it states that the literature and the standards on this subject contain
several different models (as Wolfel-Bennison model, Enhanced Effective Thickness

model) and lists the main references. [2]

In this chapter, the 'equivalent thickness' approach and the 'simplified calculation method'
of EN16612:2019, which the research study focuses on and the case study analyzes refer

to, are discussed in general terms.

3.1.2 Simplified method of EN 16612:2019

EN 16612 (European Committee for Standardization, 2019) highlights that the resistance
to bending of laminated glass shall be evaluated using a suitable engineering formula or
calculation method that takes into account the viscoelastic properties of the interlayer
material and its variation with temperature and load duration. [6] Following to this, it
introduces an alternative to more complex calculation methods, so-called simplified
method, to be used for glass panes with linearly supported edges subject to uniformly
distributed loads. It is also underlined that the simplified method may underestimate stress

and deflection for small panes and it may overestimate them for large panes.

According to this simplified method, deflection-effective and stress-effective equivalent
thickness values of laminated glass panes are calculated by the help of ®-shear transfer

coefficients of the interlayers depending on the stifness families.
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3.1.2.1 Calculation procedure

In order to calculate the equivalent thickness values of laminated glass panes according to

simplified method, the following formulas are provided:

The equivalent thickness for calculating bending deflection:

by =21 +120( 3 i)

(Eq. 3.1)

where;

“o” — shear transfer coefficient of the interlayer material

hk (and hi) — thicknesses of glass plies

hm,i — distances between the middle plane of single plies and the mid-plane of the

laminated glass

The equivalent thickness for calculating the stress of glass ply number j:

(Eq. 3.2)

where;
hj — thicknesses of glass plies
hm,i — distances between the middle plane of single plies and the mid-plane of the

laminated glass

Figure 3.2 Laminated glass thickness dimensions [6]
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3.1.2.2 Determination of m-shear transfer coefficients

Each interlayer has its own w-interlayer shear transfer coefficient value. o coefficients
represent the shear transfer characteristics of the interlayer and take a value between 0 and
1, where the case of “®w=0" represents “no shear transfer” and the case of “w=1"

represents “full shear transfer”.

The viscoelastic properties of the interlayers are determined according to EN 16613:2019
[15].

“w” shear transfer coefficient values are assigned for twelve different load conditions
according to the test method and evaluation methods provided by EN 16613:2019. The

load conditions are shown in Table 3.1.

Load condition Load Interlayer
duration | temperature range?

1 | Wind gust load (Mediterranean areas) 3s 0°C<B<35°C

2 | Wind gust load (other areas) 3s 0°C<B8<20°C

3 | Wind storm load (Mediterranean areas) 10 min 0°C<B<35°C

4 | Wind storm load (other areas) 10 min 0°C<B6<20°C

5 | Balustrade loads - no crowds (e.g. building use 30s 0°C<B8<30°Cb
categories A, B, C1 and E)

6 | Balustrade loads - crowds 5 min 0°C<B<30°cP

7 | Maintenance loads 30 min 0°C<B<40°C
Snow load - external canopies and roofs of | 3 weeks -20°C<8<0°C
unheated buildings

9 | Snow load - roofs of heated buildings 5 days -20°C<B8<20°C

10 | Cavity pressure variations on insulating glass 6h 20°C<B<40°C
units: summer

11 | Cavity pressure variations on insulating glass 12h -30°C<B<20°C
units: winter

12 | Permanent 50 years -20°C<B<60°C

2  The above temperature ranges are selected to take into account the majority of situations. In

particular circumstances other temperature ranges can be considered, but this simplified method cannot
take these variations into account.

b The temperature may get higher than this in external balustrades.

Table 3.1 Load conditions for determining the interlayer sitfness families [6]

“o” shear transfer coefficient of an interlayer for a specific load condition depends on the
its stiffness family. The interlayers which have similar properties for the temperature range

and the loading durations are grouped under the same stiffness family.
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If the properties of an interlayer have not been evaluated according to EN 16613:2019, it

should be treated as belonging to stiffness family 0, therefore “no shear transfer” case

would be considered. [6]

“w-shear transfer coefficient values associated with interlayer stiffness family and load

conditions are shown in Table 3.2

Load condition Family 0 Family 1 Family 2

1 | Wind gust load (Mediterranean areas) 0 0,1 0,5

2 | Wind gust load (other areas) 0 0,3 0,7

3 | Wind storm load (Mediterranean areas) 0 0 0,1

4 | Wind storm load (other areas) 0 0,1 0,5

5 | Balustrade loads - no crowds (e.g. building use 0 01 0,5
categories A, B, C1 and E)

6 | Balustrade loads - crowds 0 0,1 0,3
Maintenance loads 0 0,1
Snow load - extermal canopies and roofs of 0,1 0,3
unheated buildings

9 | Snowload - roofs of heated buildings 0,1

10 | Cavity pressure variations on insulating glass 0,1
units: summer

11 | Cavity pressure variations on insulating glass 0 0,1 0,3
units: winter

12 | Permanent 0 0 0

Table 3.2 o values associated with interlayer stiffness family and load conditions [6]

Equivalent thickness of different laminated glass configurations as per ©®=0, ®=0.1, ®=0.3

and ©=0.5 cases are shown in Table 3.1, where the contribution of the shear transfer

coefficient to the equivalent thickness value of the laminated glass pane can be observed.

Lamimated Glass Equivalent thickness Equivalent thickness Equivalent thickness Equivalent thickness
. . [mm] (with w=0) [mm] (with w=0.1) [mm] (with w=0.3) [mm] (with w=0.5)
Configuration
[mm] hef,w hef,c, j1 hef,w hef,q, j1 hef,w hef,o, j1 hef,w hef,c, j1
(Deflection) | (Stress) (Deflection) | (Stress) (Deflection) | (Stress) (Deflection) | (Stress)
6+0.76+6 7.56 8.49 8.42 9.45 9.75 10.74 10.79 11.56
8+0.76+8 10.08 11.31 11.17 12.52 12.86 14.15 14.20 15.21
10+0.76 + 10 12.60 14.14 13.92 15.60 15.98 17.57 17.62 18.86
6+1.52+6 7.56 8.49 8.60 9.70 10.14 11.24 11.32 12.19
8+1.52+8 10.08 11.31 11.34 12.77 13.26 14.65 14.73 15.83
10+1.52+10 12.60 14.14 14.09 15.83 16.37 18.06 18.15 19.48

Table 3.3 Equivalent thickness values of different laminated glass configurations

as per ©®=0, ®=0.1, ®=0.3 and ®=0.5 cases
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3.2 Calculation methods for insulating glass units

Insulating glass units (IGU) are multilayer glass products in which two or more glass panes
interspaced with special spacer elements and the cavity between is hermetically sealed and
filled with a fixed amount of gas. At this point, as an important and decisive case, the
effects arising from the presence of the gas within the cavity should be considered in the

calculations.

EN 16612:2019 underlines this approach while providing the calculation method for
insulating glass units, by highlighting the following aspects:

-The presence of the fixed quantity of gas within the cavity give rise to the phenomenon
called ‘load sharing’, thus the actions applied to only one pane develop effects in the other

panes in the insulating glass unit. [6]

- In terms of difference in production and installation conditions, the changes in
meteorological pressure and the changes in ambient barometric pressure due to altitude

changes cause internal actions which develop effects in all the panes [6]

-Changes in the temperature of the gas in the cavity cause internal actions which develop

effects in all the panes [6]
3.2.1 Partition of external loads: ‘Load sharing’ phenomenon

In practical terms, ‘load sharing’ phenomenon that occurs in insulating glass units means
that the external loads applied to insulating glass unit by acting on one of the panes are

partitioned by all of the panes.

This take place in double glazed insulating glass units as per stiffness partitions of the
panes and the insulating glass unit factors, whereas in triple glazed insulating glass units as

per relative volume changes for the panes and the insulating glass unit factors.
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3.2.1.1 Partition of external loads in double glazed insulating glass units

Figure 3.3 shows the sign convention for actions and effects related to the calculation

method for double glazed insulating units (DGU).

Ext [ 1 Int Ext Int
Fd,-e Po Fd,—a' W, max
+ L+ + +
Onax
. .
1 2

Figure 3.3 Sign conventions for actions and effects on DGU [6]

The partition of externally applied loads on the panes of double glazing insulating glass
unit can be determined by the help of stiffness partition values of the individual panes (31

and 92) and the insulating unit factor ().
Stiffness partition for pane 1 with thickness hi is calculated as shown in (Eq. 3.3)

K
ki h

1

(Eq. 3.3)
Stiffness partition for pane 2 with thickness ha is calculated as shown in (Eq. 3.4)

h;

0, =————==1-7,
by + by (Eq. 3.4)
Insulating unit factor is calculated as shown in (Eq. 3.5)
__
1+(a/a*)4 (Eq35)
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where;

a*—characteristic length of the insulating glass unit is calculated as shown in (Eq. 3.6)

353 0,25
a*—28.9( shy h; ]

b+ h; s

(Eq. 3.6)

where;
a— Short span of the glass unit
s— gas gap thickness

k5— the coefficient of volume which can be determined from Annex B of [*]

External loads partitioned by the panes are calculated as shown in Table 3.4.

Load Partition of load carried | Partition of load carried
by pane 1 by pane 2
External load Fd,1 acting on pane 1 F,, =(6,+¢5,)F,, F,, =(1-9)6,F,,
External load Fd,2 acting on pane 2 E,=(1-9) 5,F;, F,, = (@51 +3,)F,,

Table 3.4 Load partition of external loads in DGU [6]

3.2.1.2 Partition of external loads in triple glazed insulating glass units

Figure 3.4 shows the sign convention for actions and effects related to the calculation

method for triple glazed insulating glass units (TGU).

Ext [ 1 1 2 [] Int Ext Int
g2
_t .
pex,—f P 0,1 Po 2 P, ex;3 Wmax
. . L | _tr .
O pax
pl‘E'S, 1 P res,2 P res;3
1 2 3

Figure 3.4 Sign conventions for actions and effects on TGU [6]
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The partition of externally applied loads on the panes of triple glazing insulating glass unit
can be determined by the help of relative volume changes for the individual panes and the

insulating unit factors for the cavities (@1 and ¢2).

Insulating unit factor for cavity 1 is calculated as shown in (Eq. 3.7)

1

l+a,+a

&,
(Eq. 3.7)

Insulating unit factor for cavity 2 is calculated as shown in (Eq. 3.8)

1

Tt a, +a; (Eq. 3.8)
Relative volume change for cavity k is determined as per (Eq. 3.9) and (Eq. 3.10)

= vp;kpa;m S 0
V

prik (Eq. 3.9)

Vo iaPa
+ _  pktlLam

prik (Eq. 3.10)

Volume change of glass pane, k, induced by unit pressure is calculated as shown in (Eq.

3.11)

3
he E (Eq. 3.12)
where;
pa;m — Average meteorological air pressure [100 kN/m?= 0,10 N/mm?]

In order to calculate the actions partitioned by each glass panes, firstly, the variations of

internal pressures Api;j due to external loads are obtained as shown in the Table 3.5.
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External load Self-weight of External load
pane 2
Pex;1 gy Pex:3
Ap; Apy;3 Ap;.4 APy
Cavity a,«,ﬁl 491&'; ¢Q’+¢ at
1 Py (%a'z 71) &5 _#}?“
(Apl})
CaVlty (24 ¢a ¢ . @202 a+
2 %Pﬂ"’l (l_ﬁal )ng B ¢2ﬁ2 Psur;S
(Ap2,j)
where B=1-¢-a; -9, -a,

Table 3.5 Variations of internal pressures Api;j due to external

loads (Note: Extracted from Table C.3 of [6] )

Finally, external loads partitioned by the panes of TGU are calculated as shown in the

Table 3.6.
External Self weight loading | External Loading
Loading pane 1 pane 2 pane 3
Pex,1 92 Pex,3
pres;1 pex;1-Ap1;3 -Apl;4 -Apl;5
pres;2 | Ap1;3-ap2;3 | S2TAPLA-APZA s Ap2is
pres;3 Ap2;3 Ap2;4 Ap2;5 + pex;3
Table 3.6 Variations of external loads partitioned by each pane in
TGU (Note: Extracted from Table C.4 of [6])
3.2.2 Effects of internal loads (climatic loads)

In consequence of closed cavity of insulating glass units, additional internal loading so-
called “climatic loading” should be taken into account. This internal loading, so-called
“climatic loading” originates from climatic effects referred to change of temperature or

ambient air pressure and the different altitude on site compared to that in the factory.

(Feldman et al. 2014) [3]
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@ Pee™ P, AH: difference of altitude
AT: difference of temperature in the cavity

| Ap,: difference of air pressure

ATS | ATS

Figure 3.5 Change of the insulating glass unit internal pressure pcav depending on the

change of temperature, the change of the air pressure and the altitude [3]

For calculations according to the method given by EN 16612:2019, firstly the isochore
pressure values, isochore pressure generated by a difference of altitude and isochore
pressure generated by a difference of temperature and air pressure, are calculated.
Following to this, in order to obtain the internal load values applied to the panes, the

isochore pressure values are reduced by the insulating glass unit factors-¢.

The isochore pressure generated by a difference of altitude is calculated as shown in (Eq.

3.13).

Pi:o= cn - (H-Hp) (Eq. 3.13)

where;

Cun— Coefficient for the effect of altitude change on isochore pressure (0,012 kPa/m)

The isochore pressure generated by a difference of temperature and air pressure is

calculated as shown in (Eq. 3.14)
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Pco=cr- (Tc-Tp) - (pa - pp) (Eq 3. 14)

where;

Cr— Coefficient for the effect of cavity temperature change on isochore pressure (0,340

kPa/K)

Tp— Temperature of production of insulating glass unit

pa— Meteorological air pressure at sea level

pp— Meteorological air air pressure at sea level at the time of production of insulating

glass unit

Finally, the isochore pressure is calculated as shown in (Eq. 3.15).

Po = Ph;0 + Pc:0 (Eq 3.1 5)

3.2.2.1 Internal loads applied to the panes on DGUs

The internal load values applied to the each pane of double glazed insulating glass unit are
calculated by multiplying the isochore pressure values with the insulating glass unit factors

and reducing them.

Load carried by pane 1 Load carried by pane 2
Isochore pressure p0 .p0 @.po

Table 3.7 Internal loads carried by the panes in DGU [6]
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3.2.2.2 Internal loads applied to the panes on TGUs

The variations of internal pressures Api;j due to variations of altitude, tempreature and

barametric pressure obtained as shown in the Table 3.8.

Isochore Isochore
pressure pressure
Po;1 Po;2
Ap;;; Ap;;1 Api;,
caviy [ g | pad
ﬂ e ﬂ 0;2
(Ap1,))
2 %pon jpo;z
(Ap2,j)
where B=1-¢ 'al+ ¢ -y

Table 3.8 Variations of internal pressures Api;j due to cavity pressure

variations (Note: Extracted from Table C.3 of [6] )

Finally, the values of cavity pressure actions partitioned by each glass pane of TGU are

calculated as shown in the Table 3.9.

Cavity pressure
variations
pres;1 -Ap1;1-Apl;2
. Apl;1 +Ap1;2 -Ap2;1 -
pres;2 Ap2;2
pres;3 Ap2;1 + Ap2;2

Table 3.9 Values of internal actions applied to each pane in

TGU (Note: Extracted from Table C.4 of [6] )
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4

CASE STUDY: LINEAR FEM ANALYSIS OF
IGUs

In this chapter, the calculation details of linear FEM analysis of glass models developed for
double glazed and triple glazed insulating glass units with laminated glass panes are

presented.

The case study aimed to examine the practical use of the calculation methods of EN
16612:2019 provided for laminated glass panes and insulating glass units, by constructing

structural models and performing FEM analyses.

The calculations developed in FEM software within the scope of this case study were

performed as linear analyses.

All main details of the principal case study calculations are explained in the following

sections of this chapter.

4.1 Study Items

4.1.1 Glass configurations and dimensions

Within the framework of case study, a total of fourteen IGU options were prepared,
consisting of different hypothesized support conditions as two/three and four edge supported
cases, and consisting of both double glazed insulating glass unit and triple glazed insulating

glass unit options.

The configurations and dimensions of the prepared IGU options are presented in Table 4.1

and Table 4.2
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Dimensions (mm}

- INTERNAL PANE: 8 mm Tempered

- EXTERNAL PANE: 8 mm Tempered

IGU P
Option No: GLASS COMPOSITION w (mm) h {mmj} Position Edge Supports

- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated

1 With 1,52 mm PVB INTERLAYER* 2000 4000 Vertical- Two Edge Supported
- GAP: 18 mm with %90 Argon filling Facade | (From Vertical Edges)
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated

2 With 1,52 mm PVB INTERLAYER* 2000 2000 Vertical- | Three Edge Supported
- GAP: 18 mm with %90 Argon filling Facade | (Horizontal Edge Free)
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
Wi * ical-

3 ith 1,52 mm P\./B INTERLAYER - 2000 2000 Vertical Four Edge Supported
- GAP: 18 mm with %90 Argon filling Facade
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated

4 With 1.52 mm JONOPLAST SG INTERLAYER** 2000 4000 Vertical- | Two Edge Supported
- GAP: 18 mm with %90 Argon filling Facade | (From Vertical Edges)
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated

s With 1.52 mm JONOPLAST SG INTERLAYER** 2000 4000 Vertical- | Three Edge Supported
- GAP: 18 mm with %90 Argon filling Facade | (Horizontal Edge Free)
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
With 1.52 mm IONOPLAST SG INTERLAYER** Vertical-

6 X . 2000 4000 Four Edge Supported
- GAP: 18 mm with %90 Argon filling Facade

- GAP: 18 mm with %90 Argon filling Vertical-

7 . 2000 4000 Four Edge Supported
- INTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated Facade
With 1,52 mm PVB INTERLAYER*
- EXTERNAL PANE: 8 mm Tempered

8 GAP: 18 mm with %90 Argon filling . 2000 4000 Vertical Four Edge Supported
- INTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated Facade

With 1.52 mm JONOPLAST SG INTERLAYER**

- EXTERNAL PANE: 8 mm Tempered
- GAP: 18 mm with %90 Argon filling

9 i 2000 4000 Horizontal | Four Edge Supported
- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated
With 1,52 mm PVB INTERLAYER*
- EXTERNAL PANE: 8 mm Tempered
- . i o, illi
10 GAP: 18 mm with %90 Argon filling 2000 4000 Horizontal | Four Edge Supported

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated
With 1.52 mm IONOPLAST SG INTERLAYER**

Table 4.1 Configuration double glazed insulating glass units (DGU)

49



Dimensions [mm}

IGu
Option | GLASS COMPOSITION w [mm} h{mm} Paosition Edge Supports
Moz

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm PVE INTERLAYER®
-GAP 1: 18 mm with %90 Argon filling

11 |- INTERMEDIATE PANE: 6 mm Annealed Float 2000 4000
- GAP 2: 18 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm PVE INTERLAYER*®

Verticak | Three Edge Supported
Facade (Horizontal Edge Free)

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm PVE INTERLAYER*
-GAP 1: 18 mm with %90 Argon filling ,

12 |- INTERMEDIATE PANE: 6 mm Annealed Float 2000 | a000 | “SSF | pour Edge supportes
-GAP 2: 18 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm PVB INTERLAYER*

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm IONOPLAST 5G
INTERLAYER*

- GAP 1: 18 mm with %390 Argon filling

13 |-INTERMEDIATE PANE: 6 mm Annealed Float 2000 4000
-GAP 2: 18 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm IONOPLAST 5G
INTERLAYER*

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm IONOPLAST 5G
INTERLAYER®

-GAP 1: 18 mm with %90 Argon filling .

14 |- INTERMEDIATE PANE: 6 mm Annealed Float 2000 | 000 | VU pour eage supported
- GAP 2: 18 mm with %90 Argon filling

- INTERNAL PANE: 65+56 mm Heat-Strengthed,
Laminated With 1,52 mm IONOPLAST 5G
INTERLAYER*

Verticak | Three Edge Supported
Facade (Horizontal Edge Free)

Table 4.2 Configuration of triple glazed insulating glass units (TGU)

4.1.2 Cross-sections of insulating glass units

For each insulating glass unit options, representative cross-sections were prepared as show

in the figures below:
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IGU Option 1, IGU Option 2, IGU Option 3:

IGU Option 3, IGU Option 4, IGU Option 5:

-OUTSIDE- .OUTSIDE-
| ¥ . 1—\;
x = _— -
| ) i e - —
-INSIDE- JINSIDE- -
IGU Option 7 IGU Option 8:
PRy— -OUTSIDE-
| = I - l
L | \ B | ‘“‘\\__\ =
k | : \- | | \\_
JINSIDE- NSIDE

Figure 4.1 Cross-sections of vertically positioned DGU options

IGU Option 9:

-OUTSIDE-

1
. &
1

-INSIDE-

IGU Option 10:

-OUTSIDE-

L — N

-INSIDE-

Figure 4.2 Cross-sections of horizontally positioned DGU options

51



IGU Option 11 and IGU Option 12 IGU Option 13 and IGU Option 14

-OUTSIDE-
-OUTSIDE-

-INSIDE-
-INSIDE-

Figure 4.3 Cross-sections of vertically positioned TGU options

4.2 Calculation tool for FEM analyses

FEM-based structural analyses of glass models were performed in “Autodesk Robot
Structural Analysis Professional 2020 finite element analysis software (Licence: Student

Version, Serial number 901-49125389)

4.3 Preparation of structural glass models

4.3.1 Overview of structural models

All IGU options were designed with laminated glass panes, where the laminated glass
panes were defined with either PVB or Ionoplast interlayers. Equivalent thickness values
were calculated according to simplified method of EN 16612:2019, by referring to o-shear

transfer coefficients of the reference PVB and Ionoplast interlayers.

Due to the fact that each laminated glass panes had different equivalent thickness values for
deflection (heq,w) and for stress (heq, o) verifications, FEM models of each IGU options

were prepared with these different thickness values for the relevant analysis type.

The structural FEM models of IGU options are presented in the following figures:
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“IGU - OPTION 1”/ Structural Model For STRESS Check:

“IGU - OPTION 2"/ Structural Model For DEFORMATION Check:

INT. GLASS_8 mm

h PVB (hef,0=12,77 mm_STRESS)

— EXT. GLASS_88.4 with PVB (hef,0=12,77 mm_STRESS)
— INT. GLASS_8 mm
~——— CONNECTION BARS

4

Y
Cases: 1 (SELF-WEIGHTS [SW]) &.&

. GLASS 8 mm

with PVB (hef,w=11,34 mm_DEF.)

—— EXT. GLASS_88.4 with PVB (hef,w=11,34 mm_DEF.)
— INT. GLASS 8 mm
~—— CONNECTION BARS

Cases: 1 (SELF-WEIGHTS [SW])

Figure 4.4 Structural models of “IGU-Option 1” for deflection and stress checks

“IGU - OPTION 2" / Structural Model For DEFORMATION Check:

T. GLASS_8 mm

with PVB (hef,w=11,34 mm_DEF )

—— EXT. GLASS_88.4 with PVB (hef,w=11,34 mm_DEF.)
— INT. GLASS_8 mm
~—— CONNECTION BARS

Cases: 1 (SELF-WEIGHTS [SW])

k

“IGU - OPTION 2"/ Structural Model For STRESS Check:

INT. GLASS_8 mm

PVB (hef;0=12,77 mm_STRESS)

——— EXT. GLASS_88.4 with PVB (hef:c=12,77 mm_STRESS)
—— INT. GLASS_8 mm
——— CONNECTION BARS

Cases: 1 (SELF-WEIGHTS ISWI)

Figure 4.5 Structural models of “IGU-Option 2” for deflection and stress checks

“IGU - OPTION 3"/ Structural Model For DEFORMATION Check:

“IGU - OPTION 3" / Structural Model For STRESS Check:

NT. GLASS_8 mm

h PVB (hef,w=11,34 mm_DEF.)

— EXT. GLASS_88.4 with PVB (hef,w=11,34 mm_DEF.)
— INT. GLASS_8 mm

k

¥
Cases: 1 (SELF-WEIGHTS [SW]) Qx

. INT. GLASS_8 mm

With PVB (hef,0=12,77 mm_STRESS)

{t— EXT. GLASS_88.4 with PVB (hef,0=12,77 mm_STRESS)
t —— INT. GLASS_8 mm

Cases: 1 (SELF-WEIGHTS [SW])

Figure 4.6 Structural models of “IGU-Option 3” for deflection and stress checks
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“IGU - OPTION 4"/ Structural Model For DEFORMATION Check: “IGU - OPTION 4” / Structural Model For STRESS Check:

ANT. GLASS & mm NT. GLASS_8 mm

88 4 with IONOPLAST SG (hef,w=14,73 mm_DEF.) with IONOPLAST SG (hef:0=15,83 mm_STRESS

—— EXT. GLASS_88.4 with IONOPLAST SG (hefw=14,73 mm_DEF.) Y ——EXT. GLASS_88.4 with IONOPLAST SG (hef.0=15,83 mm_STRESS
—— INT. GLASS_8 mm

~—— CONNECTION BARS

&,

Y
Cases: 1 (SELF-WEIGHTS [SW]) 2’ Cases: 1 (SELF-WEIGHTS [SW])

Figure 4.7 Structural models of “IGU-Option 4” for deflection and stress checks

“IGU - OPTION 5"/ Structural Model For DEFORMATION Check: "IGU - OPTION 5"/ Structural Model For STRESS Check:

INT. GLASS_8 mm T. GLASS 8 mm

with IONOPLAST SG (hef,w=14,73 mm_DEF.) with IONOPLAST SG (hef,0=15,83 mm_STRESS

— EXT. GLASS_88.4 with IODNOPLAST SG (hef,w=14,73 mm_DEF )
— INT. GLASS_8 mm
~—— CONNECTION BARS

— EXT. GLASS_88 4 with IONOPLAST SG (hef,0=15,83 mm_STRESS
— INT. GLASS_8 mm
~—— CONNECTION BARS

&

X
Cases: 1 (SELF-WEIGHTS [SW]) Ql Cases: 1 (SELF-WEIGHTS [SW])

Figure 4.8 Structural models of “IGU-Option 5” for deflection and stress checks

“IGU - OPTION 6” / Structural Model For DEFORMATION Check: “IGU - OPTION 6” / Structural Model For STRESS Check:

NT. GLASS_8 mm

NT. GLASS_8 mm

with IONOPLAST SG (hef,w=14,73 mm_DEF.)
.4 with IONOPLAST SG (hef,0=15,83 mm_STRESS

—— EXT. GLASS_88 .4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)

— EXT. GLASS 88.4 with IONOPLAST SG (hef:0=15,83 mm_STRESS
— INT. GLASS_8 mm = (hotom16.83 mm

— INT. GLASS 8 mm

&

Y
Cases: 1 (SELF-WEIGHTS [SW]) &x Cases: 1 (SELF-WEIGHTS [SW])

Figure 4.9 Structural models of “IGU-Option 6” for deflection and stress checks
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“IGU - OPTION 7"/ Structural Model for DEFORMATION Check: “GU « OPTION 7"/ Structural Model for STRESS Check:

T. GLASS_88.4 with PVB (hef,0=12,77 mm_STRESS)
INT. GLASS_88.4 with PVB (hef,w=11,34 mm_DEF.)

— EXT. GLASS_8 mm

. —— EXT. GLASS_8mm
—— INT. GLASS_88.4 with PVB (hef.w=11,34 mm_DEF)

—— INT. GLASS_88.4 with PVB (hef;0=12,77 mm_STRESS)

Y
Qx Cases: 1 (SELF-WEIGHTS [SW])

Cases: 1 (SELF-WEIGHTS [SW))

Figure 4.10 Structural models of “IGU-Option 7 for deflection and stress checks

“IGU - OPTION 8” / Structural Model for DEFORMATION Check: “IGU - OPTION 8”/ Structural Model for STRESS Check:

T. GLASS_88.4 with IONOPLAST SG (hef:w=14,73 mm_DEF.) [ECHASS: 60 vt IGRORLASHEC (heficg15.03 i STRESS

——— EXT. GLASS_8 mm

4 —— EXT. GLASS 8 mm
— INT. GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.) Q{ — INT. GLASS 88 .4 with IONOPLAST SG (hef,0=15,83 mm_STRESS
X

k.
Cases: 1 (SELF-WEIGHTS [SW]) Cases: 1 (SELF-WEIGHTS [SW])

Figure 4.11 Structural models of “IGU-Option 8 for deflection and stress checks

“IGU - OPTION 9"/ Structural Model For DEFORMATION Check: “IGU - OPTION 9"/ Structural Model for STRESS Check:

i 2B (hef;0=8,48 mm_STRESS)
.

(i
o

4" ——— INT. GLASS_66.4 With PVB (hef:w=7,56 mm_DEF.)

5 ‘‘‘‘‘ Y — EXT.GLASS 8 mm »
E:x | Cases: | (Self-Weights [SW]) &x

—— INT. GLASS_66.4 With PVB (hef:0=8,4 mm_STRESS)
—— EXT. GLASS_8 mm

Cases: 1 (Self-Weights [SW])

Figure 4.12 Structural models of “IGU-Option 9 for deflection and stress checks
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“IGU - OPTION 10"/ Structural Model For DEFORMATION Check:

PAST (hef;w=8,60 mm_DEF.)

= INT. GLASS_66.4 With IONOPLAST (hef:w=8,60 mm_DEF.)
——— EXT. GLASS_8 mm

k

Cases: 1 (Self-Weights [SWT)

“IGU - OPTION 10" / Structural Model For STRESS Check:

(hef;6=9,70 mm_STRESS)

INT. GLASS_66.4 With IONOPLAST (hef;0=9,70 mm_STRESS)
— EXT.GLASS 8 mm

k

Cases: 1 (Self-Weights [SW])

Figure 4.13 Structural models of “IGU-Option 10” for deflection and stress checks

“IGU - OPTION 11” / Structural Model For DEFORMATION Check:

. GLASS_66.4 with PVB (hefw=%.60 mm_DEF)

—— INT. GLASS_66.4 with PVB (hef;w—8,60 mm_DEF.)
——— EXT. GLASS_66.4 with PVB (hef:w—8,60 mm_DEF.)
——— GLASS_6 mm

ﬁ = ~——— CONNECTION BARS

Cases: 1 (SELE-WEIGHTS [SW])

“IGU - OPTION 11" / Structural Model For STRESS Check:

INT. GLASS_66.4 with PVB (hef:0=0,70 mm_STRESS)

——— INT. GLASS_66.4 with PVB (hef:0=9,70 mm_STRESS)
— EXT. GLASS_66.4 with PVB (hef;c=9,70 mm_STRESS)
—— GLASS_ 6 mm

——— CONNECTION BARS

k

Cases: | (SELF-WEIGHTS [SW])

Figure 4.14 Structural models of “IGU-Option 11~ for deflection and stress checks

“IGU - OPTION 12”/ Structural Model for DEFORMATION Check:

. GLASS_66.4 with PVB (hef.w=$,60 mm DEF.)

—— INT. GLASS_66.4 with PVB (hef:w=8,60 mm_DEF.)
—— EXT. GLASS_66.4 with PVB (hef;w=8,60 mm_DEF.)
—— GLASS_6 mm

Cases: | (SELF-WEIGHTS [SW])

“IGU - OPTION 12"/ Structural Model for STRESS Check:

. GLASS_66.4 with PVB (hef:0=9,70 mm_STRESS)

——— INT. GLASS_664 with PVB (hef:0~9,70 mm_STRESS)
——— EXT. GLASS _66.4 with PVB (hef:0=9,70 mm_STRESS)
—— GLASS_6mm

Cases: 1 (SELF-WEIGHTS [SW])

Figure 4.15 Structural models of “IGU-Option 12” for deflection and stress checks

56




“IGU - OPTION 13" / Structural Model for DEFORMATION Check: “IGU - OPTION 13"/ Structural Model for STRESS Check:

_INT. GLASS_66.4 with IONOPLAST 5G (hefw=1132 mm_DEF ) INT. GLASS_66.4 with IONOPLAST SG (hef:o=12,19 mm_STRESS)

—— INT. GLASS_66.4 with IONOPLAST SG (hef:o=12,19 mm_STRESS)
——— EXT. GLASS_66.4 with IONOPLAST SG (hef:c=12,19 mm_STRESS)
——— GLASS 6mm

CONNECTION BARS

—— INT. GLASS_66.4 with IONOPLAST SG (hef:w=11,32 mm_DEF.)
—— EXT. GLASS_66.4 with IONOPLAST SG hef:w=11,32 mm DEF.)
—— GLASS 6 mm

~——— CONNECTION BARS

X
Cases: 1 (SELF-WEIGHTS [SW]) (X Cases: 1 (SELF-WEIGHTS [SW))

Figure 4.16 Structural models of “IGU-Option 13” for deflection and stress checks

“IGU - OPTION 14" / Structural Model for DEFORMATION Check: “IGU - OPTION 14” / Structural Model for STRESS Check:

. GLASS_66.4 with IONOPLAST SG (hefw=11,32 mm DEF) GLASS_66.4 with IONOPLAST SG (hef.o=12,19 mm_STRESS)

132 mm_DEF.)

——— INT. GLASS_66.4 with IONOPLAST SG (hef;0=12,19 mm_STRESS)
—— EXT. GLASS_66.4 with IONOPLAST SG (hef;0=12,19 mm_STRESS)
—— GLASS_6 mm

——— INT. GLASS_66.4 with IONOPLAST SG (hef;w=11,32 mm_DEF.)
—— EXT. GLASS 66.4 with IONOPLAST SG hef;w=11,32 mm DEF.)
——— GLASS 6 mm N

Cases: 1 (SELF-WEIGHTS [SW]) _ Cases: | (SELF-WEIGHTS [SW])

kK

Figure 4.17 Structural models of “IGU-Option 14” for deflection and stress checks
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43.2 FEM model mesh properties

Typical meshes used in structural glass models for the analyses are shown in Figure 4.18
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Figure 4.18 Typical meshes used in structural analyses

4.3.3  Glass material properties

Material properties of glass elements were defined in accordance the mechanical and

physical properties given in EN16612:2019.

The definition of glass material properties in structural models are shown in Figure 4.19

Material Definition

Steel Concrete Aluminum Timber Other

Name: Glass_Material_ -

Descriptton: ‘ Glass_MateriaI (EN16612) |

Elasticity
Young modulus, E: 70000.00 | (MPa)
Poisson ratio, v: 0.23

Specific weight (unit weight): (kN/m3)

Figure 4.19 Glass material properties defined in structural model
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4.3.4 Definition of supports

In accordance with the hypothesized edge support conditions of case study for IGU

options, appropriate structural supports are assigned in each glass models.

* For “IGU - Option 1”, “IGU - Option 4, the glass panes were designed in 3D FEM

models as “two edges supported (on vertical edges)” by defining the supports conditions

shown in Figure 4.20.

Directions:
—
UX UY UZ RX RY RZ u/l

f=free

x=fixed Direction

Figure 4.20 Support definitions in structural models of “IGU-Option 1 and “IGU-Option 4”

* For “IGU - Option 2”, “IGU - Option 5", the glass panes were designed in 3D FEM

models as “three edges supported” by defining the support conditions shown in Figure 4.21

Directions:
~
UX UY UZ RX RY RZ Q/l

f=free

x=fixed Direction

Figure 4.21 Support definitions in structural models of “IGU-Option 1 and “IGU-Option 4”
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* For the “IGU - Option 37, “IGU - Option 6, “IGU - Option 7", “IGU - Option 8”’;
the glass panes were designed in 3D FEM model as “four edge supported” by defining

the supports conditions shown in Figure 4.22.

Directions:
UX UY UZ RX RY RZ ?J

f=free
x=fixed Direction

Figure 4.22 Support definitions in structural models of “IGU-Option 3”, “IGU-Option
6”, “IGU-Option 7 and “IGU-Option 8”

* For the “IGU - Option 11", “IGU - Option 13”; the glass panes were designed in 3D

FEM model as “three edge supported” by defining the supports shown in Figure 4.23.

Directions:
.
UX UY UZ RX RY RZ Q/I

f=free
x=fixed Direction

Figure 4.23 Support definitions in structural models of “IGU-Option 11 and “IGU-
Option 13”
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* For the “IGU - Option 12", “IGU - Option 14", the glass panes were designed in 3D
FEM model as “four edge supported” by defining the supports shown in Figure 4.24.

Directions:
=5
UX UY UZ RX RY RZ h/j

f=free ‘
x=fixed | Direction

|

Figure 4.24 Support definitions in structural models of “IGU-Option 12” and “IGU-Option 14”

* For the “IGU - Option 9", “IGU - Option 10, the glass panes were designed in the 3D

FEM model as “four edge supported” by defining the supports conditions shown in Figure

4.25.

Directions:
~
UX UY UZ RX RY RZ n/I

f=free
x=fixed | Direction

Figure 4.25 Support definitions in structural models of “IGU-Option 9” and “IGU-Option 10”
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43.5 ‘Connection bars’ for linking the panes of IGUs in case of unsupported edge

conditions

In case of having unsupported edges in insulating glass units, it is necessary to simulate
spacer elements in between the glass panes. In order to structurally assign the models as
‘insulating glazing units’ and consider the effective behaviour of the cavity, in the
structural models prepared for “two edge supported" and “three edge supported" IGU
options, the glass panes were connected by introducing structural elements called
“connection bars” from the unsupported free edges.

The connection bars were defined with “pinned to pinned” releases, in order to be able

allow the rotations while linking the relative displacements.

‘iL New Release D... -
Bars  Elastic Damping Unidirectional Ga[
Released directions
Beginning End
O w O
O w O
O w 0O
e [
Y Ry
Rz

V— New Release D... -
Bars  Elastic Damping Unicirectional Ga
Released directions
Beginning End
O w 0O
O w 0O
O w 0O
e[
Ry
Rz

Figure 4.27 Released directions of connection bars in three edge supported DGU models
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i‘L New Release D... -

Bars  Elastic Damping Unidirectional Ga[

Label: Pinned-Pinned

Released directions

m
g
a

Beginning
Ux

Uy

3 i
: » uz
’ ; Ry
Rz
X

Figure 4.28 Released directions of connection bars in three edges supported TGU models
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2
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Material properties of connection bars are shown in Figure 4.29.

Section type: | Steel ~| Gamma angle: (Deg)

Material: | AISI 304_EC3 " |

Standard Parametric Tapered Compound Special Ax, Iy, Iz ...

BOOTIlT[TIC[E *

Dimensions (mm)

Label:

= 18.00
“
t= 000 .
Color: E[Material AlS| 304_EC3
_ E 200000.00 (MPa)
m NI 0.30
_ G 76923.08| (MPa)
\a_/ [ solid Re 190.00| (MPa)
RO 77.01| (KN/m3)

Figure 4.29 Materials properties of connection bars defined in structural models

The axial stiffness of connection bars introduced in structural models were calculated as

shown in Figure 4.30.
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-Axial Stiffness of “Connection Bars”:
N
E+A
k= 1
2
200000 =77 + (1—28) N
=00~ — 169646

- CONNECTION BARS k = 16,9646 k_N
| mm

Figure 4.30 Axial stiffness of connection bars

The cross-section and material properties of the ‘Chromatech 18’ spacer bar, which is

considered as reference product, are presented in Figure 4.31

1.1 Cross section and tolerances

FRerforation '

“Wnelding seam

Cavity H1 H2 Flange B1 B2 4 T
+-01 +-0,1 +-01 +-0,1 +-01
Spacer bar [mm] [mm] [mm] [mm] [rm] [mm] [mm] [mm]
Chromatech 18 18 6.5 6.1 5 17.5 17.1 10.5 0.18

2013.04.17

py

onv|

!pacar ! ar

Technical product specification

SRR OLIL| ITIEICIH

v, & . ROLLTECH A/S - an Alu-Fro Group Company
Lpan®

2.0 Spacer material

21 Material
Material used is according to DIN EN 10 088 type [1.4301 (AIS] 304]jor
14372 (AISI 201). The thermal conductance is 15 WimK.

Figure 4.31 Cross section and material properties of Chromatech 18 spacer bar

The stiffness of connection bars introduced in structural FEM models is assumed to be

sufficiently consistent with the spacer bars used in practical applications.
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4.4 Equivalent thickness values of laminated glass panes

Both for the laminated glass and the insulating glass unit analyses, two different
configurations were examined by defining first a PVB interlayer (Trosifol Clear) and then

an lonoplast interlayer (SentryGlass SG 5000).

For the laminated glass panes of the IGU options, PVB interlayers were considered as

Trosifol Clear and Ionoplast interlayers were considered as SentryGlass SG 5000.

The equivalent thickness values of laminated glass panes were calculated by referring to
stiffness families and w-shear transfer coefficients of these products, in accordance with

the appropriate loading time and temperature conditions related to the load cases.

Shear transfer coefficients () and stiffness families of reference interlayer products are

listed in Table 4.3.

Load case Load Max. Trosifol® | Trosifol® Clear/ | |SentryGlas® SentryGlas®
according to duration temperature Extra Stiff UltraClear SG 5000 Xtra™
EN16612:2019
[°Ccl [°F] w Stiffness w Stiffness w Stiffness  E(t)  Stiffness
family family family (MPa) family

ind gust load - 3 sec 35 95 01 1 |o.1 1 | |0.5 2 | 0.5 2

editerranean areas
Wind gust load - 3 sec 20 68 0.7 2 0.3 1 0.7 2 0.7 2
other regions
Wind Storm load - 10 min 35 95 0.1 2 0 180 0.1 2 0.1 2
Mediterranean areas
Wind Storm load - 10 min 20 68 0.5 2 0.1 1 0.5 2 0.5 2
other regions
Balustrade loads - 30 sec 30 86 0.5 2 0.1 1 0.5 2 0.5 2
ne crowds
Balustrade loads - 5 min 30 86 0.1 1 0.1 1 0.3 2 0.3 2
crowds
Maintenance loads 30 min 40 104 0.1 2 0 oa1 0.1 2 0.1 2
Snow load - 3weeks 0 32 0.3 2 |o 1 | |0.1 2 | 01 2
external canopies, roofs
of unheated buildings
Snow load - 5 days 20 68 0.1 2 0 0&1 0.1 2 0.1 2
roofs of heated buildings
Climatic loads - 6 hours 40 104 0.1 2 0 0&1 0.1 2 0.1 2
IGU summer
Climatic loads - 12 hours 20 68 0.1 1 0.1 1 0.3 2 0.3 2
IGU winter
Permanent 50 years 60 140 0 og1&2 0 og1&2 0 og1&2 0 0&1&2

Table 4.3 Stifness families and o coefficients of Trosifol Clear and SentryGlass SG 5000 [16]
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Note: The “w-shear transfer coefficient” of the interlayers vary according to the "load

duration" and "maximum temperature" parameters depending on the "load case”.

On the other hand, within framework of this project work calculations, following

simplifications and assumptions were made:

It is presented in “4.9 Load combinations” chapter more in detail that for the case study

analyses a limited number of load groups were created as below:

For vertical DGU and TGU verifications:
*Load Group— Permanent Actions + Wind Load as “Leading Variable Action” + Other

Accompanying Variable Actions

For horizontal DGU verifications:
*Load Group— Permanent Actions + Snow Load as “Leading Variable Action” + Other

Accompanying Variable Actions

As a results of this, “m-shear transfer coefficient” of reference PVB and Ionoplast

interlayers were considered as follows:

*For vertical DGU and TGU verifications:

w=0,1 (By considering “Load case: Wind gust load — Mediterranean areas”)

*For horizontal DGU verifications:
“w=0,1 (Load case: Snow load — external canopies, roofs of unheated buildings)
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Calculated equivalent thickness values of laminated glass panes of IGU options are listed

in Table 4.4 and Table 4.5.

Dimensions fmm)

Laminated Glass
Equivalent Thicknesses
{according EN 16612)

IGU
Option No:

[GLASS COMPOSITION

w (mm) h{mm)

Position

Edge Suppaorts

w (shear

transt.coeff.):

Eff.Thick. for
DEFLECTION
(mm)

Eff.Thick. for_
STRESS
(mm)

- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
With 1,52 mm PVB INTERLAYER*

- GAP: 18 mm with %90 Argoen filling

- INTERNAL PANE: 8 mm Tempered

2000 4000

Vertical-
Facade

Two Edge Supported
{From Vertical Edges)

1134

1277

- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
With 1,52 mm PVB INTERLAYER*

- GAP: 18 mm with %90 Argon filling

- INTERNAL PANE: 8 mm Tempered

2000 4000

Vertical-
Facade

Three Edge Supported
{Horizontal Edge Free)

11.34

12.77

- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
With 1,52 mm PVB INTERLAYER*

- GAP: 18 mm with %90 Argon filling

- INTERNAL PANE: 8 mm Tempered

2000 4000

Vertical-
Facade

Four Edge Supported

0.10

11.34

12.77

- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
With 1.52 mm /ONOPLAST SG INTERLAYER**

- GAP: 18 mm with %90 Argon filling

- INTERNAL PANE: 8 mm Tempered

2000 4000

Vertical-
Facade

Two Edge Supported
{From Vertical Edges)

0.50

14.73

15.83

- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
With 1.52 mm JONOPLAST SG INTERLAYER™*

- GAP: 18 mm with %90 Argon filling

- INTERNAL PANE: 8 mm Tempered

2000 4000

Vertical-
Facade

Three Edge Supported
{Horizontal Edge Free)

0.50

1473

15.83

- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
With 1.52 mm IONGPLAST SG INTERLAYER®*

- GAP: 18 mm with %90 Argon filling

- INTERNAL PANE: 8 mm Tempered

2000 4000

Vertical-
Facade

Four Edge Supported

14.73

15.83

- EXTERNAL PANE: 8 mm Tempered

- GAP: 18 mm with %80 Argon filling

- INTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
With 1,52 mm PVB INTERLAYER*

2000 4000

Vertical-
Facade

Four Edge Supported

0.10

1134

12.77

- EXTERNAL PANE: 8 mm Tempered

- GAP: 18 mm with %90 Argoen filling

- INTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
With 1.52 mm IONOPLAST 5G INTERLAVER**

2000 4000

Vertical-
Facade

Four Edge Supported

0.50

1473

15.83

- EXTERNAL PANE: 8 mm Tempered

- GAP: 18 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated
With 1,52 mm PVB INTERLAYER*

2000 4000

Horlzantal

Four Edge Supported

0.00

7.56

8.49

10

- EXTERNAL PANE: 8 mm Temperad

- GAP: 18 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated
With 1.52 mm IONGPLAST SG INTERLAYER**

2000 4000

Four Edge Supp

Table 4.4 Equivalent thickness values of laminated glass panes of DGU options
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Laminated Glass (EXT. PANE! Laminated Glass (INT. PAME)

Dimensions (mm) Eguivalent Thicknesses Equivalent Thicknesses
(according EN 16612) {according EN 16612)
- o Eff.Thick. for |Eff.Thick. for f o Eff.Thick. for |Eff.Thick. for |
Option No: GLASS COMPOSITION w (mm) h {mmy} Edge Supports e DEFLECTION |STRESS TR DEFLECTION |STRESS
(mm) (mm) (mm) (mm)

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,

Laminated With 1,52 mm PVB INTERLAYER*

- GAP 1: 18 mm with %90 Argon filling Three Edee 5 ted

ree Edge Supporte
11 |- INTERMEDIATE PANE: 6 mm Annealed Float 2000 4000 ES uPp 0.10 860 970 0.10 860 9.70

(Horizontal Edge Free)
- GAP 2: 18 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated
With 1,52 mm PVB INTERLAYER™

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm PVB INTERLAYER*

- GAP 1: 18 mm with %90 Argon filling

12 - INTERMEDIATE PANE: 6 mm Annealed Float 2000 4000 Four Edge Supported 0.10 8.60 .70 0.10 8.60 9.70
- GAP 2: 18 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated
With 1,52 mm PVB INTERLAYER™

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm IONOPLAST 5G INTERLAYER™
- GAP 1: 18 mm with %50 Argon filling

13 - INTERMEDIATE PANE: 6 mm Annealed Float 2000 4000
- GAP 2: 18 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated
With 1,52 mm IONOPLAST SG INTERLAYER™

Three Edge Supported

(Horizontal Edge Free) 0.50 1132 1219 0.50 1132 1219

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm IONOPLAST 5G INTERLAYER™
- GAP 1: 18 mm with %90 Argon filling

14 - INTERMEDIATE PANE: 6 mm Annealed Float 2000 4000 Four Edge Supported 0.50 11.32 1219 050 1132 1219
- GAP 2: 18 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated
With 1,52 mm IONOPLAST SG INTERLAYER™

Table 4.5 Equivalent thickness values of laminated glass panes of TGU options

Calculations were performed according to “Simplified calculation method” of
EN 16612:2019. With reference to this, “hef;w—equivalent thickness for calculating
bending deflection” and “hef;c—equivalent thickness for calculating the stress” were

calculated for each glass option.

The details of calculations are presented in the following tables:

“IGU - OPTION 17, “IGU - OPTION 2”, “IGU - OPTION 3”:

hl 8.00 mm  |Glass thickness-1 w 0.10 [shear Transfer Coefficient
hi 1.52 mm Interlayer thicknes
h2 8.00 mm  |Glass thickness-2 2hi*h?m,i 362.52 |Zhi*h*m,i=hlx(hm2)*+h2*(hm1)*
a 2000 mm Short span of glass
Load condition/duration| Wind Gust (Med. areas) |z sec hm,1 4.76
Temperature range 0 <B<35 °C hm,2 4.76
Interlayer PVB (Trosifol Clear)
hef,w (Deflection) 11.34 mm
hef,o, j1 (Stress) 12.77 mm
hef,o, j2 (Stress) 12.77 mm

Table 4.6 Calculation of equivalent thickness values of laminated glass

panes for IGU-Option 1, IGU-Option 2 and IGU-Option 3
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“IGU - OPTION 4", “IGU - OPTION 5", “IGU - OPTION 6":

h1 8.00 mm  |Glass thickness-1 w 0.50  |shear Transfer Coefficient
hi 1.52 mm  |Interlayer thicknes
h2 8.00 mm  |Glass thickness-2 Thi*h?m,i 362.52 [Fhi*h*m,i=hlx(hm2)* + h2*(hm1)*
a 2000 mm  |Short span of glass
Load condition/duration| Wind Gust (Med. areas) |3 sec hm,1 4.76
Temperature range 0<0<35 "C hm,2 4.76

Interlayer IONOPLAST (5G 5000)
hef,w (Deflection) 14.73 mm
hef,o, j1 (Stress) 15.83 mm
hef,o, j2 (Stress) 15.83 mm

Table 4.7 Calculation of equivalent thickness values of laminated glass

panes for IGU-Option 4, IGU-Option 5 and IGU-Option 6

“IGU - OPTION 7"

h1 8.00 mm  |Glass thickness-1 w 0.10 |shear Transfer Coefficient
hi 1.52 mm  |Interlayer thicknes
h2 8.00 mm  |Glassthickness-2 Thi*h?m,i 362.52 |zhi*h®m,i =h1x(hm2)® + h2*(hm1)*
a 2000 mm Short span of glass
Load condition/duration| Wind Gust (Med. areas) |3 sec hm,1 4.76
Temperature range 0<B<35 °C hm,2 4.76

Interlayer PVB (Trosifol Clear)
hef,w (Deflection) 11.34 mm
hef,o, j1 (Stress) 12.77 mm
hef,o, j2 (Stress) 12.77 mm

Table 4.8 Calculation of equivalent thickness values of laminated glass

panes for IGU-Option 7

“IGU — OPTION 8”:

hl 8.00 mm Glass thickness-1 w 0.50 |shear Transfer Coefficient
hi 1.52 mm Interlayer thicknes
h2 8.00 mm  |Glass thickness-2 2hi*h?m,i 362.52 |zhi*h*m,i=hlx(hm2)® +h2*(hm1)*
a 2000 mm Short span of glass
Load condition/duration| Wind Gust (Med. areas) |3 sec hm,1 4.76
Temperature range 0<B<35 °C hm,2 4.76
Interlayer IONOPLAST (SG 5000)
hef,w (Deflection) 14.73 mm
hef,o, j1 (Stress) 15.83 mm
hef,o, j2 (Stress) 15.83 mm

Table 4.9 Calculation of equivalent thickness values of laminated glass

panes for IGU-Option 8
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“IGU - OPTION 9”:

Interlayer

PVE (Trosifol Clear)

hef,w (Deflection) 7.56 o
hef,d, j1 (Stress) 8.49 m
hef,o, j2 (Stress) 8.49 -

hi 6.00 mm Glass thickness-1 w 0.00 |Shear Transfer Coefficient
hi 1.52 mm Interlayer thicknes
h2 6.00 mm  |Glass thickness-2 Shi*h?m,i 169.65 |2hi*h*m,i=h1x(hm2)* +h2*(hm1)*
a 2000 mm Short span of glass
Load condition/duration Snow load 5 days hm,1 3.76
Temperature range -20<8<20 °c hm,2 3.76

Table 4.10 Calculation of equivalent thickness values of laminated glass

panes for IGU-Option 9

“IGU - OPTION 10”:

Interlayer

IONOPLAST (SG 5000)

hef,w (Deflection) 8.60 mm
hef,0, j1 (Stress) 9.70 mm
hef,o, j2 (Stress) 9.70 o

hl 6.00 mm Glass thickness-1 w 0.10 |[shear Transfer Coefficient
hi 1.52 mm Interlayer thicknes
h2 6.00 mm  |Glass thickness-2 Shi*h?m,i 169.65 |¥hi*h’m,i =hlx(hm2)®+h2*(hm1)*
a 2000 mm  [Short span of glass
Load condition/duration Snow load 5 days hm,1 3.76
Temperature range -20<B<20 °C hm,2 3.76

Table 4.11 Calculation of equivalent thickness values of laminated glass

panes for IGU-Option 10

“IGU - OPTION 11” and “IGU - OPTION 12”:

h1 6.00 mm Glass thickness-1 w 0.10  |shear Transfer Coefficient
hi 1.52 mm Interlayer thicknes
h2 6.00 mm___[Glass thickness-2 Zhi*h’m,i 169.65 |Zhi*h*m,i =hlx(hm2)® + h2*(hm1)*
a 2000 mm Shaort span of glass
Load condition/duration| Wind Gust (Med. areas) |3 sec hm,1 3.76
Temperature range 0 <B8<35 °C hm,2 3.76
Interlayer PVB (Trosifol Clear)
_|Young Modulus of
E 70000.00 N/mm Glass
hef,w (Deflection) 8.60 mm
hef,o, j1 (Stress) 9.70 mm
hef,o, j2 (Stress) 9.70 mm

Table 4.12 Calculation of equivalent thickness values of laminated glass

panes for IGU-Option 11 and IGU-Option 12
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“IGU - OPTION 13” and “IGU - OPTION 14”:

h1 6.00 mm  |Glass thickness-1 w 0.50 |shearTransfer Coefficient
hi 1.52 mm Interlayer thicknes
h2 6.00 mm Glass thickness-2 Shi*h®m,i 169.65 |¥hi*h*m,i=hix{hm2)*+h2*(hm1)*
a 2000 mm  |Short span of glass
Load condition/duration| Wind Gust (Med. areas) |3sec hm,1 3.76
Temperature range 0<B<35 °C hm,2 3.76
Interlayer IONOPLAST (SG 5000}
hef,w (Deflection) 11.32 mm
hef,o, j1 (Stress) 12.19 mm
hef,o, j2 (Stress) 12.19 mm

Table 4.13 Calculation of equivalent thickness values of laminated glass

panes for IGU-Option 13 and IGU-Option 14

4.5 Load sharing values: Partition of external loads

4.5.1 Partition of external loads in DGU

The partition of externally applied loads on the panes of double glazing insulating glass
unit were calculated by the using the formulas referring to stiffness partition values of the

each panes (31 and 62) and the insulating unit factor (¢).

As a first step, all the partition values were calculated as percentages by considering a “unit
value externally applied load”. On the following steps, external load (wind load, imposed
load, snow load) values were applied to the external and internal panes by being multiplied

with these load partition percentages.

The details of calculations for each double glazed insulating glass unit options are

presented in the following tables:
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“IGU OPTION 17, “IGU OPTION 2” and “IGU OPTION 3”

Load Sharing Percentages for DEFLECTION Calculations:

h1 Exterior 11.34 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 8.00 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness z1 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 555.69
]115
S =——
81 074 | 4 A
h
52 026 | TRk =1=4
@= L
b 0.00592 | 1+(a/a*)’
Loading on_pane 1-Exterior Loading on_pane 2-Interior
Fd;1 1.00 kN/mq Fd;2 1.00 kN/mq
Fd;1; ext (panel) 0.74 kN/mgq Fd;2; ext (panel) 0.74 kN/mq
Fd;1; int (pane2) 0.26 kN/mgq Fd;2; int (pane2) 0.26 kN/mq

Table 4.14 Load sharing percentages of externally applied loads for deflection
verifications for IGU-Option 1, IGU-Option 2 and IGU-Option 3

“IGU OPTION 1”7, “IGU OPTION 2 and “IGU OPTION 3”

Load Sharing Percentages for STRESS Calculations:

h1 Exterior 12,77 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 8.00 mm Glass thickness 2- Interior v, Poisson 0.23
s 18.00 mm Gap thickness z1 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 567.07
h
O =———
81 080 | ¢ X
n
82 020 | "W A
&
=Tt
¢ 0.00642 | 1+ (ala®)
Loading on pane 1-Exterior Loading on pane 2-Interior
Fd;1 1.00 kN/mg Fd;2 1.00 kN/mg
Fd;1; ext (panel) 0.80 kN/mq Fd;2; ext (panel) 0.80 kN/mgq
Fd;1; int (pane2) 0.20 kN/mq Fd;2; int (pane2) 0.20 kN/mgq

Table 4.15 Load sharing percentages of externally applied loads for stress
verifications for IGU-Option 1, IGU-Option 2 and IGU-Option 3
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“IGU OPTION 4”, “IGU OPTION 5” and “IGU OPTION 6”

Load Sharing Percentages For DEFLECTION Calculations:

h1 Exterior 14.73 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 8.00 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness z1 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 577.26
hB
S =
51 0.86 | % ; 7
52 014 | &= % 14
o= 1
& 0.00689 | 1+(a/a*)’
Loading on pane 1-Exterior Loading on pane 2-Interior
Fd;1 1.00 kN/mg Fd;2 1.00 kN/mgq
Fd;1; ext (panel) 0.86 kN/mg Fd;2; ext (panel) 0.86 kN/mg
Fd;1; int (pane2) 0.14 kN/mq Fd;2; int (pane2) 0.14 kN/mgq

Table 4.16 Load sharing percentages of externally applied loads for deflection
verifications for IGU-Option 4, IGU-Option 5 and IGU-Option 6

“IGU OPTION 4”, “IGU OPTION 5” and “IGU OPTION 6”

Load Sharing Percentages For STRESS Calculations:

hl Exterior 15.83 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 8.00 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness 21 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 581.19
e
8 =—1
51 089 | %7 s
h;
52 011 | %TpLp e
: h +h
1
=TT
® 0.00708 | 1+(a/a*)
Loading on pane 1-Exterior Loading on pane 2-Interior
Fd;1 1.00 kN/mq Fd;2 1.00 kN/mg
Fd;1; ext (panel) 0.89 kN/mgq Fd;2; ext (panel) 0.88 kN/mgq
Fd;1; int (pane2) 0.11 kN/mgq Fd;2; int (pane2) 0.12  kN/mgq

Table 4.17 Load sharing percentages of externally applied loads for stress
verifications for IGU-Option 4, IGU-Option 5 and IGU-Option 6
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“IGU OPTION 7”

Load Sharing Percentages for DEFLECTION Calculations:

h1 Exterior 8.00 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 11.34 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness z1 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 555.69
_ K
61 0.26 1 ;’13 4:?:*23
k)
52 0.74 51:Jf+h§:1_5’
1
=
b 0.00592 | 1+(a/a*)
Loading on pane 1-Exterior Loading on pane 2-Interior
Fd;1 1.00 kN/mq Fd;2 1.00 kN/mgq
Fd;1; ext (panel) 0.26 kN/mg Fd;2; ext (panel) 0.26 kN/mg
Fd;1; int (pane2) 0.74 kN/mgq Fd;2; int (pane2) 0.74 kN/mgq

Table 4.18 Load sharing percentages of externally applied loads for deflection

verifications for IGU-Option 7

“IGU OPTION 7"
Load Sharing Percentages for STRESS Calculations:
h1 Exterior 8.00 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 12.77 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness z1 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 567.07
h3
S =—"_
51 020 | & P
)‘: = 3 : 3 =1751
52 080 | PEE
1
s 0.00642 | 1+(a/a*)’
Loading on pane 1-Exterior Loading on pane 2-Interior
Fd;1 1.00 kN/mq Fd;2 1.00 kN/mg
Fd;1; ext (panel) 0.20 kN/mgq Fd;2; ext (panel) 0.20 kN/mgq
Fd;1; int (pane2) 0.80 kN/mgq Fd;2; int (pane2) 0.80 kN/mg

Table 4.19 Load sharing percentages of externally applied loads for stress

verifications for I[GU-Option 7
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“IGU OPTION 8”

Load Sharing Percentages for DEFLECTION Calculations:

h1 Exterior 8.00 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 14.73 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness zl 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 577.26
hlS
O, = — _
51 014 | 4 e
hy
62 0.86 | z‘hluhg‘l_‘sl
.
b 000689 |  l+(a/a®)’
Loading on pane 1-Exterior Loading on_pane 2-Interior
Fd;1 1.00 kN/mgq Fd;2 1.00 kN/mgq
Fd;1; ext (panel) 0.14 kN/mg Fd;2; ext (panel) 0.14 kN/mq
Fd;1; int (pane2) 0.86 kN/mq Fd;2; int (pane2) 0.86 kN/mq

Table 4.20 Load sharing percentages of externally applied loads for deflection

verifications for IGU-Option 8

“IGU OPTION 8”

Load Sharing Percentages for STRESS Calculations:

h1 Exterior 8.00 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 15.83 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness z1 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 581.19
51 011 | A
. 1 3
h; }'Ehz
52 0.89 | 52=}lf+-h3=1_61
@ L
é 0.00708 | 1+(a/a®)*
Loading on _pane 1-Exterior Loading on pane 2-Interior
Fd;1 1.00 kN/mq Fd;2 1.00 kN/mq
Fd;1; ext(panel) 0.12 kN/mg Fd;2; ext (panel) 0.11  kN/mg
Fd;1; int(pane2) 0.88 kN/mgq Fd;2; int (pane2) 0.89 kN/mgq

Table 4.21 Load sharing percentages of externally applied loads for stress

verifications for IGU-Option 8
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“IGU OPTION 9”

Load Sharing Percentages for DEFLECTION Calculations:

h1 Exterior 800 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 7.56 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness z1 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 492.77
h13
S = —1—
51 054 | 4 PEVY
_
52 046 | 8= e =1=¢,
p= L
¢ 0.00367 | 1+(a/a*)’
Loading on pane 1-Exterior Loading on _pane 2-Interior
Fd;1 1.00 kN/mq Fd;2 1.00 kN/mq
Fd;1; ext (panel) 0.54 kN/mg Fd;2; ext (panel) 0.54 kN/mq
Fd;1; int (pane2) 0.46  kN/mq Fd;2; int (pane2) 0.46  kN/mq

Table 4.22 Load sharing percantages of externally applied loads for deflection

verifications for IGU-Option 9

“IGU OPTION 9”

Load Sharing Percentages for STRESS Calculations:

h1 Exterior 8.00 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 8.49 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness z1 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 514.63
hli
S, = — :
51 046 | & P
h
52 054 | 2‘;,13+h3‘1_51
@ = L
é 0.00436 | 1+(a/a*)’
Loading on pane 1-Exterior Loading on_pane 2-Interior
Fd;1 1.00 kN/mgq Fd;2 1.00 kN/mgq
Fd;1; ext (panel) 0.46  kN/mq Fd;2; ext (panel) 0.45  kN/mg
Fd;1; int (pane2) 0.54  kN/mq Fd;2; int (pane2) 0.55 kN/mg

Table 4.23 Load sharing percantages of externally applied loads for stress

verifications for IGU-Option 9
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“IGU OPTION 10”

Load Sharing Percentages for DEFLECTION Calculations:

h1 Exterior 8.00 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 8.60 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness z1 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 516.87
51 045 | 6= 3}1'3 5
h h';;hz
,=————=1-¢
52 055 | “TpLR '
o= 1
b 0.00444 | 1+(a/a*)’
Loading on_pane 1-Exterior Loading on_pane 2-Interior
Fd;1 1.00 kN/mq Fd;2 1.00 kN/mq
Fd;1; ext (panel) 0.45 kN/mg Fd;2; ext (panel) 0.45 kN/mg
Fd;1; int (pane2) 0.55 kN/mg Fd;2; int (pane2) 0.55 kN/mq

Table 4.24 Load sharing percantages of externally applied loads for deflection
verifications for IGU-Option 10

“IGU OPTION 10”
Load Sharing Percentages for STRESS Calculations:
h1 Exterior 800 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 9.70 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness z1 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 535.98
hl;
O = — -
51 036 | I
_
52 068 | Ty
P= L
$ 0.00513 | 1+(a/a®)’
Loading on_pane 1-Exterior Loading on_pane 2-Interior
Fd;1 1.00 kN/mq Fd;2 1.00 kN/mq
Fd;1; ext(panel) 0.36 kN/mq Fd;2; ext (panel) 0.36 kN/mq
Fd;1; int (pane2) 0.64 kN/mq Fd;2; int (pane2) 0.64 kN/mq

Table 4.25 Load sharing percantages of externally applied loads for stress
verifications for IGU-Option 10
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Calculated load sharing percentages for all double glazed insulating glass options are listed

in Table 4.26
__________________ =
Load Sharing Percantage [§ Load Sharing Percantage :
Dimensions {mm) (%) of IGU / (%) of IGU / I
-For DEFLECTION- -For STRESS-- I
lGIass Panel omposition External | Internal External | Internal
[Option No: From EXT to INT.) CA h (mm) Position Elas Swpart pane pane pane pane
- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
With 1,52 mm PVB INTERLAYER* Vertical- | Two Side Supported
1 2000 4000 74% 26% 80% 20%
- GAP: 18 mm with %90 Argon filling Facade | (From Vertical Edges)
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
- *
2 With 1,52 mm Pb.'B INTERLAYER - 2000 4000 Vertical- Thre.e Edge Supported 4% 26% 0% 20%
- GAP: 18 mm with %90 Argon filling Facade | ({Horizontal Edge Free)
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
X . .
3 With 1,52 mm PVB INTERLAYER® 2000 a000 | Vet | pour edge supported | 74% 26% 80% 20%
- GAP: 18 mm with %90 Argon filling Facade
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
With 1.52 mm IONOPLAST SG INTERLAYER** Vertical- | Two Side Supported
4 2000 4000 86% 14% 89% 11%
- GAP: 18 mm with %90 Argon filling Facade | (From Vertical Edges)
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
With 1.52 mm JONOPLAST SG INTERLAYER** Vertical- | Three Edge Supported
5 R - 2000 4000 X 86% 14% 89% 11%
- GAP: 18 mm with %90 Argon filling Facade | (Horizontal Edge Free)
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
With 1.52 mm JONOPLAST SG INTERLAYER*™ Vertical-
6 X . 2000 4000 Four Edge Supported 86% 14% 89% 11%
- GAP: 18 mm with %90 Argon filling Facade
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8 mm Tempered
- GAP: 18 mm with %90 Argon filling Vertical-
7 . 2000 4000 Four Edge Supported 26% 74% 20% 80%
- INTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated Facade
With 1,52 mm PVB INTERLAYER*
- EXTERNAL PANE: 8 mm Tempered
8 - GAP: 18 mm with %90 Argon filling ) 2000 a000 | Ve | pour Edge supported 14% 86% 1% 89%
- INTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated Facade
With 1.52 mm IONOPLAST SG INTERLAYER**
- EXTERNAL PANE: 8 mm Tempered
9 - GAP: 18 mm with %90 Argon filling . 2000 4000 Hor‘lz?ntal- Four Edge Supported 54% 6% 6% 4%
- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated Skylight
With 1,52 mm PVB INTERLAYER*
- EXTERNAL PANE: 8 mm Tempered
- GAP: 18 mm with %90 Argon filling Horizontal-
10 . 2000 4000 X Four Edge Supported 45% 55% 36% 64%
- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated Skylight
With 1.52 mm JONOPLAST SG INTERLAYER**

Table 4.26 Calculated load sharing percentages for all double glazed insulating units
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4.5.2 Partition of external loads in TGU

The partition of externally applied loads on the panes of triple glazing insulating glass unit

were determined by using the formulas referring to relative volume changes for each panes

and the insulating unit factors for the cavities.

As a first step, all the partition values were calculated as percentages by considering a “unit
value of externally applied load”. On the following steps, external load values were applied
to the external, intermediate and internal panes by being multiplied with these load

partition percentages.

The details of calculations for each triple glazed insulating glass unit options are presented

in the following tables:

“IGU OPTION 11~ And “IGU OPTION 12~
Load Sharing Percentages for DEFLECTION Calculations:
h1 Exterior 8.60 mm Glass th.- Exterior A=a/b 0.50 a1 99.63
h2 Middle 6.00 mm Glass th.- Intermediate v, Poisson 0.23 o1+ 293.38
h3 Interior 8.60 mm Glass th.- Interior 71 0.46 a2 293.38
sl 18.00 mm Thickness of gap 1 k5 0.0499 o2+ 99.63
s2 18.00 mm Thickness of gap 2 Pa;m 0.10 [MPa] $1 0.00254
a 2000.00 mm Short span of the glass vpr;1 1.43465E+11 [mm?/MPa) b2 0.00254
b 4000.00 mm Long span of the glass Vpr;1(1-2) 144000000 [mm?] B 0.4456
Pex,1 1.00 External loading pane 1 Vpr;2 4,22462E+11 [mm?*/MPa]
Pex,3 1.00 External loading pane 3 vpr;2 (2-3) 144000000 [mm?]
vp;3 1.43465E+11 [mm?/MPa])
External load External load External load External load
Pex;1 Pex;3 Pex;1 Pex;3
(ap1,j) (api,3) (api,5) Pres;l 0.43 0.42
Cavity 1 (Ap1,j) 0.5675 -0.4226 Pres;2 0.14 0.14
Cavity 2 (Ap2,j) 0.4226 -0.5675 Pres;3 0.42 0.43

Table 4.27 Load sharing percentages of externally applied loads for deflection
verifications for IGU-Option 11 and IGU-Option 12
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“IGU OPTION 11”_and “IGU OPTION 12”

Load Sharing Percentages For STRESS Calculations:

h1 Exterior 9.70 mm Glass th.- Exterior A=a/b 0.50 a,l 69.43
h2 Middle 6.00 mm Glass th.- Intermediate v, Poisson 0.23 o,1+ 293.38
h3 Interior 9.70 mm Glass th.- Interior z1 0.46 a,2 293.38
sl 18.00 mm Thickness of gap 1 k5 0.0499 o,2+ 69.43
52 18.00 mm Thickness of gap 2 Pa;m 0.10 [MPa] $1 0.00275
a 2000.00 mm Short span of the glass Vpr;1 99983063069 [mm3/MPa] b2 0.00275
b 4000.00 mm Long span of the glass Vpr;1 (1-2) 144000000 [mm?3] B 0.3497
Pex,1 1.00 External loading pane 1 Vpr;2 4,22462E+11 [mm3/MPa]
Pex,3 1.00 External loading pane 3 Vpr;2 (2-3) 144000000 [mm?3]
Vp;3 99983063069 [mm3/MPa]
External load External load External load External load
Pex;1 Pex;3 Pex;1 Pex;3
(ap1,j) (api,3) (api,5) Pres;1 0.45 0.44
Cavity 1 (4p1,j) 0.5457 -0.4401 Pres;2 0.11 0.11
Cavity 2 (Ap2,j) 0.4401 -0.5457 Pres;3 0.44 0.45
Table 4.28 Load sharing percentages of externally applied loads for stress
verifications for IGU-Option 11 and IGU-Option 12
“IGU OPTION 13” and “IGU OPTION 14”
Load Sharing Percentages For DEFLECTION Calculations:
h1 Exterior 11.32 mm Glass th.- Exterior A=a/b 0.50 ol 43.69
h2 Middle 6.00 mm Glass th.- Intermediate v, Poisson 0.23 a1+ 293.38
h3 Interior 11.32 mm Glass th.- Interior z1 0.46 o2 293.38
sl 18.00 mm Thickness of gap 1 k5 0.0499 a2+ 43.69
s2 18.00 mm Thickness of gap 2 Pa;m 0.10 [MPa] b1 0.00296
a 2000.00 mm Short span of the glass Vpr;1 62907490378 [mm3/MPa] b2 0.00296
b 4000.00 mm Long span of the glass vpr;1 (1-2) 144000000 [mm?3] B 0.2469
Pex,1 1.00 External loading pane 1 Vpr;2 4.22462E+11 [mm?3/MPa]
Pex,3 1.00 External loading pane 3 Vpr:2 (2-3) 144000000 [mm?]
Vp;3 62907490378 [mm3/MPa]
External load External load External load External load
Pex;1 Pex;3 Pex;1 Pex;3
(Ap1,j) (4pi,3) (Api,5) Pres;1 0.48 0.45
Cavity 1 (Apl,j) 0.5234 -0.4542 Pres;2 0.07 0.07
Cavity 2 (Ap2,j) 0.4542 -0.5234 Pres;3 0.45 0.48

Table 4.29 Load sharing percentages of externally applied loads for deflection

verifications for IGU-Option 13 and IGU-Option 14
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“IGU OPTION 13” and “IGU OPTION 14”
Load Sharing Percentages For STRESS Calculations:
h1 Exterior 12.19 mm Glass th.- Exterior A=a/b 0.50 a,l 34,98
h2 Middle 6.00 mm Glass th.- Intermediate v, Poisson 0.23 a1+ 293.38
h3 Interior 12.19 mm Glass th.- Interior z1 0.46 a,2 293.38
s1 18.00 mm Thickness of gap 1 k5 0.0499 2+ 3498
s2 18.00 mm Thickness of gap 2 Pa;m 0.10 [MPa] $1 0.00304
a 2000.00 mm Short span of the glass Vpr:1 50376793791 [mm3/MPa] b2 0.00304
b 4000.00 mm Long span of the glass Vpr;1(1-2) 144000000 [mm?3] B 0.2066
Pex,1 1.00 External loading pane 1 Vpr;2 4.22462E+11 [mm?/MPa]
Pex,3 1.00 External loading pane 3 Vpr;2 (2-3) 144000000 [mm?]
Vp;3 50376793791 [mm3/MPa]
External load External load External load External load
Pex;1 Pex;3 Pex;1 Pex;3
(Ap1,j) (8pi,3) (8pi,5) Pres;1 0.49 0.46
Cavity 1 (Ap1,j) 0.5142 -0.4580 Pres;2 0.06 0.06
Cavity 2 (Ap2,j) 0.4580 -0.5142 Pres;3 0.46 0.49

Table 4.30 Load sharing percentages of externally applied loads for stress
verifications for IGU-Option 13 and IGU-Option 14

Calculated load sharing percentages for all triple glazed insulating glass options are listed

in Table 4.31.

Dimensions (mm)

Load Sharing Percantage (%) of IGU

-For DEFLECTION-

Load Sharing Percantage (%) of IGU [ |
|

-For STRESS

Glass Panel
‘Option No:

Composition
(From EXT to INT.)

w (mm)

h (mm) Position

Edge Support

External

Internal
pane

Interm.
pane

External
pane

Interm.
pane

Internal
pane

11

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm PVB INTERLAYER*

- GAP 1: 16 mm with %90 Argon filling

- INTERMEDIATE PANE: 6 mm Annealed Float

- GAP 2: 16 mm with %390 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated
With 1,52 mm PVB INTERLAYER*

2000

Vertical-

4000
Facade

Three Edge Supported
(Horizontal Edge Free)

43.2%

14.5% 42.3%

454%

10.6%

44.0%

12

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm PVB INTERLAYER*

- GAP 1: 16 mm with %90 Argon filling

- INTERMEDIATE PANE: 6 mm Annealed Float

- GAP 2: 16 mm with %30 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated
With 1,52 mm PVB INTERLAYER*

2000

Vertical-

4000
Facade

Four Edge Supported

43.2%

14.5% 42.3%

454%

10.6%

44.0%

13

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm IONOPLAST 5G INTERLAYER*
- GAP 1: 16 mm with %90 Argon filling

- INTERMEDIATE PANE: 6 mm Annealed Float

- GAP 2: 16 mm with %30 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated
With 1,52 mm IONOPLAST 5G INTERLAYER™

2000

Vertical-

4000
Facade

Three Edge Supported
(Horizontal Edge Free)

6.9% 45.4%

48.6%

45.8%

14

- EXTERNAL PANE 1: 6+6 mm Heat-5trengthed,
Laminated With 1,52 mm IONOPLAST 5G INTERLAYER*
- GAP 1: 16 mm with %90 Argon filling

- INTERMEDIATE PANE: 6 mm Annealed Float

- GAP 2: 16 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated
With 1,52 mim IONOPLAST SG INTERLAYER™

2000

Vertical-

4000
Facade

Four Edge Supported

6.9% 45.4%

48.6%

5.6%

45.8%
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4.6 Actions on structures

4.6.1 Self-weights

Self-weights of the glass panes were automatically calculated by the structural analysis

software in accordance with the previously assigned density values.
4.6.2 Wind Loads

The following wind load values were taken into account in case study calculation.

-Wind Suction: (-) 1,20 kN/m?

-Wind Pressure: (+) 1,00 kN/m?
These values were obtained according to an example calculation made with the
hypothetical parameters shown below according to NTC2018, Italian Technical Standard

for Construction [27]

According to NTC2018, pressure of wind,p, is given by the following expression;
AR (Eq. 4.1)

where;

qv: reference kinetic pressure of the wind

Ce= exposure coefficient

Cp= coefficient of form (aerodynamic coefficient)

Cq4= dynamic coefficient

qb: reference kinetic pressure of the wind is given by the following expression;

(s ol %

1
qQy = 5 pv
- (Eq. 4.2)

where;
vb reference wind speed
p = the density of the air assumed conventionally constant and equal to 1,25 kg/m?

The zone was considered as ‘“Piemonte”, whereas the above sea level was assumed as 450m.

Consequently, the following assumptions and considerations were done:

Ce(»=3,00 (For the case of exposure category: IV and z>zmin)
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Cd= 1,00

Cp= aerodynamic coefficient can be obtained from data supported by appropriate
documentation or from experimental tests in the wind tunnel. The following values were

considered:

For pressure: Cp=+0.85
For suction: Cp=-1.025

Wind suction: 0,39*3*1,06*1=1,2 kPa; Wind pressure:0,39*3*0,85*1=1,0 kPa

4.6.3 Imposed Loads

The assumptions for live loads applied on ‘vertically positioned IGU options’ were made
as below:

Barrier Load:
-0.80 kN/m (The loaded area was assumed as “Category C2”. By referring to “EN 1991-1-
1; Part 6.3 Characteristic values of Imposed Loads”, this value was taken into account.)

This load was applied from inside, at a height of 1.1m above the internal floor level.

Point Load:
-1.0 kN

The assumptions for live loads applied on ‘horizontally positioned IGU options’ were
made as below:

Concentrated Load.:

- 1.2 kN (The category of loaded are was assumed as “Category H: Roofs not accessible
except for normal maintenance and repair”. By referring to NTC 2018, Part 3.1.4; this

value was taken into account)

In connection with this loads, CNR-DT 210/2013 states that in the absence of precise
indications the concentrated loads are thought to be applied on a footprint of 50x50 mm.
[2] Consequently, this load was applied in structural models as distributed over a 50x50

mm footprint.
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4.6.4 Snow Load

The following snow load value was taken into account in case study calculation.
-Snow load: 1,24 kN/m?
This value was based on an example calculation made with the hypothetical parameters

shown below according to NTC2018:

According to NTC2018, ¢s, snow load is given by the following expression,;

gs= gqsk * pi * Ce * Ct

where;

gsk= reference value of snow load on the ground
ui= shape coefficient

Ce= exposure coefficient

Ct= thermal coefficient

The zone of the loaded area was considered as Torino found in “Zona I — Alpina”.

gsk = 1,39[ 1 +(245/728)? ] = 1.55 kN/m? (By considering the reference altitude as 245 mt
for Turin)

Consequently, the following further assumptions were made:

Ce=1

Ct=1
pi=0.8

gs, snow load= 1,55 * 0,8 * 1 * 1 = 1,24 kN/ m?
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4.7 Internal loads (Climatic loads)

“Internal loads” were calculated by considering “cavity pressure variations” (AT and
Ap) and “altitude loads” (AH) .

Ta =T, winter summer
|
P P.  initial inside  initial inside
a I pa p| pressure pa p| pressure
1030 990 1010 1030
mbar mbar mbar mbar
2¢c 2rc 3g°c 19°C
— Y e 4
'2|'— : 38
—> S5l — ars
+19°C
_b q_
\ '!/ \ g A 7’
™ ~
N - i ,pa = +“—>
7\ /1 g <+
b
4+

Figure 4.32 Climatic load actions in DGU (Taken from mepla.net [28])

Isochore pressure generated by a difference of altitude and isochore pressure generated by a
difference of temperature and air pressure were determined by referring to the standard
parameters mentioned in DIN 18008-1 for the production and installation conditions of

insulating glass units [29]. These values are listed in Table 4.32.

Temperature Change in .
Case . . Altitude change [m]
difference [K] atmospheric pressure [kPa]
Summer +20 2.0 +600
Winter -25 +4.0 -300

Table 4.32 Standard conditions for cavity pressure variations and altitude changes of IGU [29]

Calculations of isochore pressure values for “Summer” and “Winter” case conditions

according to EN 16612:2019 are shown in Table 4.33 and Table 4.34.
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SUMMER

Local height difference (H-Hp) 600|m

Ch 0.012|kPa/m |EN 16612:2019 C.1.4.2
Isochore pressure generated by difference of altitude - Ph;0 7.2|kPa

Temperature Difference (Tc-Tp) 20(Kelvin

Difference of meteorological and atmospheric pressure (Pa-Pp) -2 |kPa

Ct 0.340|kPa/K |EN 16612:2019 C.1.4.2
Isochore pressure generated by difference of temperature

and/or air pressure - Pc;0 8.8|kPa

Isochore pressure - Po = Ph;0 +Pc;0 16.00(kPa

Table 4.33 Calculation of isochore pressure values for ‘Summer’ conditions scenario

WINTER

Local height difference (H-Hp) -300|m

Ch 0.012|kPa/m |EN 16612:2019 C.1.4.2
Isochore pressure generated by difference of altitude - Ph;0 -3.6|kPa

Temperature Difference (Tc-Tp) -25(Kelvin

Dif. Of meteorological and atmospheric press. (Pa-Pp) 4(kPa

Ct 0.340|kPa/K |EN 16612:2019 C.1.4.2
Isochore pressure generated by difference of temperature

and/or air pressure - Pc;0 -12.50|kPa

Isochore pressure - Po = Ph;0 +Pc;0 -16.10(kPa

Table 4.34 Calculation of isochore pressure values for ‘Winter conditions scenario

4.7.1 Calculation of internal loads applied to the panes in DGU

The internal load values applied to the each pane of double glazed insulating glass unit
were calculated by multiplying the isochore pressure values with the insulating glass unit

factors.

Due to the fact that effective thickness values for deflection and stress verification are
different, therefore the insulating glass unit factors were also obtained different for these
two cases. As a result of this, the internal loads applied to the panes of DGU options were
calculated for deflection and for stress verifications separately, by taking into account also

different two conditions of “Summer” and “Winter” cases.

Calculation of internal loads applied to the external and internal panes of “IGU Option-17,
“IGU Option 2” and “IGU Option-3 are presented in following in Table 4.35 and Table
4.36.
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Calculations performed for other double glazed insulating glass unit options are presented in

“Appendix 3 - Climatic loads applied to the panes in DGU options of case study”

“IGU OPTION — 17, “IGU OPTION — 2” and “IGU OPTION — 3”’;
For “DEFLECTION” check:
-Winter-
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.p0
pO-isochore pressure [kPa]_ 3.60
Climate Load_Winter_AH ) 0.02 -0.02
d-insulating unit factor 0.00592
Load carried by pane 1 | Load carried by pane 2
-¢.p0 @.p0
pO-isochore pressure [kPa]_ 12.50
Climate Load_Winter_Ap and AT ' 0.07 -0.07
¢-insulating unit factor 0.00592
-Summer-
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.p0
pO-isochore pressure [kPa]_ 7.20
Climate Load_Summer_AH ’ -0.04 0.04
¢-insulating unit factor 0.00592
Load carried by pane 1 | Load carried by pane 2
-¢.p0 @.p0
p0-isochore pressure [kPa]_ 8.80
Climate Load_Summer_Ap and AT ) -0.05 0.05
¢-insulating unit factor 0.00592

Table 4.35 Calculation of internal loads applied to panes for deflection verifications

of double IGU Option-1, IGU Option-2, IGU Option-3
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“IGU OPTION — 17, “IGU OPTION — 2” and “IGU OPTION — 3";
For “STRESS” check:
-Winter-
Load carried by pane 1 | Load carried by pane 2
“p.p0 p-po
pO-isochore pressure [kPa]_ 3.60
Climate Load_Winter AH ) 0.02 0.02
-insulating unit factor !
insulating unit fact 0.00642
Load carried by pane 1 | Load carried by pane 2
“p.p0 p-po
pO-isochore pressure [kPa]_ 12.50
Climate Load Winter Ap and AT ’ 0.08 -0.08
-insulating unit factor .
insulating unit fact 0.00642
-Summer-
Load carried by pane 1 | Load carried by pane 2
-@.p0 @.p0
pO-isochore pressure [kPa]_ 7.20
climate Load_Summer_AH ’ -0.05 0.05
¢-insulating unit factor 0.00642
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.p0
pO-isochore pressure [kPa]_ .80
Climate Load Summer Ap and AT ’ 0.06 0.06
¢-insulating unit factor 0,00642I

Table 4.36 Calculation of internal loads applied to panes for stress verifications

of double glazed IGU Option-1, IGU Option-2, IGU Option-3

4.7.2 Calculation of internal loads applied to the panes in TGU

In order to determine the internal loads applied to the external, intermediate and internal
panes of triple glazed insulating glass units, firstly the variations of internal pressures Api;j

due to variations of altitude, tempreature and barametric pressure obtained were calculated.

After this step, the values of cavity pressure actions partitioned by each glass pane of TGU

were calculated as per the instructions given by EN16612:2019.

Calculation of internal loads applied to panes of “IGU Option-11" and “IGU Option 12 and
“IGU Option-3” are presented in following in Table 4.37 and Table 4.38. Calculations
performed for other triple glazed insulating glass unit options are presented in “Appendix 4

- Climatic loads applied to the panes in TGU options of case study”
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“IGU OPTION — 11” and “IGU OPTION — 12";

FOR “STRESS” CHECK:

-Winter (For “Stress” check):

P0;1=P0 -16.10 [kPa]
P0;2=P0 -16.10 [kPa]
Isochore Isochore Cavity pressure
pressure P0;1  |pressure P0;2 variations
(8p1,j) (api,1) (&pi,2) Pres;1 0.23
Cavity 1 (ApL,j) -0.1265 -0.1020 Pres;2 0.00
Cavity 2 (Ap2,j) -0.1020 -0.1265 Pres;3 -0.23
Cavity pressure variations Cavity pressure variations
Climatic Load WINTER_AH [kPa] Climatic Load WINTER_AP and AT [kPa)
Pres;1 0.05 Pres;1 0.18
Pres;2 0.00 Pres;2 0.00
Pres;3 -0.05 Pres;3 -0.18
-Summer (For “Stress” check):
P0;1=P0 16.00 [kPa]
P0;2=P0 16.00 [kPa]
Isochore Isochore Cavity pressure
pressure PO;1  |pressure PO;2 T
(ap1,j) (api,1) (api,2) Pres;1 0.23
Cavity 1 (Ap1,j) 0.1258 0.1014 Pres;2 0.00
Cavity 2 (Ap2,j) 0.1014 0.1258 Pres;3 0.23
Cavity pressure variations Cavity pressure variations
Climatic Load SUMMER_AH [kPa] Climatic Load SUMMER_AP and AT [kPa]
Pres;1 -0.10 Pres;1 -0.12
Pres;2 0.00 Pres;2 0.00
Pres;3 0.10 Pres;3 0.12

Table 4.37 Calculation of internal loads applied to panes for stress verifications

of triple glazed IGU Option-11 and IGU Option-12,
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“IGU OPTION - 11” and “IGU OPTION - 127;

FOR “DEFLECTION” CHECK:

-Winter (For “Deflection” check):

P0O;1=P0O -16.10 [kPa]
P0;2=P0 -16.10 [kPa]
Isochore Isochore Cavity pressure
pressure P0;1  |pressure P0;2 RTIRHEnE
(ﬂp]-:“ [A-Pi:]-l (Apile Pres;1 0.16
Cavity 1 (Apl,j) -0.0917 -0.0683 Pres;2 0.00
Cavity 2 (Ap2,j) -0.0683 -0.0917 Pres;3 -0.16
Cavity pressure variations Cavity pressure variations
Climatic Load WINTER_AH [kPa] Climatic Load WINTER_AP and AT [kPa]
Pres;1 0.04 Pres;1 0.12
Pres;2 0.00 Pres;2 0.00
Pres;3 -0.04 Pres;3 -0.12
-Summer (For “Deflection” check):
P0:1=P0 16.00 [kPa)
P0;2=P0 16.00 (kPa]
Isochore Isochore Cavity pressure
pressure PO;1  [pressure PD;2 variations
(ap1,i) (api,1) (api,2) Pres;1 -0.16
Cavity 1 (4p1,j) 0.0911 0.0679 Pres;2 0.00
Cavity 2 (Ap2,j) 0.0679 0.0911 Pres;3 0.16
Cavity pressure variations Cavity pressure variations
Climatic Load SUMMER_AH [kPa] Climatic Load SUMMER_AP and AT [kPa]
Pres;1 -0.07 Pres;1 -0.09
Pres;2 0.00 Pres;2 0.00
Pres;3 0.07 Pres;3 0.09

Table 4.38 Calculation of internal loads applied to panes for deflection verifications

of triple glazed IGU Option-11 and IGU Option-12
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4.8

Load cases in structural models

Load cases defined in structural models prepared for the vertically positioned 1GU options

are listed in Table 4.39.

Case .
No: Load Case Name Description
1 SELF-WEIGHTS [SW] Self-weights
2 WIND SUCTION_w [WS_w] Wind Suction (For Defomation Check)
3 WIND PRESSURE_w [WP_w] Wind Pressure (For Defomation Check)
4 WIND SUCTION_o [WS_a] Wind Suction (For Stress Check)
5 WIND PRESSURE_o [WP_o] Wind Pressure (For Stress Check)
6 BARRIER LOAD w [BL_w] Barrier Load (For Deformation Check)
7 POINT LOAD_w [PL_w] Point Load (For Deformation Check)
8 BARRIER LOAD o [BL_o] Barrier Load (For Stress Check)
9 POINT LOAD o [PL 0] Point Load (For Stress Check)
10 CLIMATIC-WINTER Ap,AT w [CL-WINT. Ap,AT w] CLIMATIC-WINTER Ap,AT (For Deformation Check)
11 CLIMATIC-WINTER AH_w [CL-WINT. AH_w] CLIMATIC-WINTER AH (For Deformation Check)
12 CLIMATIC-SUMMER Ap,AT w [CL-SUM. Ap,AT w] CLIMATIC-SUMMER Ap,AT (For Deformation Check)
13 CLIMATIC-SUMMER AH w [CL-SUM. AH w] CLIMATIC-SUMMER AH (For Deformation Check)
14 CLIMATIC-WINTER Ap,AT_o [CL-WINT. Ap,AT o] CLIMATIC-WINTER Ap,AT (For Stress Check)
15 CLIMATIC-WINTER AH_o [CL-WINT. AH o] CLIMATIC-WINTER AH (For Stress Check)
16 CLIMATIC-SUMMER Ap,AT o [CL-SUM. Ap,AT o] CLIMATIC-SUMMER Ap,AT (For Stress Check)
17 CLIMATIC-SUMMER AH_o [CL-SUM. AH_ o] CLIMATIC-SUMMER AH (For Stress Check)

Table 4.39 Load cases of structural models of vertically positioned IGU options

Load cases defined in structural models prepared for the horizontally positioned 1IGU

options are listed in Table 4.40.

Case .
No: Load Case Name Description
1 SELF-WEIGHTS [SW] Self-weights
2 Snow Load_w Snow Load (For Defomation Check)
3 Snow Load_o Snow Load (For Stress Check)
4 Concentrated Load w Concentrated Load (For Deformation Check)
5 Concentrated Load_o Concentrated Load (For Stress Check)
6 CLIMATIC-WINTER Ap,AT_w [CL-WINT. Ap,AT _w] CLIMATIC-WINTER Ap,AT (For Deformation Check)
7 CLIMATIC-WINTER AH_w [CL-WINT. AH_w] CLIMATIC-WINTER AH (For Deformation Check)
8 CLIMATIC-SUMMER Ap,AT_w [CL-SUM. Ap,AT w] CLIMATIC-SUMMER Ap,AT (For Deformation Check)
9 CLIMATIC-SUMMER AH_w [CL-SUM. AH_w] CLIMATIC-SUMMER AH (For Deformation Check)
10 CLIMATIC-WINTER Ap,AT_a [CL-WINT. Ap,AT a] CLIMATIC-WINTER Ap,AT (For Stress Check)
11 CLIMATIC-WINTER AH_o [CL-WINT. AH_ o] CLIMATIC-WINTER AH (For Stress Check)
12 CLIMATIC-SUMMER Ap,AT o [CL-SUM. Ap,AT o] CLIMATIC-SUMMER Ap,AT (For Stress Check)
13 CLIMATIC-SUMMER AH o [CL-SUM. AH o] CLIMATIC-SUMMER AH (For Stress Check)

Table 4.40 Load cases of structural models of horizontally positioned IGU options
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Internal loads (climatic loads) were applied to the glass panes in 3D FEM structural models

according to the calculated values previously presented in chapters 4.7.1 and 4.7.2.

External loads were applied to the glass panes in structural FEM models according to the
“partitioned load values”. These values calculated for DGU and TGU glass options are
presented in “Appendix 7-Partitoned values of external loads in DGU options of case study”

and “Appendix-8 Partitioned values of external loads in TGU options of case study”

Application of load cases in FEM structural models of double glazed insulating glass units
are presented in “Appendix 5 and application of load cases in FEM structural models of

triple glazed insulating glass units are presented in “Appendix 6.

4.9 Load combinations

Load combinations were arranged in accordance with the limit state design rules by

referring to EN 16612:2019 and EN 1990:2002.

EN 16612:2019 states that the design value of the action for serviceability limit state (SLS)
and ultimate limit state (ULS) should be as following [6]:

-for ultimate limit state:

F; =76G"+" 75051 ”+":‘/QZ Vo

- for irreversible characteristic serviceability limit state, which corresponds to the

characteristic combination:

F:.g =G"+ ”Qk_l "y ',ZWO..-Q;(_;

-for irreversible characteristic serviceability limit state, which corresponds to the

characteristic combination:

Fd — G"+”l//1-.-_k,1"+nzl/f3,iij
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EN16612:2019 covers the glass elements used as infill panels that corresponds a lower
class of consequence lower with respect to those covered in EN 1990. As a results of this,
it proposes partial factors relative to infill panel glass elements. Additionally, EN
16612:2019 also propose values for combination factors for the actions of cavity pressure

variation that are not covered by Eurocodes.

The partial load factor and combination factor values proposed by EN 16612:2019 are
shown in Table 4.41 and Table 4.42.

yoa Yé?

favourable | unfavourable | favourable | unfavourable

Infill panel with class
of consequence lower 0 1,1 1,0 1,1
than CC1

2 The lower value is used when the action has a favourable effect in combination with other
actions. The higher value is used when the action is considered acting alone or has an
unfavourable effect in combination with other loads.

Table 4.41 Partial load factors proposed by EN 16612:2019

Combination | Infill panel
factor
Cavity pressure Yo 0,3
variations for insulating
glass units Y1 03
¥2 0

Table 4.42 Combination factors proposed for cavity pressure variations by EN 16612:2019

Within the framework of case study, selected groups of load combinations were created.

The following points were taken into account:

13

- Regarding the “SLS load combinations”; “irreversible characteristic serviceability limit
state which corresponds to the characteristic combination” was taken into account.

- Regarding the “internal loads/climatic loads”’; “altitude loads” were considered as
“permanent loads” whereas “cavity pressure variations” were considered as “variable

loads” in SLS and ULS load combinations, as mentioned by EN 16612:2019.

The load combinations defined in the structural models of vertically positioned IGU
options are listed in Table 4.43, and the load combinations defined in the structural models

of horizontally positioned IGU options are listed in Table 4.44.
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5LS LOAD COMBINATIONS

Group: Permanent Actions + Wind Load as “Leading Variable Action”+ Other "Accompanying Variable Actions"”

SLS 1 (Case 18):

1.0*Self-Weights + 1.0*"Wind Suction_Def. + 0.7*Barrier Load_Def.+
0.3"Climate Load_Winter_Ap and AT_Def. + 1.0"Climate_Winter_AH_Def.

SLS 2 (Case 19):

1.0*Self-Weights + 1.0"Wind Suction_Def. + 0.7*Barrier Load_Def.+
0.3*Climate Load_Summer_Ap and AT_Def. + 1.0*Climate_Summer_AH_Def.

SLS 3 (Case 20):

1.0"Self-Weights + 1.0"Wind Suction_Def. + 0.7*Point Load_Def.+
0.3*Climate Load_Winter_Ap and AT_Def. + 1.0*Climate_Winter_AH_Def.

SLS 4 (Case 21):

1.0"Self-Weights + 1.0"Wind Suction_Def. + 0.7"Point Load_Def.+
0.3"Climate Load_Summer_Ap and AT_Def. + 1.0*Climate_Summer_AH_Def.

SLS 5 (Case 22):

1.0*Self-Weights + 1.0"Wind Pressure_Def. + 0.7*Barrier Load_Def.+
0.3*Climate Load_Winter_Ap and AT_Def. + 1.0*Climate_Winter_AH_Def.

SLS 6 (Case 23):

1.0"Self-Weights + 1.0"Wind Pressure_Def. + 0.7"Barrier Load_Def.+
0.3*Climate Load_Summer_Ap and AT_Def. + 1.0*Climate_Summer_AH_Def.

SLS 7 (Case 24):

1.0*Self-Weights + 1.0"Wind Pressure_Def. + 0.7"Point Load_Def.+
0.3*Climate Load_Winter_Ap and AT_Def. + 1.0*Climate_Winter_AH_Def.

SLS 8 (Case 25):

1.0"Self-Weights + 1.0"Wind Pressure_Def. + 0.7*Point Load_Def.+

0.3*Climate Load_Summer_»Ap and AT_Def. + 1.0"Climate_Summer_AH_Def.

ULS LOAD COMEBINATIONS

Group: Permanent Actions + Wind Load as “Leading Variable Action”+ Other "Accompanying Variable Actions"

ULS 1 (Case 31):

1.1"Self-Weights + 1.1*"Wind Suction_Stress + 1.170.7*Barrier Load_Stress+
1.170.3"Climate Load_Winter_Ap and AT_Stress + 1.1*Climate_Winter_AH_Stress

ULS 2 (Case 32):

[y

1.1*Self-Weights + 1.1*"Wind Suction_Stress + 1.170.7"Barrier Load_Stress+
.170.3*Climate Load_Summer_Ap and AT_Stress + 1.1*Climate_Summer_AH_Stress

ULS 3 (Case 33):

1.1*Self-Weights + 1.1*Wind Suction_Stress + 1.170.7*Point Load_Stress+
1.170.3"Climate Load_Winter_Ap and AT_Stress + 1.1*Climate_Winter AH_Stress

-

ULS 4 (Case 34):

-

.1*Self-Weights + 1.1"Wind Suction_Stress + 1.170.7"Point Load_Stress+
.170.3"Climate Load_Summer_Ap and AT_Stress + 1.1"Climate_Summer_AH_Stress

-

ULS 5 (Case 35):

-

.1"Self-Weights + 1.1"Wind Pressure_Stress + 1.1"0.7"Barrier Load_Stress+
.1*0.3*Climate Load_Winter_Ap and AT_Stress + 1.1*Climate_Winter_AH_Stress

-

ULS 6 (Case 36):

-

1*Self-Weights + 1.1*Wind Pressure_Stress + 1.1"0.7*Barrier Load_Stress+
.170.3"Climate Load_Summer_Ap and AT_Stress + 1.1"Climate_Summer_AH_Stress

-

ULS 7 (Case 37):

-

.1"Self-Weights + 1.1"Wind Pressure_Stress + 1.170.7"Point Load_Stress+
.170.3"Climate Load_Winter_Ap and AT_Stress + 1.1*Climate_Winter_AH_Stress

ULS 8 (Case 38): 1

.1"Self-Weights + 1.1"Wind Pressure_Stress + 0.7"Point Load_Stress+
0.

3*Climate Load_Summer_Ap and AT_Stress + 1.1*Climate_Summer_AH_Stress

Table 4.43 Load combinations defined for vertically positioned IGU options
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SLS LOAD COMBINATIONS

Group: Permanent Actions + Snow Load as “Leading Variable Action”+ Other "Accompanying Variable Actions"

1.0"Self-Weights + 1.0"Snow Load_Def. + 0.3"Climate Load_Winter_Ap and AT_Def. +
( ] il ) = = = =
SLS 1(Case 19):; 1.cjimate_Winter AH_Def.

SLS 2 (Case 15):| 1:0"Self-Weights + 1.0*Concentrated Load_Def.+ 0.3*Climate Load_Winter_Ap and AT_Def.
SLS2(Case 13); + 1.0*Climate_Winter_AH_Def.

1.0"Self-Weights + 1.0"Concentrated Load_Def.+ 0.3"Climate Load_Summer_Ap and AT_Def.
SLS 3 (Case 16): agindt - - = o=
+ 1.0"Climate_Summer_AH_Def.

ULS LOAD COMBINATIONS

Group: Permanent Actions + Snow Load as “Leading Variable Action”+ Other "Accompanying Variable Actions"

1.1"Self-Weights + 1.1*Snow Load_Stress + 1.1*0.3*Climate Load_Winter_Ap and AT_Stress +
ULS 1 (Case 17): g ; = = = =
1.1*Climate_Winter_AH_Stress

1.1"Self-Weights + 1.1*Concentrated Load_Stress+ 1.1*0.3*Climate Load_Winter_Ap and AT_Stress
: =E : = = = =
YLS 2 (Case 18):) "1 1«cjimate_Winter AH_Stress

ULS 3 (Case 19):| 1! s*elf-_Welghts + 1.1*Concentrated Load_Stress+ 1.1*0.3*Climate Load_Summer_Ap and AT_Stress
YbS 3 (Case 19k ' Climate_Summer_AH_Stress

Table 4.44 Load combinations defined for horizontally positioned IGU options
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S

RESULTS OF CASE STUDY ANALYSES

In this chapter, deflection and stress verification results of linear FEM analyses performed

within the scope of case study calculations are presented.

5.1 Deflection verifications

For the verifications of structural models in terms of deflection results, the deflection
values obtained under SLS combinations were checked with the design values of

deflection.

For the determination of design value of deflections, the following limitation rule given by

EN 16612:2019 was considered [6]:

Lower value of “Span/65 or 50 mm”, where;

— the length of the longer unsupported edge for 2 edge supported glass,

— the length of the unsupported edge for 3 edge supported glass,

— the shorter dimension of a 4 edge supported glass.

The results of FEM analyses for the cases of “Cases 18t025: All SLS cases” and “Case 18:

SLS 17 are presented in the figures and tables below. (The outputs of deflection
verification results of all SLS cases are individually presented in the “Appendix 1~ chapter)

Calculated maximum deflections — IGU Option 1

Dis 0Omm

CONNECTION BARS
i Max=26.61

Dis Omm
Max=26.70

26.85

CONNECTION BARS

26.85
22.15
19.38
16.61
13.84

~~ 11.08

297
0.01

| 22.15
19.38
16.61
13.84
11.08 B
| ~ 8.31
] Z:; I,
2:77 -
[ 0.01
&:{( U, (mm) Y U, (mm)
Cases: 181025 Cases: 18 (SLS_1: SW+ WS_w+ W0.BL_w+ P0.CL-WINT.Ap,AT_w+ CL-WINT.AH_w)
“Cases 18to25"; All SLS cases “Cases 18". SLS 1

Figure 5.1 Calculated maximum deflections in IGU-Option 1
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Calculated maximum deflections — IGU Option 2

CONNECTION BARS

¥ U. (mm)
Cases: 181025

“Cases 18t025”: All SLS céses

: ——— CONNECTION BARS
Dis Omm — Dis Omm
plax 20 Max=23.00
2329 23.29
. s Rt
16.84 16.84
14.43 14.43
12.02 12.02
9.62 962
721 721
4.81 481
| 240
S 240
| 0.01 & | 0.01
U, (mm) Q U, (mm)
: Cases: 18t025 Cases: 18 (SLS_1: SW+ WS_w+ W0.BL_w+ W0.CL-WINT.Ap,AT w+ CL-WINT.AH w)
“Cases 18t025”; All SLS cases “Cases 18" SLS 1
Calculated maximum deflections — IGU Option 3
'Dis Smm
‘Dis Smm Max=20.35
Max=20.35
2035
20.35
s poss
- - 1a7a
12.64 12.64
10.53 10.53
8.42 L F¥
6.32 6.32
4.21 4.21
., .,
/= 0.01

0.01
2t U, (mm)
Cases: 18 (SLS_1: SW+ WS_w+ ¥0.BL_w+ ¥0.CL-WINT.Ap,AT_w+ CL-WINT.AH_w)
“Cases 18": SLS 1

Calculated maximum deflections — IGU Option 4

CONNECTION BARS
- Dis Omm
Max=15.34

1534
.

1110

952
I ;,,
i 6.34
476
317

=] 1.59

9 P!
U, (mm)
Cases: 18025

“Cases 18t025": All SLS cases

= CONNECTION BARS
Dis Omm
Max=15.34

1534

= 12.69
| 11.10

9.52
793
| 6.34
4.76
| 3.17
| 1.59

- 0.01
U, (mm)
(Cases: 18 (SLS_1: SW+WS_w+P0BL w+¥W0.CL-WINT.Ap,AT w+ CL-WINT.AH_w)

“Cases 18”: SLS 1

Figure 5.2 Calculated maximum deflections in IGU-Option 2/3/4
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Calculated maximum deflections — IGU Option 5

CONNECTION BARS
Dis Omm
Max=13.46

CONNECTION BARS
Dis Omm
Max=13.46

13.46
o
9.74
835
69
B 556
417
278
139

0.01 Y i)
U, (mm) 2
Casex: 18025 F(x Cases: 18 (SLS_1: SW+ WS_w+ PO.BL_w+ ¥0.CL-WINT.Ap AT w+ CL-WINT.AH w)

“Cases 18t025”: All SLS cases ‘Cases 18" SLS_1

Calculated maximum deflections — IGU Option 6

: Dis Omm
e M- 1235
12.34
—_ iﬁ; || 10.19
8.9;2 8.92
7.64 7.64
6.37 . 637
5.10 ; 510
3.82 =i 382
[ | 255 | 2.55
127 127
[ ] 0.01 0.01
U, (mm) Qx U, (mm)
Cases: 18025 lases: 18 (SLS_1: SW+ WS_w+ WO.BL w+ W0.CL-WINT.Ap AT w+ CL-WINT.AH w)
“Cases 18t025": All SLS cases “Cases 18”: SLS 1
Calculated maximum deflections — IGU Option 7
Dis Omm Dis 0mm
Max=21.06 Max=19.09
21.06 19.09
=
17.42 15.81
15.24 = 13.83
13.06 11.86
. 10.89 9.88
] — 7.90
5.93
3.95
1.98
0.01
Qi U, (mm) Qx ‘ U, (mm)
Cases: 181025 Cases: 18 (SLS_1: SW+ WS_w+ ¥O.BL_W+¥0.CL-WINT.Ap,AT w+ CL-WINT.AH_w)
“Cases 18t025": All SLS cases “Cases 18": SLS 1

Figure 5.3 Calculated maximum deflections in IGU-Option 5/6/7
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Calculated maximum deflections — IGU Option 8

A
S

Pr
-
v

7
7

“Cases 18t025”: All SLS cases

Dis Omm
Max=13.42

13.55
| 11.18
| 9.78
8.38
6.99
5.59
4.19
| 2.79
140

.,

U, (mm)

(Cases: 181025

k

“Cases 18": SLS 1

Dis Smm
Max=10.09

10.09
| 8.32
7.28
6.24
5.20
4.16
3.12
[ | 2.08
1.04
0.01
U, (mm)

Cases: 18 (SLS_1: SW+ WS_w+ ¥0.BL_w+ ¥0.CL-WINT.Ap,AT w+ CL-WINT.AH_w)

Figure 5.4 Calculated maximum deflections in IGU-Option 8

External pane Internal pane
Dimensions {mm) W_d-- Wrnax - Wmax -
v[::f:;g:f Calc. Calc.
IGU deflection '\;::' I\;::'
||option  |GLASS COMPOSITION w {mm) h {mm) Edge Supports f(L/65; 50) [mm'] Check [mm'] Check
No: [mm]
- EXTERNAL PANE: 8+8 mm Heat-Strengthed,
Laminated With 1,52 mm PVB INTERLAYER* Two Edge Supported Verified Verified
1 N - 2000 4000 5 31 26.58 26.58
- GAP: 18 mm with %90 Argon filling (From Vertical Edges) v v
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8+8 mm Heat-Strengthed,
A . * Verified Verified
2 Laminated With Z_I.,SZ mm FVB H\f'T.ERLAYER 2000 1000 Thre.e Edge Supported a1 a1 |Verfiedll oo | VeI
-GAP: 18 mm with %90 Argon filling [Horizontal Edge Free) = =1 v =1 v
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8+8 mm Heat-Strengthed,
Laminated With 1,52 mm PVB INTERLAYER™ Verified Verified
3 R - 2000 4000 Four Edge Supported 31 19.34 20.35
- GAP: 18 mm with %90 Argon filling - v v
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8+8 mm Heat-Strengthed,
Laminated With 1.52 mm fONOPLAST 5G Two Edre § ; Verified Verifiod
erinet erimet
4 |INTERLAYER** 2000 4000 wa Edga Supporta 31 14.13 15.34
(From Vertical Edges) — v v
- GAP: 18 mm with %90 Argon filling
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8 mm Tempered
- GAP: 18 mm with %90 Argon filling Three Edee's g Verified Verified
erfe: erire:
5 |- INTERNAL PANE: 8+8 mm Heat-Strengthed, 2000 4000 ree Edge Supporte 31 11.41 13.96
(Horizontal Edge Free) v v
Laminated With 1.52 mm IONOPLAST 5G
INTERLAYER**
- EXTERNAL PANE: 8+8 mm Heat-Strengthed,
Laminated With 1.52 mm [ONOPLAST 5G » »
Verified Verified
6  |INTERLAYER** 2000 4000 Four Edge Supported 31 1026 |, 123 |,
-GAP: 18 mm with %90 Argon filling
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8 mm Tempered
- GAP: 18 mm with %90 Argon filling Verified Verified
7 2000 4000 Four Edge Supported 31 21.06 19.09
- INTERNAL PANE: 8+8 mm Heat-Strengthed, v v
Laminated With 1,52 mm PVB INTERLAYER*
- EXTERNAL PANE: 8 mm Tempered
- GAP: 18 mm with %90 Argon filling . .
Verified Verified
8 - INTERNAL PANE: 8+8 mm Heat-Strengthed, 2000 4000 Four Edge Supported 31 13.42 v 10.09 v
Laminated With 1.52 mm IONOPLAST 5G
INTERLAYER**

Table 5.1 Deflection verification results of vertical DGU options
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Calculated maximum deflections — IGU Option 11

“Cases 18t025”: All SLS cases

< CONNECTION BARS B T CTINEIES
Dis Omm ~——— Dis Omm
Max=31.31 Max=30.63
30.84
- 2548
- 2229
19.11
15.92
- 274
6.37
- 319
0.01
Q‘ U, (mm) U, (mm)
Cases: 18to25 LS 1: SW+ WS _w+W0BL w+ ‘I‘D.CL-W[I“IT.Ap,ATim CL-WINT.AH w)
“Cases 18t025"; All SLS cases “Cases 18": SLS 1
Calculated maximum deflections — IGU Option 12
Dis Omm ——— Dis Omm
Max=28.50 Max=27.34
28.79 2734
- 23382 - 22.57
BE 2084 [ 19.75
17.86 16.93
14.88 14.11
1191 L BET
8.93 8.46
595
| | ;:g;
0.01 0.01
U (mm) Q : U, (mm)
o - Cases: 181025 Cases: 18 (SLS_1: SW+WS_w+'¥0.BL w+ ¥0.CL-WINT.ApAT w+ CL-WINT.AH w)
“Cases 18t025”": All SLS cases “Cases 18”: SLS 1
Calculated maximum deflections — IGU Option 13
——— CONNECTION BARS = CONNECTION BARS
——— Dis 0Omm Dis Omm
Max=17.04 Max=15.73
15.73
- [
1247 11.38
10.69
3.90
- 7.12
534
3.56
[ BED ,
0.01 -
U, (mm) '(( , (mm)
Cases: 181025 Cases: 18 (SLS 1: SW+ WS w+P0.BL w+'¥0.CL-WINT.ApAT w+CL-WINT.AH w)

“Cases 18"; SLS_1

Figure 5.5 Calculated maximum deflections in IGU-Option 11/12/13
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Calculated maximum deflections — IGU Option 14

Dis Omm
Max=15.70

15.86
13.10
1147
9.83
8.19
6.55
491
= 328
.
0.01
U, (mm)
Cases: 18t025

“Cases 18t025”; All SLS cases

5
% Cases: 18 (SLS_L: SW+ WS_w+ WO.BL_w+ ¥0.CL-WINT.Ap,AT_w+ CL-WINT.AH_w)

“Cases 18”: SLS 1

Dis Omm
Max=14.41

1441
|

10.42

893

744

595

447
;o5
149
0.01
U, (mm)

Figure 5.6 Calculated maximum deflections in IGU-Option 14

Dimensians (mm)

External Pane

Intermediate Pane

Internal Pane

wd-

IGU

No:

Design value
of deflection

Cption  |GLASS COMPOSITION w (mmj) h(mm) | Edge Supports | f(L/65;50)

Wmax -
Calculated
Max. Def.
[mm]

Check of
Results

Wmax -
Calculated
Manx. Def.

Check of
Results

Wmax -
Calculated

Check of
Results

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm PVB INTERLAYER*

- GAP 1: 18 mm with %90 Argon filling

11 |- INTERMEDIATE PANE: 6 mm Annealed Fleat 2000 4000
- GAP 2: 18 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm PVB INTERLAYER*

Three Edge
Supported
(Horizontal
Edge Free)

31.31

Not Verified
X

30.53

Not Verified
X

30.11

Not Verified
X

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm PVB INTERLAYER™®

- GAP 1: 18 mm with %90 Argon filling

12 |- INTERMEDIATE PANE: 6 mm Annealed Float 2000 4000
- GAP 2: 18 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm PVB INTERLAYER*

Four Edge
Supported

28.50

Verified

v

23.89

Verified

v

27.34

Verified

v

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm IONOPLAST G
INTERLAYER*

13 |- INTERMEDIATE PANE: 6 mm Annealed Float 2000 4000
- INTERNAL PANE: 6+6 mm Heat-Strengthed,

Laminated With 1,52 mm [ONOPLAST SG
|INTERLAYER*

-GAP 1: 18 mm with %90 Argon filling TS’"“ E:E:
upporte

(Horizontal
- GAP 2: 18 mm with %90 Argon filling Edge Free)

17.04

Verified

v

Verified

v

Verified

v

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm {ONOPLAST 5G
INTERLAYER*

- GAP 1: 18 mm with %90 Argon filling

14 |- INTERMEDIATE PANE: 6 mm Annealed Float 2000 4000
- GAP 2: 18 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed,
Laminated With 1,52 mm ({ONOPLAST SG
INTERLAYER*

Four Edge
Supported

15.70

Verified

v

11.35

Verified

v

14.41

Verified

v

Table 5.2 Deflection verification results of vertical TGU options
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Calculated maximum deflections — IGU Option 9

|
Y U, (mm)

Cases: 14tol6
“Cases 14t016”": All SLS cases

Dis 10mm
Max=50.62

5112
| pEEss
. 5,5
3167
26.39
2111
15.83
- 10.56
.
.,

LXY U, (mm)
Cases: 14 (SLS_1: SW+ Snow_w+ P0*CL-WINT. Ap,AT_w + CL-WINT. AH_w)

“Cases 14": SLS_1

Calculated maximum deflections — IGU Option 10

Dis 10mm
Max=40.85

40.85

- 3380
- 2957

2535

2112

16.90

L 1267
[ | 845
4.22

0.0
U, (mm)

Cases: 14tol6

“Cases 14t016": All SLS cases

Dis Smm
Max=40.85

40.85
| 33.80
[ 29.57
2535
21.12
16.90
- 12.67
8.45
422

0.0
3 U, (mm)
Cases: 14 (SLS_1: SW+ Snow_w+ W0*CL-WINT. Ap AT w + CL-WINT. AH_w)
i

“Cases 14": SLS 1

Figure 5.7 Calculated maximum deflections in IGU-Option 9/10

External pane Internal pane
Dimensions (mm) M B Wmax - Wmax -
Design Calc. Calc.
value of
_ Max. Max.
IGU deflection Def Def
Option  |GLASS COMPOSITION w (mm) h (mm) Edge Supports f(L/65; 50) [mn;] Check [mn,;] Check
No: [mm]
- EXTERNAL PANE: 8 mm Tempered
- . it O I Not Not
o |7GAP: 18 mm with %30 Argon filling 2000 4000 | Four Edge Supported 31 45.84 |verified | 50.62 |Verified
- INTERNAL PANE: 6+6 mm Heat-Strengthed, X X
Laminated With 1,52 mm PVB INTERLAYER*
- EXTERNAL PANE: 8 mm Tempered
- GAP: 18 mm with %90 Argon filling Not Not
10 (- INTERNAL PANE: 6+6 mm Heat-Strengthed, 2000 4000 Four Edge Supported 31 40.85 |Verified | 40.03 [Verified
Laminated With 1.52 mm IONOPLAST SG X X
INTERLAYER**

Table 5.3 Deflection verification results of horizontal DGU options
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5.2

Stress verifications

For the verifications of structural models in terms of stress results, the bending stresses

obtained in FEM software under ULS combinations were checked with the design values

of bending strength.

Design bending strength for annealed, heat-strengthened and tempered glass panes were

calculated by referring to appropriate values of “load duration factors-kmod”.

For the calculations performed in ULS load combinations consisting of different load types

and durations, the highest value of “kmod” was taken into account.

The results of design bending value calculations are presented in the following tables.

Calculation Of Design Value Of Bending Strength (fg;d) For Heat-Strengthed Glass Pane
"Action: Wind ts; Load duration 5 | "; EN 16612:2019-
k mod Factor for duration of load 1.00 ction: Wind gusts; Load duration 5s (or less)
Table 5
ksp Factor for the glass surfacae profile 1.00 "As produced"; EN 16612:2019-Table 4
YM;A Material partial factor for annealed glass 1.80 EN 16612:2019-Table 1
ym;v Material partial factor for prestressed glass 1.20 EN 16612:2019-Table 1
"Float heet glass", "Polished edges"; EN 16612:2019-Tabl
ke Edge strength factor 1.00 A Soa orsheetglass olished ecges anle
kv Factor for strengthening of prestressed glass 1.00 "Horizontal toughening”; EN 16612:2019-Table 7
fa;k (Mpa) Characteristic value of the bending strength of 2500 |ens72.1
annealed glass
Characteristic value of the bending st th of
fb;k (Mpa) aracteristic value ot the bending strength o 70.00 |"Float glass, Heat-Strengthened”; EN 16612:2019-Table 6
prestressed glass
Design value of bending strength for prestressed ) Kaoak Men  Kfow = Soa
- 45.83 fea + EN 16612: 2019; Part 8.2
fg;d (Mpa) glass material B Fara Yarw 2

Table 5.4 Design value of bending strength for heat-strengthened glass (with kmod=1)

Calculation Of Design Value Of Bending Strength (fg;d) For Annealed Glass Pane

"Action: Wind ts; Load duration 5 | "+ EN 16612:2019-
k mod Factor for duration of load 1.00 ction: Wind gusts; Load duration 5s (or less)
Table 5
ksp Factor for the glass surfacae profile 1.00 |"As produced"; EN 16612:2019-Table 4
YM;A Material partial factor for annealed glass 1.80 |EN 16612:2019-Table 1
"Float heet glass", "Polished edges"; EN 16612:2019-Tabl
ke Edge strength factor 1.00 A Soa orsheetglass olished edges anle
fa:k (Mpa) Characteristic value of the bending strength of 2500 |en 5721
annealed glass
Design value of bending strength for prestressed koknoakpSya
- 25.00 Jpg=———— EN 16612: 2019; Part 8.1.1
fg;d (Mpa) glass material - o Faa 2

Table 5.5 Design value of bending strength for annealed glass (with kmod=1)
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Calculation Of Design Value Of Bending Strength (fg;d) For Tempered Glass Pane

"Action: Wind gusts; Load duration 5s (or less)"; EN 16612:2019-

k mod Factor for duration of load 1.00 Table 5
ksp Factor for the glass surfacae profile 1.00 |"As produced"; EN 16612:2019-Table 4
YMGA Material partial factor for annealed glass 1.80 EN 16612:2019-Table 1
yM;V Material partial factor for prestressed glass 1.20 EN 16612:2019-Table 1
"Float heet glass", "Polished edges"; EN 16612:2019-Tabl
ke Edge strength factor 1.00 A Soa or sheet glass olished ecges avle
kw Factor for strengthening of prestressed glass 1.00 "Horizontal toughening”; EN 16612:2019-Table 7
fa;k (Mpa) Characteristic value of the bending strength of 15.00 Glass in building - Basic soda lime silicate glass products - Part
annealed glass 2: Float glass
Characteristic value of the bending strength of
fb;k (Mpa) aracteristic valug or the bencing strength o 120.00 |"Float glass, Thermally Toughened"; EN 16612:2019-Table 6
prestressed glass
fa;d (Mpa) Design value of bending strength for prestressed 87.50 Lo Foak p [ n . k, |_f‘,._l. Sea) EN 16612: 2019; Part 8.2

glass material

Yua Furw

Table 5.6 Design value of bending strength for tempered glass (with kmod=1)

Caleulation Of Design Value Of Bending Strength (fg;d) For Heat-Strengthed Glass Pane

"Action: Snow Load; Load duration 5 days"; EN 16612:2019-

k mod Factor for duration of load 0.49
mo actor for duration of loa Table 5, 'd'
ksp Factor for the glass surfacae profile 1.00 |"As produced"”; EN 16612:2019-Table 4
YM;A Material partial factor for annealed glass 1.80 |EN 16612:2019-Tahble 1
YM;V Material partial factor for prestressed glass 1.20 |EN 16612:2019-Table 1
"Float or sheet glass", "Polished edges"; EN 16612:2015-Tabl
ke Edge strength factor 1.00 A Soa or sheetglass olishec ecges avie
kv Factor for strengthening of prestressed glass 1.00 |"Horizontal toughening"; EN 16612:2019-Table 7
fe:k (Mpa) Characteristic value of the bending strength of 25.00 |ens72-1
annealed glass
Characteristic value of the bending strength of
fb;k (Mpa) aracteristic valug of the bending strength o 70.00 |"Float glass, Heat-Strengthened"”; EN 16612:2019-Table 6
prestressed glass
fod (Mpa Design value of bending strength for prestressed e S = Ksab oy fyn . k, ':_f'\..‘.l fou) EN 16612: 2019; Part 8.2

glass material

Yara Fars

Table 5.7 Design value of bending strength for heat-strengthened glass (with kmod=0,49)
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Calculation Of Design Value Of Bending Strength (fg;d) For Tempered Glass Pane
Kk mod Eactor for duration of load 0.49 Action: ?n{ow Load; Load duration 5 days"; EN 16612:2019-
Table 5, 'd
ksp Factor for the glass surfacae profile 1.00 |"As produced"; EN 16612:2019-Table 4
YM;A Material partial factor for annealed glass 1.80 EN 16612:2019-Table 1
LAY Material partial factor for prestressed glass 1.20 EN 16612:2019-Table 1
"Float heet glass", "Polished edges"; EN 16612:2019-Tabl
ke Edge strength factor 1.00 A Soa or sheet glass olished edges anle
kv Factor for strengthening of prestressed glass 1.00 |"Horizontal toughening”; EN 16612:2019-Table 7
fe;k (Mpa) Characteristic value of the bending strength of 45.00 Glass in building - Basic soda lime silicate glass products - Part
annealed glass 2: Float glass
fb;k (Mpa) Characteristic value of the bending strength of 120.00 |["Float glass, Thermally Toughened"; EN 16612:2019-Table 6
prestressed glass
Design value of bending strength for prestressed . FaoikipSen K\ fox = Sen)
fg;d (M 74.75 Sea + EN 16612: 2019; Part 8.2
feid (Mpa) glass material — : Yata Yatw 3

Table 5.8 Design value of bending strength for tempered glass (with kmod=0,49)

In FEM software Autodesk Robot Structural, the bending stresses of structural glass

models were evaluated by using the “principal stress” values. The principal stresses (s1 and

s2) are determined by FEM software according to following formulas:

5l

s¥V?

52

_SH+SYY+J(SH—Sml+
2 4

+ X7

_SH+SYY_J(5H—SYY)‘
2 4

(4.1)

(4.2)

The major principle stress values were taken into account as calculated maximum stress

values.

The results of FEM analyses for the cases of “Cases 31t038: All ULS cases” are presented

in the figures and tables below. (The outputs of stress verification results of all SLS cases

are individually presented in the “Appendix 2" chapter)
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Calculated maximum Stress — IGU Option 1 Calculated maximum Stress — IGU Option 2

INT. GLASS_8 mm

(hef.o=12,77 mm_STRESS)

= CONNECTION BARS

27.18

| BEer
19.66
1685
14.04

- 1123
842
562

281
0.01

sl, (MPa)
Cases: 311038

“Cases 311038 All ULS cases

(hef;o=12,77 mm_STRESS)

CONNECTION BARS

22.78
- 18.82
vy

14.12

1176
et
;o

47
[ _BSH

0.03

sl, (MPa)
Cases: 311038

“Cases 31t038": All ULS cases

Calculated maximum Stress — IGU Option 3

,GLASS 8 mm

PVB (hef,0=12,77 mm_STRESS)

2238
| RTP
16.15
13.84
11.54

B g3
6.02
.
.

- 002
s1, (MPa)

Cases: 31to38

“Cases 31to38": All ULS cases

Calculated maximum Stress — IGU Option 4

INT. GLASS_8 mm
OPLAST SG (hef;0=15,83 mm_STRESS

~——— CONNECTION BARS

1991
- 16.48
[ RYPP

12.36

10.30
N

618

412

2.06
I 0
s1, (MPa)

Cases: 311038

&

“Cases 31t038”: All ULS cases

Calculated maximum Stress — IGU Option §

Calculated maximum Stress — IGU Option 6

INT. GLASS 8 mm

ONOPLAST SG (hef;0=15,83 mm_STRESS

- CONNECTION BARS

16.41
- 13.57
B g
10.18

8.48
B 679
=

5.09
=] 3.39
| 1.70
L 0.02
s1, (MPa)

Cases: 311038

“Cases 31t038": All ULS cases

GLASS_8 mm

IONOPLAST SG (hef,0=15,83 mm_STRESS

1629
|__EEYY
11.78

10.10
8.42
B 673
B 505
337
168
001
s1, (MPa)
Cases: 31038

“Cases 31t038”: All ULS cases

Figure 5.8 Calculated maximum stress values in IGU-Option 1/2/3/4/5/6

106




Calculated maximum Stress — IGU Option 7

s1, (MPa)
Cases: 311038

“Cases 31t038": All ULS cases

Calculated maximum Stress — IGU Option 8

. GLASS_88.4 with IONOPLAST SG (hef.c=15,83 mm_STRESS

Cases: 311038

“Cases 31t038”: All ULS cases

Figure 5.9 Calculated maximum stress values in IGU-Option 7/8

Max. Stress Values (Mpa)
Dimensions (mm)
I ifid- i H i i 1
IGU gmax - 2 Omax - -
- . |Design value |Che:k of | Design value |che:kof|
ﬁpf-un GLASS COMPOSITION wimm) (L Lesticn Edge Supports External | ¢pending | Results ™2™ [ofbending | Results |
0: IPaNe  strength 1 £ Istrength 1 1
- EXTERNAL PANE: 8+8 mm Heat-Strengthed,
i i * ical- Verified Verified
1 Laminated With ?.,52 mm PV8 fN.TfERLAYER 2000 4000 Vertical Two Edge %uppurted 2718 45.83 erifie 19.16 87.50 erifie
- GAP: 18 mm with %90 Argon filling Facade (From Vertical Edges) — — v — — v
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8 mm Tempered
- . ith % i ical- ified ified
2 ) GAP: 18 mm with %90 Argon filling 2000 000 Vertical Thre.e Edge Supported 2255 45.83 Verifie 16.28 87.50 Verifie
- INTERNAL PANE: 8+8 mm Heat-Strengthed, Facade (Herizontal Edge Free) v — — v
Laminated With 1,52 mm PVB INTERLAYER™
- EXTERNAL PANE: 8+8 mm Heat-Strengthed,
Laminated With 1,52 mm PVB INTERLAYER* Vertical- Verified Verified
3 , . 2000 4000 Four Edge Supported fI| 22.16 45.83 16.05 | 87.50
- GAP: 18 mm with %90 Argon filling Facade v v
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8+8 mm Heat-Strengthed,
Laminated With 1.52 mm [ONOPLAST SG Vertical Two Edge S g verifiod Verified
R erifie erifies
4 |wreriaver+* 2000 4000 ertical wo Edge Supporte 1971 | 4sa83 1167 | g1s0
X . Facade (From Vertical Edges) v v
- GAP: 18 mm with %90 Argon filling
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8 mm Tempered
- GAP: 18 mm with %90 Argon filling Vertical Three Edge 5 J Verified Verified
- erifie eririe:
5 |- INTERNAL PANE: 8+8 mm Heat-Strengthed, 2000 4000 ertica ree Edge Supported § o 4 | 4583 999 | gzso
3 Facade (Herizontal Edge Free) v v
Laminated With 1.52 mm JONOPLAST SG
INTERLAYER**
- EXTERNAL PANE: 8+8 mm Heat-Strengthed,
Laminated With 1.52 mm /ONOPLAST SG " "
Vertical- Verified Verified
6 INTERLAYER™*™ 2000 4000 Facade Four Edge Supported 16.13 45.83 N 9.86 87.50 7
- GAP: 18 mm with %90 Argon filling
- INTERNAL PANE: 8 mm Tempered
- EXTERNAL PANE: 8 mm Tempered
. GAP: 5 i ical- Verified Verified
. GAP: 18 mm with %90 Argon filling 2000 2000 Vertical Four Edge Supported 1523 7,50 erficdfl ) g 4583 erifie
- INTERNAL PANE: 8+8 mm Heat-Strengthed, Facade ==\ v =1 —/ v
Laminated With 1,52 mm PVB INTERLAYER*
- EXTERNAL PANE: 8 mm Tempered
- GAP: 18 mm with %90 Argon filling . .
Vertical- Verified Verified
8 |- INTERNAL PANE: 8+8 mm Heat-Strengthed, 2000 4000 Facade Four Edge Supported 9.48 87.50 v 16.22 45.83 v
Laminated With 1.52 mm JONOPLAST SG
INTERLAYER **

Table 5.9 Stress verification results of vertical DGU options
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Calculated maximum Stress — IGU Option 11 Calculated maximum Stress — IGU Option 12

INT. GLASS_66.4 with PVB (hef,0=3,70 mm_STRESS) T —
e . 66 (hef,0=9,70 mm_ )

CONNECTION BARS
2434
m 20.07

17.56
15.05

10.04
7.53
02

.51

R
L) kv

s1, (MPa)
X Cases: 31038

s1, (MPa)
Cases: 311038

“Cases 31t038": All ULS cases “Cases 31t038": All ULS cases

Calculated maximum Stress — IGU Option 13 Calculated maximum Stress — IGU Option 14

_INT. GLASS_66.4 with IONOPLAST SG (heto=12,19 mm_STRESS) [NT. GLASS_66.4 with IONOPLAST SG (het0=12,19 mm_STRESS

CONNECTION BARS

18.07
| VR

<1, (MPs)
Cases: 31to38

Y z
s1, (MPa) Y
Cases: 311038

“Cases 31t038": All ULS cases “Cases 31t038”; All ULS cases

Figure 5.10 Calculated maximum stress values in IGU-Option 11/12/13/14

Dimensions (mm} Max, Stress Values (Mpa)

I e - -
iGu lomax- &L Omax.  HES: i -

Gmax -
Check of 5 jue | Checkcof Designvalue | Check of
3 C i g esign value e
::f'" [PUESEEI Y ) || R oy [ S B2l [othending | Results "€ MeS: [orbanding | Results [)'"™2] jof bending Rasults

[Pane  Lotrangth Fane qrength Pane  fotrangth

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed, Laminated
With 1,52 mm PVB INTERLAYER*

- GAP 1: 18 mm with %90 Argon filling

1 |- INTERMEDIATE PANE: 6 mm Annealed Float 2000 4000
- GAP 2: 18 mm with %30 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated With
1,52 mm PVB INTERLAYER*

Vertical- | Three Edge Supported Verified Verified verified
Facade (Horizontal Edge Free) 2382 Leng 2200 v 210

>
i
5
i

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed, Laminated

With 1,52 mm PVB INTERLAYER*®

- GAP 1: 18 mm with %90 Argon filling ) ) )
Vertical Verified Verified Verified

12 |- INTERMEDIATE PANE: 6 mm Annealed Float 2000 4000 Facade Four Edge Supported 23.44 45.8: Y 13.39 25.00 v 23.73 Y

- GAP 2: 18 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated With

1,52 mm PVB INTERLAYER*

4
=
i
4

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed, Laminated
With 1,52 mm JONOPLAST SG INTERLAYER*

- GAP 1: 18 mm with %30 Argon filling

13 |- INTERMEDIATE PANE: 6 mm Annealed Float 2000 2000
- GAP 2: 18 mm with %390 Argon filling

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Laminated With
1,52 mm IONOPLAST SG INTERLAYER*

Vertical- | Three Edge Supported Verified Verified Verified
17.61 25.00 17.16
Facade {Horizontal Edge Free) fl = == v ===

&
o
4
~
™
&

5
8

- EXTERNAL PANE 1: 6+6 mm Heat-Strengthed, Laminated

With 1,52 mm IONOPLAST 5G INTERLAYER®

- GAP 1: 18 mm with %90 Argon filling )
Vertical- Verified Verified verifled

14 |- INTERMEDIATE PANE: 6 mm Annealed Float 2000 4000 Facade Four Edge Supported 16.73 45.83 v 6.94 25.00 v 16.88

- GAP 2: 18 mm with %90 Argon filling

- INTERNAL PANE: 6+6 mm Heat-5trengthed, Laminated With

1,52 mm IONOPLAST SG INTERLAYER*

5
&

Table 5.10 Stress verification results of vertical TGU options
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Calculated maximum Stress — IGU Option 9 Calculated maximum Stress — IGU Option 10

36.00 3244
. 0, 5 __PrrH
e 9 (hef,0=9,70 mm_STRESSINN 55 45
2231 20.12
18.59 16.77
1487 1342
-l -
744 :
B | BES
001 £ ;01
sl, (MPa) kxv 81, (MPa)
Cases: 1‘7\019 Cases: 17to19
“Cases 17t019": All ULS cases “Cases 17t019": All ULS cases

Figure 5.11 Calculated maximum stress values in IGU-Option 9/10

Manx. Stress Values (Mpa)
Dimensions {mm)

T T T T
= fomax - :Ld i :checkuf Jimax - |D: I :ched( of:
Option  |GLASS COMPOSITION w (mm h (mm Position Edge Supports SR H sign value
pf Jal mm) [ IExternal |o¢panding | Results I"™™3 Iog bonding | Results |
[ Ipane  loengih pane  Lgrengih 1

- EXTERNAL PANE: 8 mm Tempered
- : ith %! illi - Verified Verified
9 GAP: 18 mm with %50 Argon filling 2000 4000 Horlzc?ntal Four Edge Supported Jl| 33.25 74.75 N as.as 33.08 e

- INTERNAL PANE: 6+6 mm Heat-Strengthed, Skylight v v

Laminated With 1,52 mm PVB INTERLAYER*

CEXTERNAL PANE: 8 mm Tempered
- GAP: 18 mm with %90 Argon filling

Horizontal- Verified Verified
10 |- INTERNAL PANE: 646 mm Heat-Strengthed, 2000 4000 skylight Four Edge Supported 28.4 74.75 v 31.94 33.08 IV
Laminated With 1.52 mm IONOPLAST 5G
INTERLAYER**

Table 5.11 Stress verification results of horizontal DGU options
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6

ADDITIONAL COMPLEMENTARY ANALYSES

In addition to main case study calculations, a number of specific additional complementary
analyses were also performed in order to extend and enhance some featured points of the

research study

In this chapter, the calculation details of these additional complementary analyses and the
obtained results are presented. In addition, the prominent results under each relevant

sections are commented and discussed in general terms.
6.1 Geometrically nonlinear calculations

EN 16612:2019 underlines that for glass panes simply supported on all edges where the
deflection induced by the actions exceeds half the glass thickness, geometrically linear
theory of plate bending may excessively overestimate the stresses and the maximum
deflection.[6] In this case, for large displacements, the stress and the deflection values can

be calculated according to geometrically nonlinear plate bending theory.

As a part of additional complementary analyses of research study, geometrically nonlinear
plate bending theory calculations were performed for /GU-Option 3 (a four-edge supported

double glazed insulating glass unit option) of the main case study.

In this framework, first of all, geometrically nonlinear analyses were performed in FEM
models. Subsequently, geometrically nonlinear plate bending theory calculations were

carried out by referring to formulae given in Annex B of EN16612:2019.

6.1.1 Geometrically nonlinear FEM analysis

The nonlinear behaviour of a structure can be caused by a single structure element
(structural or material non-linearity) or by a nonlinear force-deformation relation in the
whole structure (geometric non-linearity). (Non-linear Static Analysis, 2021, Autodesk

Knowledge Network) [30]
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Geometrical nonlinearity was set in FEM models of IGU Options-3 by introducing ‘large

displacements’ options as a part of nonlinear analysis.

Geometric nonlinearity setting for large displacement in FEM software are presented in

Figure 6.1.

R Analysis Type - s
Analysis Types  Structure Model Load to Mass Conversion Combination Sign Result| 4 | *
Ma. Name Analysis Type I\ Static Analysis Parameters X
1 SELF-WEIGHTS [SW] Static - Large Disp.
- 2 WIND SUCTION_w [WS_w] Static - Large Disp. Case: WIND SUCTION_w [WS_w]
3 WIND PRESSURE_w [WP_w] Static - Large Disp. = =
4 WIND SUCTION_a [WS_a] Static - Large Disp. [ Awiliary case
5 WIND PRESSURE_o [WP_a] Static - Large Disp. e maranineaTy
6 BARRIER LOAD_w [BL_w] Static - Large Disp.
7 POINT LOAD_w [PL_w] Static - Large Disp. P-Delta
a BARRIER LOAD_o [BL_g] Static - Large Disp. Large displacements
<
New Change analysis type | Nonlinear analysis parameters |
Operations on selection of cases o Cancel -
Case list | = P
Set parameters Change analysis type Delete -

Figure 6.1 Geometric nonlinearity setting for large displacements in FEM software

The geometric nonlinearity options take the actual higher-order effects into consideration

and often improve the convergence of the calculation process for a structure including

nonlinear elements. [30]

Structural models of IGU Option-3 prepared for geometrically nonlinear analysis are

shown in Figure 6.2.

“IGU - OPTION 3"/ Structural Model For DEFORMATION Check:

INT. GLASS_8 mm

PVB (hef,w=11,34 mm_DEF.)

—— EXT. GLASS_88.4 with PVB (hef,w=11,34 mm_DEF.)
= INT. GLASS_8 mm

“IGU - OPTION 3” / Structural Model For STRESS Check:

INT. GLASS_8 mm

ith PVB (hef;0=12,77 mm_STRESS)

—— EXT. GLASS_88 4 with PVB (hef;,0=12,77 mm_STRESS)
— INT. GLASS_8 mm

Cases: 1 (SELF-WEIGHTS [SW])

Cases: 1 (SELF-WEIGHTS [SW])

Figure 6.2 Structural models of “IGU-Option 3” for nonlinear calculations
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The load combinations defined for geometrically nonlinear analysis in FEM models are

given in Table 6.1.

Combinations Name Analysis type Comtl;l;:tlon
18 SLS 1: SW+ WS_w+ WO.BL w+ WO.CLAWINT Ap AT w+ CL-WINT.AH_w Combination ML PD SLS
19 SLS 2: SW+ WS_w+ W0.BL w+ WO.CL-SUM_Ap AT_w+ CL-SUM.AH_w Combination NL PD SLS
20 SLS 3 SW+ WS_w+ WO.PL_w+ WO.CLAWINT Ap AT w+ CL-WINT.AH_w Combination ML PD SLS
il SLS 4 SW+ WS_w+ W0.PL_w+ W0.CL-SUM_Ap AT w+ CL-SUM.AH_w Combination ML PD SLS
22 SLS_ 5 SW+ WP_w+ WO.BL w+ WO.CLWINT. Ap AT w+ CLAWINT.AH_w Combination ML PD SLS
23 SLS 6 SW+ WP_w+ W0.BL_w+ W0.CL-SUM_Ap AT w+ CL-SUM.AH_w Combination ML PD SLS
24 SLS 7 SW+ WP_w+ WO.PL_w+ WO.CLAWINT Ap AT w+ CL-WINT.AH_w Combination NL PD SLS
25 SLS 8 SW+ WP_w+ W0.PL_w+ W0.CL-SUM_Ap AT w+ CL-SUM.AH_w Combination ML PD SLS
26 SLS_9: SW+ WS _w Combination NL PD SLS
27 SLS 10: SW+ WP_w Combination ML PD SLS
28 SLS_11: SW+ BL_w Combination NL PD SLS
29 SLS_12: SW+ WO.CL-WINT Ap AT _w+ CL-WINT.AH_w Combination ML PD SLS
30 SLS_13: SW+ W0 .CL-SUM._Ap AT_w+ CL-SUM.AH_w Combination ML PD SLS
M ULS 1 yG.SWH+yQ WS _o+yQ W0 BL_o+yQ.W0.CL-W Ap AT_o+yG.CL- Combination ML PD ULS
32 ULS 20 G SWH+yQWS_o+yQ.W0.BL_o+yQ.W0.CL-S.Ap, AT o+yG.CL-S Combination ML PD uLs
33 ULS 3 yG.SWH+yQ WS _o+yQ W0 PL_o+yQ W0.CL-W Ap AT_o+yG.CL- Combination ML PD ULS
34 ULS 4 G SWHyQ WS _o+yQW0.PL_o+yQ W0.CL-5.Ap AT _o+yG.CL-5 Combination ML PD ULs
35 ULS 5 yG.SWH+yQ WP _o+yQ W0 BL_o+yQ W0.CL-W Ap AT_o+yG.CL- Combination ML PD ULS
36 ULS 6 yG.SWH+yQ WP _o+yQ.¥W0.BL_o+yQ W0 .CL-5.Ap AT _o+yG.CL-3 Combination ML PD ULs
k1 ULS 70 yG.SWH+yQ WP _o+yQ W0 .PL_o+yQ W0.CL-W Ap AT _o+yG.CL- Combination ML PD uLs
38 ULS 8 yG.SWH+yQ WP _o+yQ.W0.PL_o+yQ W0 .CL-5.Ap AT _o+yG.CL-3 Combination ML PD ULs
39 ULS_9: yG.SW+ yQ WS _o Combination NL PD ULs
40 ULS_10: yG.SW+ yQ WP _o Combination NL PD ULS
LYl ULS_11: yG.SW+ yQBL o Combination NL PD ULS
42 ULS 12: yG.SW+ yQ.CL-WINT Ap, AT w+ yG.CL-WINT.AH_w Combination ML PD uLs
43 ULS 13: yG.SW+ yQ.CL-SUM_Ap AT w+ yG.CL-SUM.AH_w Combination ML PD ULs

Table 6.1 Load combinations defined for nonlinear analysis in FEM models

The maximum deflection values calculated for IGU-Option 3 by geometrically nonlinear

analysis are presented in Figure 6.3.

Dis Omm
Max=1698

- 1698
14.04
.

10.53

U, (mm) 4
Cases: 181025

“Cases 18" SLS 1

Dis Smm
Max=16.36

16.52
- 13.68
1197
1026
855

o 684
. ),

342
L7
0.01

U, (mm)

Cases: 18 (SLS_1: SW+ WS_w+ POBL w+ P0.CL-WINT.ApAT w+ CL-WINT.AH w)

Figure 6.3 Maximum deflection values calculated for IGU-Option 3 by nonlinear analysis

The maximum deflection values calculated for IGU-Option 3 by geometrically nonlinear analysis

are presented in Figure 6.4
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T. GLASS § mm

(hef:0~12,77 mm_STRESS)

“Cases 31t038”": All ULS cases

IT. GLASS 8 mm

hef;6=12,77 mm_STRESS)

21.85 1621
| e
[ [y 11.69

13.53 10.02

11.28 835

9.02 6.68

677 501
. 5 .
| PP 167
., & 0.04

s1, (MPa) k\’ 5 s1, (MPa)
Cases: 311038 X |Cases: 31 (ULS_1: 1G.SW+QW8_o+yQ.¥0O.BL_o+7Q¥0.CL-W.ApAT_o+yG.CL-W.AH o)

“Cases 31": ULS_1

Figure 6.4 Maximum stress values calculated for IGU-Option 3 by nonlinear analysis

In order to interpret the deflection and stress results of linear analysis and geometrically

nonlinear analysis together, the following comparison tables were prepared:

Wmax - Calculated Max. Def. [mm]
IM External Pane Internal Pane
‘- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated With 1,52
mm PVB INTERLAYER*
- GAP: 18 mm with %90 Argon filling
- INTERNAL PANE: 8 mm Tempered Linear Nonlinear Linear Nonlinear
Analysis | Analysis | Analysis | Analysis
Case Load Combination
SLs 1 1.0"Self-Weights + 1.0"Wind Suction_Def. + 0.7*Barrier Load_Def.+
(Case 18); 0.3*Climate Load_Winter_Ap and AT_Def. + 17.63 15.72 20.35 16.35
= |1.0*Climate_Winter_AH_Def.
SLS 2 1.0*Self-Weights + 1.0*"Wind Suction_Def. + 0.7*Barrier Load_Def.+
Case 19): 0.3*Climate Load_Summer_Ap and AT_Def. + 19.34 16.98 15.49 13.25
[Case 19): |y o+Climate_Summer_AH_Def.
SLs 3 1.0*Self-Weights + 1.0*"Wind Suction_Def. + 0.7*Point Load_Def.+
. |0.3*Climate Load_Winter_Ap and AT_Def. + 13.54 12.51 16.23 13.74
|‘ML 1.0*Climate_Winter_AH_Def
SLs 4 1.0"Self-Weights + 1.0"Wind Suction_Def. + 0.7*Point Load_Def.+
| Case 21): 0.3*Climate Load_Summer_Ap and AT_Def. + 15.25 13.89 11.36 10.24
(Case 21): |1 5+Cjimate_Summer_AH_Def.
1.0*Self-Weights + 1.0*Wind Pressure_Def. + 0.7*Barrier
SLS 5 Load_Def.+
|(Case 22): |0.3*Climate Load_Winter_ap and AT_Def. + 12.32 1149 2.50 876
1.0*Climate_Winter_AH_Def.
1.0"Self-Weights + 1.0*Wind Pressure_Def, + 0.7*Barrier
SLS 6 Load_Def.+
|§Case 23): |0.3*Climate Load_Summer_Ap and AT_Def. + 10.61 10.05 14.36 12.44
1.0*Climate_Summer_AH_Def.
sLs 7 1.0*Self-Weights + 1.0*Wind Pressure_Def. + 0.7*Point Load_Def.+
I_C 24): 0.3*Climate Load_Winter_Ap and AT_Def. + 16.43 14.80 13.68 11.95
(Case 24): |4 o+Climate_Winter_AH_Def.
sLs 8 1.0*Self-Weights + 1.0*Wind Pressure_Def. + 0.7*Point Load_Def.+
Case 25): 0.3*Climate Load_Summer_Ap and AT_Def. + 14.75 13.47 18.50 15.20
(Case 25): |1 +cjimate_Summer AH_Def.

Table 6.2 Comparison of deflection results of linear analysis and geometrically

nonlinear FEM analysis
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omax - Calculated Max. Stress [MPa]

'- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated With 1,52
mm PVB INTERLAYER*

- GAP: 18 mm with %90 Argon filling . . ) .
- INTERNAL PANE: 8 mm Tempered Linear Nonlinear Linear Nonlinear

Analysis | Analysis Analysis | Analysis

IGU-Option 3
[GU-Option 3 I External Pane Internal Pane

Case Load Combination

1.1*Self-Weights + 1.1*Wind Suction_Stress + 1.1*0.7*Barrier

%ﬁs 1): Load_Stress+ 1.170.3*Climate Load_Winter_Ap and AT_Stress + 17.18 16.05 13.18 10.74
(Case 31): 1.1*Climate_Winter_AH_Stress

1.1*Self-Weights + 1.1*Wind Suction_Stress + 1.1*0.7*Barrier

. |Load_Stress+ 1.1*0.3*Climate Load_Summer_Ap and AT_Stress + 18.96 17.44 8.65 7.82
(Case 32): 1.1*Climate_Summer_AH_Stress

1.1*Self-Weights + 1.1*Wind Suction_Stress + 1.1*0.7*Point

. . |Load_Stress+ 1.1*0.3*Climate Load_Winter_Ap and AT_Stress + 13.28 12.80 10.71 9.26
(Case 33): 1.1*Climate_Winter_AH_Stress

1.1*Self-Weights + 1.1*Wind Suction_Stress + 1.170.7*Point

ULs 4 .

.. |Load_Stress+ 1.1*0.3*Climate Load_Summer_Ap and AT_Stress + 15.08 14.35 6.13 5.83
(Case 34): 1.1*Climate_Summer_AH_Stress

ULS 5 1.1*Self-Weights + 1.1*Wind Pressure_Stress + 1.1*0.7*Barrier

. Load_Stress+ 1.1*0.3*Climate Load_Winter_Ap and AT_Stress + 12.13 11.79 5.49 5.28

(Case 35): 1.1*Climate_Winter_AH_Stress

1.1*Self-Weights + 1.1*Wind Pressure_Stress + 1.1*0.7*Barrier

ULS 6 .

e am. |LOad_Stress+ 1.1*0.3*Climate Load_Summer_Ap and AT_Stress + 10.33 10.15 10.06 8.82
(Case 36): 1.1*Climate_Summer_AH_Stress

ULS 7 1.1*Self-Weights + 1.1*Wind Pressure_Stress + 1.1*0.7*Point

. .. |LOad_Stress+ 1.1*0.3*Climate Load_Winter_Ap and AT_Stress + 22.16 21.63 . .
(Case 37): 1.1*Climate_Winter_AH_Stress

=
N
=
co
=
=
~J
=

ULS 8 1.1*Self-Weights + 1.1*Wind Pressure_Stress + 0.7*Point

oy |L0ad_Stress+ 0.3'Climate Load_Summer_Ap and AT_Stress + 20.65 20.33 16.05 14.35
(Case 38): 1.1*Climate_Summer_AH_Stress

Table 6.3 Comparison of stress results of linear analysis and geometrically

nonlinear FEM analysis

As noted when discussing the theoretical background of geometric nonlinearity, for glass
panes simply supported on all edges the approach of ‘large displacements’ would become
more significant when the deflection induced by the actions exceeds half of the glass

thickness.

It can be observed from the comparison tables that both maximum deflection and stress
values show a decrease in geometrically nonlinear analysis with respect to linear analysis,
where the values vary in a range depending on the load combinations. These decreases
become more significant in deflection results. In general, the obtained results give
possibility to observe nonlinear behaviour of glass panels under large displacements and

increment of stiffness of glass panels due to the internal membrane effects.
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6.1.2 Geometrically nonlinear plate bending theory calculations

Annex B of EN16612:2019 provides formulae for geometrically nonlinear plate bending

for four edge supported rectangular panes. [6]

Calculation formulae for stress and deflection for large deflections of rectangular panes

supported on all edges are given as follows:

* Maximum tensile bending stress:

2

a’

O mex = 1 —

EF,

ax

(Eq. 6.1)

For laminated glass 4eq; o should be used instead of 4 in Eq. 6.1

* Deflection:

W E (Eq. 6.2)

For laminated glass, heq,w should be used instead of / in Formula Eq. 6.2

*Non-dimensional load:

by |

(Eq. 6.3)

For laminated glass seg,;w should be used instead of /# in Eq 6.3

In this part of additional complementary analyses, geometrically nonlinear plate bending
theory calculations for IGU Option-3 were performed under “Wind Suction” and “Wind

pressure” load cases.

The following wind load values were taken into account, being the same as the values used
in the case study calculation:

-Wind Suction: (-) 1,20 kN/m?

-Wind Pressure: (+) 1,00 kKN/m?
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Load sharing percentages between external and internal panes of IGU Option-3 are

presented in Table 6.4.

Load Sharing
Percantage (%) of d Press -
IGU / or D 0 or D 0

-For DEFLECTION-
Glass Panel |Composition External | Internal | External | Internal | External | Internal
Option No: |(From EXT to INT.) pane pane pane pane pane pane

- EXTERNAL PANE: 8+8 mm Heat-Strengthed,
Laminated With 1,52 mm PVB INTERLAYER*

1
1
1
3 . - 74% 26% | 074 0.26 0.89 0.31
- GAP: 18 mm with %90 Argon filling H
- INTERNAL PANE: 8 mm Tempered H
| Load Sharing
Percantage (%) of IGU d Pressure
/ -
-For STRESS--
Glass Panel |Composition External | Internal | External | Internal | External | Internal
Option No: |(From EXT to INT.) pane pane pane pane pane pane
T
- EXTERNAL PANE: 8+8 mm Heat-Strengthed, !
Laminated With 1,52 mm PVB INTERLAYER* i i
3 . . 80% 20% | 0.80 0.20 | 096 0.24
- GAP: 18 mm with %90 Argon filling ! !
- INTERNAL PANE: 8 mm Tempered ! !

Table 6.4 Load sharing percentages between the panes of IGU-Option 3

Calculation of maximum deflection and stress values according to formulae of nonlinear
plate bending theory for the case of “Acting load: Wind Suction’ are presented in
Table 6.5.

Calculation of maximum deflection and stress values according to formulae of nonlinear
plate bending theory for the case of “Acting load: Wind Pressure” are presented in

Table 6.6.
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hl 8.00 mm  |Glass ply thickness-1

hinterlayer 1.52 mm  |Interlayer thicknes
h2 8.00 mm  [Glass ply thickness-2
hint 8.00 mm [Thickness of internal glass pane
a 2000 mm  |Short span of glass
b 4000 mm  JLong span of glass
A 8000000 mm? [Surface area of the pane (a*b)
A=a/b 0.50 Aspect ratio
v, Poisson 0.23
E 70000.00 N/mm?[Young Medulus of Glass
Interlayer PVB (Trosifol Clear)
w 0.10 Shear Transfer Coefficient
hef,w (Deflection) 11.34 mm
hef,q, j1 (Stress) 12.77 mm
hef,o, j2 (Stress} 12.77 mm
21 0.459 Coefficient used in the approximate calculation of k4
22 2.402 Coefficient used in the approximate calculation of k1
23 18.000 Coefficient used in the approximate calculation of k1
24 1.070 Coefficient used in the approximate calculation of k1

External glass pane (Laminated glass pane)

Fd,e;w 0.00089 N/mm?2|Design value of action [Wind Suction] on external pane of DGU (FOR DEFLECTION})
Fd,e;o 0.00096 N/mm?]Design value of action [Wind Suction] an external pane of DGU (FOR STRESS)
p*;e 3.073 Non-dimensional load (p* is calculated with heg;w)
ka;e 0.1000 [Caefficient for calculation of the maximum deflection
kie 0.557 Coefficient for calculation of the maximum stress
wmax;e 13.94 mm |Maximum deflection on the exteriar pane (pane 1)
Omax;e 13.12 N/mm?|Maximum tensile bending stress on the exterior pane (pane 1)

nternal glass pane

Fd,i;w 0.00031 N/mm?]Design value of action [Wind Suction] on internal pane of DGU (FOR DEFLECTION)
Fd,i;o 0.00024 N/mm?]Design value of action [Wind Suction] on internal pane of DGU (FOR STRESS)
p*;i 4.325 Non-dimensional load (p* is calculated with h_int)
ka;i 0.0925 Coefficient for calculation of the maximum deflection
ki;i 0.524 Coefficient for calculation of the maximum stress
Wmax;i 12.81 mm |Maximum deflection on the interior pane (pane 2}
Omax;i 7.86 N/mm? Maximum tensile bending stress on the interior pane (pane 2)

Table 6.5 Calculation of maximum deflection and stress according to Annex B

of EN 16612:2019 for the load case of “Wind Suction”
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h1 8.00 mm  |Glass ply thickness-1

hinterlayer 1.52 mm  Jinterlayer thicknes
h2 8.00 mm [Glass ply thickness-2
hint 2.00 mm [Thickness of internal glass pane
a 2000 mm  |Short span of glass
b 4000 mm  JLong span of glass
A 2000000 mm? [Surface area of the pane (a*b)
A=a/b 0.50 Aspect ratio
v, Poisson 0.23
E 70000.00 N/mm?*{Young Modulus of Glass
Interlayer PVB (Trosifol Clear)
w 0.10 Shear Transfer Coefficient
hef,w (Deflection} 11.34 mm
hef,o, j1 (Stress) 12.77 mm
hef,o, j2 (Stress) 12.77 mm
z1 0.459 [Coefficient used in the approximate calculation of k4
22 2.402 (Coefficient used in the approximate calculation of k1
23 18.000 [Coefficient used in the approximate calculation of k1
z4 1.070 [Coefficient used in the approximate calculation of k1

External glass pane (Laminated glass pane)

Fd,e;w 0.00074 N/mm?|Design value of action [Wind Pressure] an external pane of DGU (FOR DEFLECTION)
Fd,e;o 0.00080 N/mmz]Design value of action [Wind Pressure] on external pane of DGU (FOR STRESS)
p*;e 2.555 Nan-dimensianal load (p* is calculated with heq;w)
ka;e 0.1033 [Coefficient for calculation of the maximum deflection
k1e 0.569 Coefficient for calculation of the maximum stress
Wmax;e 11.98 mm [Maximum deflection on the exterior pane (pane 1)
Omax;e 1117 N/mm2[Maximum tensile bending stress on the exterior pane (pane 1)

nternal glass pane

Fd,i;w 0.00026 N/mmzDesign value of action [Wind Pressure] on internal pane of DGU (FOR DEFLECTION)
Fd,i;o 0.00020 N/mm2]Design value of action [Wind Pressure] on internal pane of DGU (FOR STRESS)
p*;i 3.627 Non-dimensional load {p* is calculated with h_int)
ka;i 0.0966 Coefficient for calculation of the maximum deflection
ki;i 0.543 Coefficient for calculation of the maximum stress
Wmax;i 11.21 mm  [Maximum deflection on the interior pane (pane 2}
Omax;i 6.78 N/mm32|Maximum tensile bending stress on the interior pane (pane 2)

Table 6.6 Calculation of maximum deflection and stress according to Annex B

of EN 16612:2019 for the load case of “Wind Pressure”
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The comparison of deflection and stress results of linear analysis and geometrically

nonlinear analyses are given in Table 6.7 and Table 6.8.

Wmax - Calculated Max. Def. [mm]

IGU-Option 3
'- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated With

External Pane

Internal Pane

1,52 mm PVB INTERLAYER*

- GAP: 18 mm with %90 Argon filling ) . ; )

- INTERNAL PANE: 8 mm Tempered Linear Nonlinear |EN 16612:2019 Linear Nonlinear | EN 16612:2019
FEM Analysis | FEM Analysis Annex B FEM Analysis| FEM Analysis Annex B

Load Case

Wind Suction (Load Case:2) 16.07 14.57 13.94 15.95 13.58 12.81

Wind Pressure {Load Case:3) 13.37 12.42 11.98 13.30 11.79 11.21

Table 6.7 Comparison of deflection results of linear analysis and

geometrically nonlinear analyses

Omax - Calculated Max. Stress [MPa]

IGU-Option 3
- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated With

External Pane

Internal Pane

1,52 mm PVB INTERLAYER*

- GAP: 18 mm with %90 Argon filling . i . i

- INTERNAL PANE: 8 mm Tempered Linear Nonlinear | EN 16612:2019 Linear Nonlinear | EN 16612:2019
EEM Analysis | EEM Analysis Annex B EEM Analysis | FEEM Analysis Annex B

Load Case

Wind Suction (Load Case:4) 14.23 13.55 13.12 9.06 8.07 2.86

Wind Pressure (Load Case:5) 11.86 11.47 11.17 7.55 6.93 6.78

Table 6.8 Comparison of stress results of linear analysis and

geometrically nonlinear analyses

It is observed from the results that maximum deflection and stress values calculated with

the formulae provided by Annex B of EN 16612:2019 for the case of “large deflections”

are significantly close to maximum deflection and stress values calculated by geometrically

nonlinear FEM analyses.

119



6.2 Linear FEM analysis of IGUs in structural models with aluminium

profiles

In this section of the complementary analyses, linear FEM analyses of IGUs were
performed in structural models by introducing aluminium mullion and transom frame

profiles into models.

In the structural models prepared within the scope of main case study linear FEM analyses,
the boundary conditions for IGU options were defined by assigning appropriate supports
directly on the glass panel edges due to hypothesized edge fixing conditions. On the other
hand, in general practical applications where IGUs are used as infill panels of standard
curtain wall systems, the edge supports of glass infill panels can also be ensured by the

help of aluminium frame elements.

In this part of calculations, “IGU-Option 1”’-two edge supported double glazed insulating
glass unit and “IGU-Option 3 "-four edge supported double glazed insulating glass unit
options of the main case study were analyses by introducing standard aluminium mullion

and transom profiles into models.

It is expected that for glass infill panels the absolute deformations would change according
to the cross-sectional properties and rigidity of the aluminium profiles, while the relative
deformations would not change in a significant way. By performing these additional
calculations, it was aimed to observe contribution of chosen aluminium profiles to the

verification results of glass panels.

The structural FEM models of related IGU options are presented in Figure 6.5 and Figure
6.6.
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— “IGU Option 1" with aluminium profiles / Model for DEFORMATION Check: — “IGU Option 1" with aluminium profiles / Model for STRESS check:

INT. GLASS 8 mm

th PVB (hef;0=12,77 mm_STRESS)

= EXT. GLASS_88.4 with PVB (hef,w=11,34 mm_DEF.) — EXT. GLASS_88.4 with PVB (hef;0=12,77 mm_STRESS)

— INT.GLASS 8 mm —— INT. GLASS_§ mm
~——— CONNECTION BARS ——— CONNECTION BARS
— % Mullion_60x209 —— ¥ Mullion_60x209

 Cases: | (SELF-WEIGHTS [SW])

Figure 6.5 Structural models of IGU Option-1 with aluminium profiles

|- “IGU Option 3" with aluminium profiles / Model for DEFORMATION check: — “IGU Option 3" with aluminium profiles / FEM model for STRESS check:

. GLASS_$ mm

(hef,w=11,34 mm_DEF.)

——— EXT. GLASS 88.4 with PVB (hef:w=11,34 mm DEF.) —— EXT. GLASS 884 with PVB (he£o=12.77 mm STRESS)
—— INT.GLASS_§ mm E

CONNECTION BARS
% Mullion_60x209
— %Trans. 60x193

¥
Cases: | (SELF-WEIGHTS [SW]) Ex Cases: 1 (SELF-WEIGHTS [SW])|

Figure 6.6 Structural models of IGU Option-3 with aluminium profiles
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Section properties of considered aluminium mullion and transom profiles modelled in FEM

software are presented in Figure 6.7 and Figure 6.8.

By referring to standard curtain wall concept, it is assumed that the half of the mullion and
transom profiles would structurally function on the edges of glass panels. Therefore, half

profile sections were introduced in structural models.

Section properties of aluminium profiles™:

v Mullion profile—CW 60x209

sbo T oo ¢ sdo

100.0 Bar no.: 41 Section: CW 60x209x3
) Dimensions:
HY (m) | HZ (m)

""" o o 0.06 0.23

T
1000

Section properties:
AX (cm2) | 1X (cma) | 1Y (cm4)
17.93]  299.08| 1008.04

[Section... CW 60x209x3] [2
[Material ALUMINUM-6060
E 70000.00
NI 0.30
G 27000.00( (MPa)
Re 150.00( (MPa)
RO 26.48 | (kN/m3)

500

1Z (cmd)
112.01

(MPa)

.‘.,
500 0 000

-1000 ©

500 00: i 00 i 190

i

*Reference profile sections: Reynaers Concept Wall® 60 curtain wall system

= 1 Mullion profile >CW 60x209

500 00,

Geometry Properties NTM  Displacements Code check

Bar no.: 41 Section: va

Dimensions:
HY (mm) | HZ (mm)

s - R . . R 3264 226.32
=)

Section properties:

| AX (em2) | 1X (cmd) | 1Y (cm4) | 1Z (cm4) |
| 8.97] 0.38]  504.10] 7.26)
I

50.0.

% Mullion_60x209 (2]
ALUMINUM-6060-TG6]

Section... |
Material |

©:50.0 © 1 00°

O T e T T

E

7000000 (MPa)

NI

0.30

G

2700000, (MPa)

Re

150.00) (MPa)

RO

2648 (kN/m3)

Figure 6.7 Section properties of aluminium mullion profiles
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=  Transom profile—CW 60x193

~170.07-100.07 560 7 -880  .70.0 T 600 ' -50.0 4.0 T 30,0 ' 200 11007 00 © 19.0 * 20.0 * 300 * 43.0 * 300 © 60.0 ' 70.0 ' §3.0 ' 990 ' 1060 1100
# R = 8
& e s
le B 5.
= ) :L; . =}
te b =
fraSsssy .
= f g
s ' S o i o
% AU AR AT AR T T UL AU UL AN AN NN AN ] 2

--110.0,-1000; -90.0 ; -800 ; -70.0 ; 600 , -59.0 ; 4.0, -30.0 , 200, -1p0; Q0 ; 100, 290 ; 300 ; 440 ; 5.0, 60.0 ; 700, 840 ; 900 , 1000, 1100,

Bar no.: 39 Section: CW 60x193x2.8
Dimensions: i__l
HY (mm) | HZ (mm)
%001 LJ

Section properties:
AX (em2) | 1X (cm4) | IY (ema) | 1Z (cmd)
1341] 23825 62653 89.10

Section... CW 60x193x2.8|

Material ALUMINUM-6060-T66
E 70000.00|  (MPa)
NI 0.30
G 27000.00|  (MPa)
Re 150.00| (MPa)
RO 26.48 (kN/m3)

4 Transom profile—=CW 60x193

-1bo~ 00 " 1d0 " 2do " 300 400 " 500 600 - 700 - 80.0 - 0.0 ~100.0 11607 12007 13607 14b.o "150.0 "16b.0 " 170.0 "18b.0 " 19b.0 2000 " 2100

,.
500

T
[

300 400

T
00g

20,0
00T

T
10.0
001

b=
I

T
0.0

o0

T
-10.0

001-

¥

4100, 00 | 100 | 200 ; 3g0 . 440 , 500 , 60.0 ; 7.0 ; §q.0 ; 90.0 , 100.0  110.0, 120.0,; 13p.0, 14p.0, 1500, 160.0, 170.0, 18p.0 ; 19).0 ; 200.0 , 210.0,

Geometry Properties NTM  Displacements Code check

Bar no.: 39 Section: YaTrans._60x193
Dimensions:
HY (mm) | HZ (mm)

314 20489

Section properties:

AX (em2) | X (emd) | IY (emd) | 1Z (cmd) |

6.70] 0.18]  313.44] 458
|Section.... Y4Trans._60x193 3
[Material ALUMINUM-6060-T66

E 70000.00| (MPa)
NI 030

G 2700000 (MPa)
Re 150.00|  (MPa)
RO 26.48] (kUm3)

Figure 6.8 Section properties of aluminium transom profiles

The maximum deflection values obtained for IGU Option-1 in structural model

with aluminium profiles are presented in Figure 6.9
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k.

=~/

e

;g; 12.07
£ 2833 B
¥ % -
& }) 7 144s
2 3108
: 2
: %% 2250
‘ =
7z CONNECTION BARS
72 v Mullion_60x209
72 1456 | Dis Omm
i 2 ﬂ Max=36.28
3 Z 36.64
»’»‘/ 20.96 I )
2 26.48
22.70
18.92
| 1513
= 1135
757
= 378
00
U, (mm)

es: 18 (SLS_1: SW+ WS w+ W0.BL w+W0.CL-WINT.ApAT w+ CL-WINT.AH w)
i

z

Y
:SLS!(&W

0.94

0.94

7.77

1201 |

4.73

[ % Mullion_60x209
Dis Omm
Max=12.01

[WS_w+ W0.BL_w+ ¥0.CL-WINT.Ap, AT w+ CL-WINT.AH w)

Figure 6.9 Max. deflection obtained for IGU-Option 1

Relative displacement values for glass panes were estimated by subtracting the displacement

value of aluminium profile from the absolute displacement value as shown below:

Relative displacement for exterior glass pane— 33,56 - 12,01 = 21,55 mm

Relative displacement for interior glass pane— 36,28 - 12,01 = 24,27 mm

The deflection values calculated for IGU Option-1 by linear FEM analysis in case study

calculations are shown in Figure 6.10.

-Calculated maximum deflection — IGU Option 1 (without aluminium profiles)|

k

Cases: 18 (SLS_1: SW+ WS_w+ P0.BL_w+ F0.CL-WINT.Ap.AT w+ CL-WINT.AH_w)

“Cases 18": SLS 1

CONNECTION BARS

Dis Omm
Max=26.61
26.85
22.15
19.38
16.61
13.84
" j1.08
1 331
5.54
2.TT
0.01
U, (mm)

Figure 6.10 Max. deflection values obtained for IGU-Option 1 in case study calculations

The maximum deflection values obtained for IGU Option-3 in structural model

with aluminium profiles are presented in Figure 6.11.
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0.12

0.75

CONNECTION BARS
—— % Mullion 60x209
— YTrans. 60x193
Dis Omm
Max=25.80 j

2605
o s
L_Ten
1615
1346
1076
8.07
I 555 |
2.69

Y4 Mullion_60x209
¥ Trans._60x193
Dis 0mm

[ |
. Max=6.01
, (mm) X
WS w+P0BL w+'P0.CL-WINT.Ap,AT w+ CL-WINT.AH w) Cases: L$_1: SW+ WS_w+ ¥0.BL_w+ ¥0.CL-WINT.Ap AT_w+ CL-WINT.AH_w)

Figure 6.11 Max. deflection values obtained for IGU-Option 3

Relative displacement values for glass panes were estimated by subtracting the displacement

value of aluminium profile from the absolute displacement value as shown below:

Relative displacement for exterior glass pane— 23,08 — 6,01 = 17,07 mm

Relative displacement for interior glass pane— 25,80 — 6,01 = 19,79 mm

The maximum deflection values calculated for IGU Option-3 by linear FEM analysis in

case study calculations are shown in Figure 6.12.

-Calculated maximum deflection — IGU Option 3 (without aluminium profiles):

Dis Smm
Max=20.35

20.35
16.85
- 14.74
12.64
10.53
8.42
632
421
211
0.01
U, (mm)
Cases: 18 (SLS_1: SW+ WS_w+ ¥0.BL_w+ %0.CL-WINT.Ap, AT w+ CL-WINT.AH_w)

“Cases 18”: SLS 1

&

Figure 6.12 Max. deflection values obtained for IGU-Option 3 in case study calculations

When the structural models in which aluminium profiles are included and the structural
glass models used in the main case analyses are compared, it is observed that for the glass

panes the relative deformations were not changed significantly.
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6.3 Linear FEM analysis of IGUs only under internal loads

As highlighted in previous relevant chapters, the effects arising from the presence of the

gas within the cavity should be considered in the structural calculations.

In calculations performed within the scope of case study analyses section, internal loads
given by the isochore pressures due to the cavity pressure variations of altitude,
temperature and barometric pressure were determined by referring to standard IGU
production and installation conditions. Subsequently, the internal loads were combined

with other external loads in terms of selected SLS and ULS load combinations.

However, in this section of complementary analyses, it is aimed to obtain the deflection
and stress values that can occur under the effects of climatic loads in insulating glass units,
and in this way to focus more clearly on the effects of internal actions in IGUs. “IGU-
Option 3” of main case study calculations was taken as a reference in the linear FEM

analyses of this chapter made for this purpose.

The equivalent thickness values of laminated glass panes were calculated by referring to
stiffness families and w-shear transfer coefficients of these products, in accordance with

the appropriate loading time and temperature conditions.

By referring to o shear transfer coefficients provided for “Climatic loads-IGU summer”
and “Climatic loads-IGU winter” load cases, the equivalent thickness values of laminated

glass panes of IGU Option-3 were calculated. The results are presented in Table 6.9.

CLIMATIC LOADS - IGU SUMMER CLIMATIC LOADS - IGU WINTER
Laminated Glass Laminated Glass
Equivalent Thicknesses Equivalent Thicknesses
{according EN 16612) {according EN 16612)

Eff.Thick. for |Eff.Thick. for
DEFLECTION STRESS
{mm} {mm)

Eff.Thick. for |Eff.Thick. for
DEFLECTION STRESS
(mm) {mmy}

Y GLASS COMPOSITION w {shear
RES transf.coeff.):

- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated
With 1,52 mm PVB INTERLAYER*

3 i . 0.00 10.08 11.31 0.10 11,34 12.77
- GAP: 18 mm with %90 Argon filling

- INTERNAL PANE: 8 mm Tempered

Table 6.9 Equivalent thickness values of laminated glass of IGU-Option 3 for the
load cases of “IGU-Summer” and “IGU-Winter”
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Shear transfer coefficients (w) and stiffness families of reference PVB interlayer product
under “Climatic loads-IGU summer” and “Climatic loads-IGU winter” load cases are given

in Table 6.10.

Load case Load Max. Trosifol® Trosifol® Clear/
according to duration temperature Extra Stiff UltraClear

EN16612:2019
[ECIIER] w Stiffness w Stiffness

family family
IClimatic loads - 6 hours 40 104 0.1 2
IGU summer
IClimatic loads - 12 hours 20 68 0.1 1 0.1 1
IGU winter
Permanent 50 years 60 140 0 og1&z 0 0O&1&2

Table 6.10 Shear transfer coefficients () and stiffness families of “Trosifol

Clear” interlayer for the load cases of “IGU-Summer” and “IGU-Winter” [16]

As in the main case study calculations, the isochore pressures were determined by referring
to standard IGU production and installation conditions given in DIN 18008.
Calculations of isochore pressure values for “IGU-Summer” and “IGU-Winter” case

conditions are presented in Table 6.11.

SUMMER

Local height difference (H-Hp) 600|m

Ch 0.012|kPa/m |EN 16612:2019 C.1.4.2
Isochore pressure generated by difference of altitude - Ph;0 7.2|kPa

Temperature Difference (Tc-Tp) 20(Kelvin

Difference of meteorological and atmospheric pressure (Pa-Pp) -2(kPa

Ct 0.340|kPa/K |EN 16612:2019 C.1.4.2
Isochore pressure generated by difference of temperature

and/or air pressure - Pc;0 8.8\ kPa

Isochore pressure - Po = Ph;0 +Pc;0 16.00|kPa

WINTER

Local height difference (H-Hp) -300|m

Ch 0.012|kPa/m |EN 16612:2019 C.1.4.2
Isochore pressure generated by difference of altitude - Ph;0 -3.6 | kPa

Temperature Difference (Tc-Tp) -25 |Kelvin

Dif. Of meteorological and atmospheric press. (Pa-Pp) 4(kPa

Ct 0.340|kPa/K |EN 16612:2019 C.1.4.2
Isochore pressure generated by difference of temperature

and/or air pressure - Pc;0 -12.50 |kPa

Isochore pressure - Po = Ph;0 +Pc;0 -16.10|kPa

Table 6.11 Isochore pressure values for ‘IGU-Summer’ and ‘IGU-Winter’ conditions
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Calculation of internal loads applied to the external and internal panes of “IGU Option-3”

are presented in Table 6.12 and Table 6.13.

For Deflection Check

-Climatic Loads-I1GU Summer-

h1 Exterior 10.08 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 8.00 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness z1 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 541.36
. K
51 067 | AT
h
=t =1-4,
82 033 | i
1
P=r———
Yy 0.00534 | 1+(a/a*)
Load carried by pane 1 | Load carried by pane 2
-.p0 @.p0
p0-isochore pressure [kPa]_ 790
Climate Load_Summer_AH ) -0.04 0.04
¢-insulating unit factor 0.00534
Load carried by pane 1 Load carried by pane 2
-@.p0 @.p0
pO-isochore pressure [kPa]_ 880
Climate Load_Summer_Ap and AT ' -0.05 0.05
$-insulating unit factor 0.00534
For Stress Check
-Climatic Loads-IGU Summer-
h1l Exterior 11.31 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 8.00 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness z1 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 555.40
h13
8 =— :
51 074 | R
Rk s
52 026 | T i
—_ ] )
¢ 0.00591 | 1+(a/a*)’
Load carried by pane 1 | Load carried by pane 2
-¢.p0 @-p0
pO-isochore pressure [kPa]_ 220
Climate Load_Summer_AH ' -0.04 0.04
¢-insulating unit factor 0.00591
Load carried by pane 1 | Load carried by pane 2
-.p0 @.p0
pO-isochore pressure [kPa]_ 2.80
Climate Load_Summer_Ap and AT ' -0.05 0.05
¢-insulating unit factor 0.00591

Table 6.12 Internal loads applied to panes for deflection and stress verifications

of IGU Option-3 for “IGU-Summer” case
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For Deflection Check
-Climatic Loads-IGU Winter-
h1 Exterior 11.34 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 8.00 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness z1 0.46
a 2000.00 mm Short span of the glass k5 0.0499
4000.00 mm Long span of the glass a* 555.69
I’y
8 = ——
51 074 | AT
h;
52 026 | %7 Y =1-4
1
@= o
b 0.00592 | 1+ (a/a*)
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.p0
pO-isochore pressure [kPa]_ 2.60
Climate Load_Winter_AH ' 0.02 -0.02
¢-insulating unit factor 0.00592
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.p0
pO-isochore pressure [kPa]_ 12.50
Climate Load_Winter_ap and AT ' 0.07 -0.07
¢-insulating unit factor 0.00592
For Stress Check
-Climatic Loads-IGU Winter-
h1 Exterior 12.77 mm Glass thickness 1- Exterior A=a/b 0.50
h2 Interior 8.00 mm Glass thickness 2- Interior v, Poisson  0.23
s 18.00 mm Gap thickness z1 0.46
a 2000.00 mm Short span of the glass k5 0.0499
b 4000.00 mm Long span of the glass a* 567.07
' 3
(5 —_— }ll
81 0.80 | 17 hla e
I
020 | %Tpipl
62 . i +1;,2
=
& 0.00642 | 1+(ala*)
Load carried by pane 1 | Load carried by pane 2
-.p0 @.p0
pO-isochore pressure [kPa]_ 3.60
Climate Load_Winter_AH ' 0.02 -0.02
d-insulating unit factor 0.00642
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.p0
p0-isochore pressure [kPa]_ 12,50
Climate Load_Winter_Ap and AT ' 0.08 -0.08
¢-insulating unit factor 0.00642

Table 6.13 Internal loads applied to panes for deflection and stress verifications

of IGU Option-3 for “IGU-Winter” case

129



Load cases defined in structural models for internal loads (climatic loads) are listed in

Table 6.14.

Case ..

No: Load Case Name Description
10 CLIMATIC-WINTER Ap,AT w [CL-WINT. Ap,AT_w] CLIMATIC-WINTER Ap,AT (For Deformation Check)
11 CLIMATIC-WINTER AH_w [CL-WINT. AH_w] CLIMATIC-WINTER AH (For Deformation Check)
12 CLIMATIC-SUMMER Ap,AT_w [CL-SUM. Ap,AT_w] CLIMATIC-SUMMIER Ap,AT (For Deformation Check)
13 CLIMATIC-SUMMER AH_w [CL-SUM. AH_w/] CLIMATIC-SUMMER AH (For Deformation Check)
14 CLIMATIC-WINTER Ap,AT o [CL-WINT. Ap,AT o] CLIMATIC-WINTER Ap,AT (For Stress Check)
15 CLIMATIC-WINTER AH_o [CL-WINT. AH_o] CLIMATIC-WINTER AH (For Stress Check)
16 CLIMATIC-SUMMER Ap,AT o [CL-SUM. Ap,AT o] CLIMATIC-SUMMER Ap,AT (For Stress Check)
17 CLIMATIC-SUMMER AH_o [CL-SUM. AH_ o] CLIMATIC-SUMMER AH (For Stress Check)

Table 6.14 Load cases defined for verifications under internal loads

The application of climatic loads in the structural models are presented in Figure 6.13 and

Figure 6.14.

— EXT. GLASS_88 .4 with PVB (hef;w=11,34 mm DEF.)
— INT. GLASS 8 mm

kPa
Cases: 10 (CLIMATIC-WINTER Ap AT w [CL-WINT. Ap AT w])

— EXT. GLASS 88.4 with PVB (hef;w=11,34 mm DEF.)
= INT. GLASS 8 mm

kPa
Cases: 11 (CLIMATIC-WINTER AH_w [CL-WINT. AH_w])

&

T, GLASS 8 mm

h PVB (hefio=12,77 mm_STRESS)

EXT. GLASS_88.4 with PVB (hef;6=12,77 mm_STRESS)
— INT. GLASS 8 mm

kPa
Cases: 14 (CLIMATIC-WINTER Ap AT o [CL-WINT. Ap,AT o])

(hef;6=12,77 mm_STRESS)

¥ EXT. GLASS_88.4 with PVB (hef:o~12,77 mm_STRESS)
——— INT. GLASS 8 mm

h'd
kPa
Qx Cases: 15 (CLIMATIC-WINTER AH._o [CL-WINT. AH_o])

Figure 6.13 Application of “Climatic Loads-Winter” in structural model of IGU Option-3
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 INT. GLASS § mm

(VB (hef:w=10,08 mm DEF.)

INT. GLASS 8 mm

PVB (hef;w=10,08 mm DEF.)

|||||

kPa

B (hefio=11,31 mm STRESS)

—— EXT. GLASS 88.4 with PVB (hef;o=11,31 mm STRESS)

— INT. GLASS_8 mm
i 5 g

Cases: 16 (CLIMATIC-SUMMER Ap.AT o [CL-SUM. ApAT a])

%, INT. GLASS 8 mm

s (hef:o—11,31 mm_STRESS)

— EXT. GLASS_88.4 with PVB (hef.o=11,31 mm_STRESS)
— INT. GLASS 8 mm

kPa
Cases: 17 (CLIMATIC-SUMMER AH o [CL-SUM. AH_a])

Figure 6.14 Application of “Climatic Loads-Summer” in structural model of IGU Option-3

Considered load combinations are presented in Table 6.15. In accordance with the design

rules mentioned in EN 16612:2019, “altitude loads” were considered as “permanent loads”

while “cavity pressure variations” were considered as “variable loads”.

SLS LOAD COMEINATIONS

SLS 12:

1.0*Self-Weights + 1.0*Climate_Winter_Ap and AT
+ 1.0*Climate_Winter_AH

SLS 13:

1.0*Self-Weights + 1.0*Climate_Summer_Ap and AT
+ 1.0*Climate_Summer_AH

ULS LOAD COMBINATIONS

ULS 12:

1.1*Self-Weights + 1.1*Climate_Winter_Ap and AT
+ 1.1*Climate_Winter_AH

ULS 13:

1.1*Self-Weights + 1.1*Climate_Summer_Ap and AT
+ 1.1*Climate_Summer_AH

Table 6.15 SLS and ULS load combinations defined for verifications under effects

of internal loads
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The calculated maximum deflection values are presented in Figure 6.15 and Table 6.16

INT. GLASS_8 mm

B (hef;w=11.34 mm_DEF.)

4.68

I
.
2389

241

| 193

I 1.45
= 0.96
048

0.01

EXT. GL.
0.
0.
U, (mm)

; -
k Cases: 29 (SLS 12: SW+W0.CL-WINT.Ap AT w+ CL-WINT.AH w)
SLS_12: 1.0*Self-Weights + 1.0*Climate_Winter_Ap and AT
+ 1.0*Climate_Winter AH

Dis 0.5mm
Max=4.63

4.68
3.86
338
2.89
241
: 1.93
145
. (o
048
0.01
U, (mm)
Cases: 20 (SLS_12: SW+ '¥0.CL-WINT.Ap AT_w+ CL-WINT.AH_w)

SLS_12: 1.0*Self-Weights + 1.0*Climate_Winter_Ap and AT
+ 1.0*Climate_Winter AH

_INT. GLASS_§ mm

(hef;w=10,08 mm DEF.)

4.68

= 3.86

338

2.89

241

1.93

145

= 0.96

0.48

0.01

U, (mm)
Cases: 30 (SLS_13: SW+ 'W0.CL-SUM.Ap AT_w+ CL-SUM.AH_w)

SLS 13: 1.0*Self-Weights + 1.0*Climate_Summer_Ap and AT
+1 O*Cllmate_Summer_AH

v

Dis 0.5mm
Max=4.63

4.68
. g
338
2.89
241
- 1.93
1.45
- 0.96
0.48
0.01
v U, (mm)
Cases: 30 (SLS_13: SW+ ¥0.CL-SUM.Ap,AT_w+ CL-SUM.AH_w)

SLS_13: 1.0*Self-Weights + 1.0*Climate_Summer_Ap and AT
+ 1.0*Climate_Summer_AH

Figure 6.15 The maximum deflection values calculated under internal loads by linear

FEM analysis

IGU-Option 3

INTERLAYER*
- GAP: 18 mm with %90 Argon filling
- INTERNAL PANE: 8 mm Tempered

'- EXTERNAL PANE: 8+8 mm Heat-Strengthed, Laminated With 1,52 mm PVB

Wmax - Calculated Max. Def.
[mm]

External Pane§ Internal Pane

Load Combination

SIS 12: 1.0*Self-Weights + 1.0*Climate_Winter_Ap and AT 163 <463
== |+ 1.0*Climate_Winter_AH ' '
1.0*Self-Weights + 1.0*Climate_Summer_Ap and AT
LS 13: - - 2.31 4.
S8 13: + 1.0*Climate_Summer_AH €23 >463

Table 6.16 The maximum deflection values calculated under internal loads

The calculated maximum stress values are presented in Figure 6.16.
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. GLASS 8 mm
143
.02
.4 With[PVB (hef;o=12,77 mm_STRESS)
0,
4.60
= 432
- B
235 ),
= 268
238 223
i
A . 55 ] é;;
- 048 | 045
Zz - 0.01 z - 001
k\; s1, (MPa) t(‘; s1, (MPa)
Cases: 42 (ULS 12: yG.SW+ yQ.CL-WINT.Ap AT w+ yG.CL-WINT.AH w) Cases: 43 (ULS 13: yG.SW+ yQ.CL-SUM.Ap AT w+yG.CL-SUM.AH w)
ULS_12: 1.1*Self-Weights + 1.1*Climate_Winter_Ap and AT ULS_13: 1.1*Self-Weights + 1.1*Climate_Summer_Ap and AT
+1.1*Climate_Winter AH + 1.1*Climate_Summer_AH

Figure 6.16 The max.stress values calculated under internal loads by linear FEM analysis

Design bending strength for heat-strengthened and tempered glass panes were calculated
by referring to appropriate values of “load duration factors-kmod”.

Calculation Of Design Value Of Bending Strength (fg;d) For Heat-Strengthed Glass Pane

. "Action: Cavity pressure variations; Load duration 8h
= |Factor for duration of load 058 | hetween 6h and 12h)"; EN 16612:2018-Table 5
Iksp IFactor for the glass surfacae profile 1.00 "As produced"; EN 16612:2019-Table 4
yM;A IMater'\aI partial factor for annealed glass 1.80 EN 16612:2019-Table 1
YM;V IMater'\aI partial factor for prestressed glass 120 EN 16612:2019-Table 1
ke |Edge strength factor 1.00 "Float or sheet glass", "Polished edges"; EN 16612:2019-Table A.5
kv IFactor for strengthening of prestressed glass 1.00 "Horizontal toughening”; EN 16612:2019-Table 7
begik (vipa) Characteristic value of the bending strength of annealed 45.00 lens72-1
glass
fb;k (Mpa) Characteristic value of the bending strength of 70.00 |"Float glass, Heat-Strengthened"; EN 16612:2019-Table 6
prestressed glass
If .d (Mpa |5125;iegrr;a\:a\ue of bending strength for prestressed glass 35.33 g ﬁAM EN 16612: 2019; Part 8.2
fg;d (Mpa) == Vaca Vs

Table 6.17 Design value of bending strength for heat-strengthened glass (with kmod=0.58)

Calculation Of Design Value Of Bending Strength (fg;d} For Tempered Glass Pane

) "Action: Cavity pressure variations; Load duration 8h
k mod Factor for durat f load 0.58
mo actortorduration ot foa (between 6h and 12h)"; EN 16612:2019-Table 5
ksp Factor for the glass surfacae profile 1.00 "As produced"; EN 16612:2019-Table 4
YM;A IMater'\al partial factor for annealed glass 1.80 EN 16612:2019-Table 1
yMV IMater'\aI partial factor for prestressed glass 1.20 EN 16612:2019-Table 1
ke Edge strength factor 1.00 "Fleat or sheet glass", "Polished edges"; EN 16612:2019-Table A.5
kv Factor for strengthening of prestressed glass 1.00 "Horizontal toughening"; EN 16612:2019-Table 7
kesk (vpa) Characteristic value of the bending strength of annealed 45.00 Glass in building - Basic soda lime silicate glass products - Part 2:
Elass Float glass
Ch teristi | f the bendi t th of
fb;k (Mpa) aracteristic value ol the bencing strength o 120.00 ["Float glass, Heat-Strengthened"; EN 16612:2019-Table 6
prestressed glass
If T ﬂeastisrr:av"a\ue of bending strength for prestressed glass o Fomsf MJr M EN 16612: 2019; Part 8.2
fa:d (Mpa) i Yara Yara

Table 6.18 Design value of bending strength for tempered glass (with kmod=1)
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7

CONCLUSIONS

This thesis study is mainly focused on structural design of insulating glass units (IGUs)
with laminated glass panes used as infill panel elements, by referring to the calculation
methods provided by European technical norm EN 16612:2019. More specifically, the
study aimed to investigate the equivalent thickness approach for laminated glass, the load

sharing and the effects of internal actions in insulating glass units.

Within the scope of main case study analyses, a wide range of double glazed insulating
glass unit (DGU) and triple glazed insulating glass unit (TGU) options with different glass
configurations and different edge support conditions were analysed by performing linear

FEM analyses.

EN16612:2019 gives general methods for determining the lateral load resistance of linearly
supported glass elements used as infill panels in terms of limit state design principles. It
covers the glass infill panels that corresponds a lower class of consequence with respect to
other classes covered by EN 1990 and it provides adequate partial factors to be used in
limit state design of infill glass elements. It is important to assign the correct partial factors
in the structural design of glass components to prevent possible overestimations for stress

and deflection values.

The maximum deflection values obtained in FEM analyses under SLS combinations were
checked with the design values of deflection. At this point, the limitation rules given by EN
16612:2019 were taken into account. The maximum bending stresses obtained under ULS
combinations were checked with the design values of bending strength. At this point, the
design bending strength for heat-strengthened and tempered glass were calculated by using
the appropriate values of “load duration factors-kmod” given by the technical standard.
Regarding limit state verifications, it was observed that for the considered IGU options the
critical conditions largely occurred in terms of deflection verifications under SLS
combinations. In the FEM analyses performed for the horizontally positioned IGUs, it was

also noted that deflection results can reach significant values even under only self-weight.
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For the laminated glass panes, the case study aimed to examine the shear transfer
contributions of PVB and Ionoplast interlayers to the equivalent thicknesses of laminated
glass panes in terms of simplified method of EN 16612:2019. In this framework,
deflection-effective and stress-effective equivalent thickness values of laminated glass
panes were calculated by the help of provided formulae using the w-shear transfer

coefficients of the interlayers that depend on the stiffness families.

“w-shear transfer coefficients” and “stiffness families” were taken from the technical data
of the interlayer material, where the values already evaluated from Young’s modulus of
interlayers for different loading conditions according to the relevant test methods. It was
again noted that shear modulus of interlayers can noticeably change at different load

duration and temperature.

It was also observed from case study calculations that Ionoplast interlayers have stronger
contribution to the equivalent thickness and the structural performance of laminated glass

panes with respect to the PVB interlayers, as expected.

Regarding the insulating glass units, the study also focused on the effects arising from the
presence of the gas within the cavity of insulating glass units. Partition of externally
applied loads between the panes (load sharing) and the effects of gas cavity temperature,
pressure and altitude changes (internal loads/climate load) on the insulating glass units
were deeply analysed with numerical calculations and FEM analysis.

The case study calculations pointed out that presence of the gas within the cavity of IGUs

significantly effects the load partitions on the glass panes.

As a part of calculations related to IGUs, internal loads given by the isochore pressures due
to the cavity pressure variations of altitude, temperature and barometric pressure were
calculated by referring to standard IGU production and installation conditions. In main
case study analyses, the so-called climatic loads were combined with other actions.
Additionally, within the scope of additional complementary analyses, linear FEM analysis
performed for an IGU option by only considering the internal loads. In this manner, the
results pointed out that the contribution of internal loads to the total deflection and stress
values would be generally lower with respect to main variable loads as wind loads, snow
loads, but in general conditions they are not negligible and they should be taken into

account correctly.
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In addition to linear FEM analyses carried out within the scope of main case study,
geometrically nonlinear calculations were also performed as a part additional
complementary analyses. In this context, geometrically nonlinear FEM analyses were
performed for structural glass models to observe nonlinear behaviour of glass panels under
large displacements and increment of stiffness of glass due to the internal membrane
effects. Subsequently, geometrically nonlinear plate bending theory calculations were

performed by referring to formulae given in Annex B of EN16612:2019.

When comparing the results performed for the same IGU option, it was noted that
maximum deflection and stress values decreased in geometrically nonlinear analyses with
respect to linear FEM analysis. The results pointed out the effects of nonlinear behaviour

of glass panels under large displacements.

In connection with the analyses performed within the scope of this study and the results

obtained, the following studies can be also carried out in the future:

- Regarding the ‘equivalent thickness’ of laminated glass, other relevant calculation
methods found in the literature can be examined. (as Wolfel-Bennison model, Enhanced

Effective Thickness method)

- The effects arising from the presence of the gas within the cavity of insulating glass unit
and the cavity pressure variations and altitude loads are taken into account by some

structural software and calculation tools by referring to the real gas pressure law formulae
and by means of iterative calculation procedures. This calculation method and procedures

can be investigated.

- EN 16612:2019 gives general method of calculations for lateral load resistance of linearly
supported glass elements used as infill panels. Regarding the class of consequences, glass
elements can also be designed as ‘secondary structure’ or ‘main structure’. It was
previously announced that a common European code for structural glass elements, as
“Eurocode 10-Design of Glass Structures”, is currently being prepared.

Within the framework of structural glass applications, a study can be also carried out in

this field.
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Appendix 1 — Deflection verification results of all SLS combinations of

case study
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Calculated maximum deflections — IGU Option 2
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Calculated maximum deflections — IGU Option 3
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Calculated maximum deflections — IGU Option 4
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Caleulated maximum deflections — IGU Option 5
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Calculated maximum deflections — IGU Option 6
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Calculated maximum deflections — IGU Option 7
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Calculated maximum deflections — IGU Option 8
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Calculated maximum deflections — IGU Option 9
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Calculated maximum deflections — IGU Option 10
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Calculated maximum deflections — IGU Option 11
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Calculated maximum deflections — IGU Option 12
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28.79 27.34
| ||
2382 2257
B 5 |__BTEH
17.86 1693
1488 14.11
| BT
Y 846
5 5.64
I ;o5 82
LI 7 LIy
U, (mm) k’: 3 U, ()
Cases: 181025 Cases: 18 (SLS_I: SW+ WS_w+ ¥0.BL_w+ 'P0.CL-WINTAp AT_w+ CL-WINT.AH_w)
“Cases 18" SLS_1
—— Dis 0mm —— Dis Omm
Max—28.52 ¥
2879
| PEE
[Tyt
17.86
14.88
. 2i98
: H £
> U, (mm) U, (mm)
Cases: 19 (SLS 2: SW+ WS w+POBL w+W0.CL-SUMApAT w+ CL-SUM.AH w) k( Cases: 20 (SLS_3: SW+ WS_w+ 'PO.PL_wi W0.CL-WINT.ApAT_w+ CL-WINT.AH w)
B ",
“Cases 19”: SLS_2 “Cases 20": SLS_3
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Dis Omm

(Cases: 23 (SLS_6: SW+ WP_w+ F0.BL_w+ P0.CL-SUM.Ap AT_w+ CL-SUM.AH_w)

“Cases 23" SLS 6

Max=18.56
18.74
. ;5
- 1356
1162
9.68
. ;55
N 55
B
g
0.0l
U. (mm)
Cases: 21 (SLS_4: SW+WS_w+P0.PL w+'F0.CL-SUMApAT w+ CL-SUMAH w) Cases: 22 (SLS_5: SW+ WP_w+ 0 BL w+W0.CL-WINT ApAT w+ CL-WINT AH_w)
“Cases 21”: SLS 4 “Cases 22”. SLS 5
——— Dis Omm ~——— Dis Omm
Max=18.94 Max~1894
18.94 1394
| vy s
13.70 - 13.70
1174 1174
978 9.78
M 5 . g
B s I 5
391 381
. 196 1.96
0.01 0.01
U, (mm) Y U, (mm)
Cases: 23 (SLS_6: SW+ WP_w+ P0.BL_w+ P0.CL-SUMApAT_w+ CL-SUM.AH_w)

“Cases 24" SLS 7

O

Cases: 25 (SLS_8: SW+ WP_w+ WO.PL_w+ W0.CL-SUM.ApAT w+ CL-SUM.AH w)

“Cases 25": SLS 8

Dis Omm
Max=24.38

24.63
2038
17.84
15.29
12.74

U, (mm)-
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Calculated maximum deflections — IGU Option 13

———— CONNECTION BARS ~——— CONNECTION BARS
Dis Omm is Omm
Max=17.04 Max-15.73
&
U, (mm) U, fmm)
_ Cases: 181025 Cases: 13(SLS |: SW+ WS w+POBL w+P0.CL-WINTApAT w+ CL-WINTAH w)
& .
“Cases 18t025": All SLS cases Cases 18" SLS_1
CONNECTION BARS ——— CONNECTION BARS
Dis Omm ——Di
Max-17.04 Max=14.30
17.21
| pren
1247
Q U, (mm) Qj U, (mm)
x Cases: 19 (SLS 2: SW+ WS wt P0.BL w+ ‘P0.CL-SUM.ADAT w+ CL-SUM.AH w) Cases: 20 (SLS_3: SW+ WS_w+ PO.PL_w+ ¥0.CL-WINT.Ap AT_w+ CL-WINT.AH_w)
«
“Cases 19" SLS 2 “Cases 20": SLS_3
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——— CONNECTION BARS
Dis Omm
Max~12.56

CONNECTION BAI
Dis Omm
Max~1543

1558
55
1128

967
806
645
84
. ),
161

001 7

U, (mm) ¥ U, (mm)
Cases: 21 (SLS_4: SW+ WS_w+ WOPL_w+ ¥0.CL-SUM.ApAT_w+ CL-SUM.AH_w) kx £ 22(SLS 5: SW+ WP wi WOBL wh W0.CL-WINTApAT wi CL-WINTAH w)
e "
Cases 22": SLS 5

“Cases 21": SLS 4

&

12.18 |
|

——— CONNECTION BARS ——— CONNECTION BARS
——— Dis Omm —— Dis Omm
Max=14.18

Max—12.93

031 |

U, (mm)
Cases: 24(SLS 7: SW+ WP wh ¥O.PL w+ ¥0.CL-WINT Ap AT wi CL-WINT.AH w)

“Cases 24" SLS 7

U, (mm) kx

(Cases: 23 (SLS_6: SW+ WP_w+ P0 BL_w+ ‘P0.CL-SUM Ap AT_w+ CL-SUM.AH_w)

“Cases 23:SLS 6

156
B ——— CONNECTION BARS
— Dis 0mm

254 Max=14.57

1.93

092

1.55
QXY U, (mm)
Cases: 25 (SLS 8: SW+ WP w+ POPL w+ ‘PO.CL-SUMApAT w+ CL-SUMAH w)
Cases 25" SLS_8
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Calculated maximum deflections — IGU Option 14

U, (mm)
Cases: 19 (SLS 2: SW+ WS w+P0BL w+'P0.CL-SUMApAT w+CL-SUMAH w)

“Cases 19": 8LS 2

&Y

Dis 0mm ——— Dis 0mm
Max-15.70 Max=14.41
15.86 1441
| 13.10 = 1191
1147 1042
9.83 893
B.19 744
655 595
491 447
328 298
164 149
0.16 | [ g Y
¥ U, (mm) 4 U, (mm)
: Cases: 18t025 Cases: 18 (SLS_I: SW+ WS _w+'#0BL w+ ¥0.CL-WINTApAT w+ CL-WINT.AH w)
“Cases 18t025": All SLS cases “Cases 18" SLS 1
Dis Omm "
Max=15.70 ‘ a':xz‘l“f‘“
1586
s, -
|y
741
617
e
= 371
. 247
123
== 0.01
U, (mm)

Cases: 20 (SLS_3: SW+ WS w+ FOPL w+ ¥0.CL-WINT.ApAT w+ CL-WINT.AH w)

“Cases 20" SLS 3
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— Dis 0mm - Dis Omm
Max=13.14 Max=10.56
1327 10.66
s |
9.60 7.69
823 6.59
6.86 549
549 439
411 330
274 220
137 L.10
. 001
X U, (mm) Y U, (mm)
Cases: 21 (SLS_4: SW+ WS_w+ PO.PL_w+ ¥0.CL-SUM.Ap.AT_w+ CL-SUM.AH_w) Cases: 22 (SLS_5: SW+ WP_w! WOBL_w ¥0.CL-WINTApAT_w+ CL-WINT.AH_w)
“Cases 21”: SLS 4 “Cases 22" SLS 5
——— Dis 0mm
Max=10.97
11.08
9.15
801
6.86
572
458
3.43
229

u,
Cases: 23 (SLS_6: SW+ WP_w+ #0.BL_w+ ¥0.CL-SUM.Ap AT_w+ CL-SUM.AH_w)

“Cases 23" SLS 6

L14
L v
(mm)

U, (mm)
Cases: 24 (SLS_7: SW+ WP_w+ POPL_w+ P0.CL-WINT.Ap,AT_w+ CL-WINT.AH_w)

“Cases 24" SLS_7

Cases: 25 (SLS_8: SW+ WP_wi WOPL w# PO.CL-SUMAPAT wi CL-SUMAH w)

“Cases 25": SLS 8

——— Dis Omm
Max=13.54

13.67

- 11.28
Yyl
846
7.05
.64
423
282
141

[P

U, (mm)
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Appendix 2 - Stress verification results of all ULS combinations of case

study

Calculated maximum stress values — IGU Option 1

B (hef;0=12,77 mm_STRESS)

sl, (MPa)

“Cases 31t038”: All ULS cases

~——— CONNECTION BARS

(Cases: 311038

2718
22.46
19.66
16.85
14.04
1123
842

2381
001

LS

“Cases 31" ULS 1

B INT. GLASS_8 mm

B (hefo=12,77 mm_STRESS)

1, (MPa)
Cases: 32 (ULS_2: 1GSW+1QWS _o+yQ.P0BL _o+Q.¥0.CL-SApAT « u—rﬁﬂ.—S.AH a)
“Cases 32", ULS_2

— CONNECTION BARS

- 2033
=
. )y

254
.

2464

17.79
1525
1271

7.62
5.08

i

. INT.GLASS $mm

B (hef:0=12.77 mm STRESS)

— CONNECTION BARS

2045
] 1693
14382
1272

sl, (MPa)
Cases: 33 (ULS_3: yG.SW+Q.WS_o+7Q. P0.PL_o+yQ¥0.CL-WAp AT o+yG.CL-W.AH o)
“Cases 33": ULS 3
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(hef;c=12.77 mm_STRESS)

<

S

it b ¢
1, (MPa),
Cases: 34 (ULS _4: ﬁswm.wsim,wnﬁm,\rumsmm‘iw;icl.sm]) Qx
“Cases 34" ULS 4

sl. (MPa)
Cases: 35 (ULS_5: YG.SW+QWP_0+yQ¥OBL 0+/Q¥0.CL-WApAT 0+/G.CL-W.AH o)

INT. GLASS_§ mm

B (hef:0=12,77 mm_STRESS)

— CONNECTION BARS
1697

|__BEE
e
1049
874
| Y
N ;5
i)

350

. 175
0.06

Al

1,

“Cases 35" ULS 5

INT. GLASS_§ mm
0 10

B (hef,o=12,77 mm_STRESS)

~ CONNECTION BARS

1699
1404
1229
1053
378
N 90
526

=]
is1
175
0.01

1, (MPa) 2‘;

Cases: 36 (ULS_6: yGSW+yQ.WP_o+yQ¥0.BL o+7Q.¥0.CL-SApAT o+7G.CL-S.AH o)
“Cases 36" ULS 6

Cases: 37 (ULS_7: 7GSW+Q.WP_o+7Q¥0PL o+1Q¥0.CL-W.ApAT o+yGCL-W.AH o)

INT. GLASS_8 mm

(hef;0=12,77 mm_STRESS)

= CONNECTION BARS

27.18
| e
| RTYe

16.77

1397
| Fets
| FEn
s

01l
sl. (MPa)

“Cases 37 ULS 7

“Cases 38" ULS 8

INT. GLASS_8 mm
0

B (hef;o=12,77 mm_STRESS)

Y
Qx Cases: 38 (ULS_8: 1G.SW+QWP_o+1Q0.PL_0+yQ¥0.CL-S.Ap AT 0+7G.CL-SAH o)

~—— CONNECTION BARS

2592
a3
18.70

s, (MPa)
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Calculated maximum stress values — IGU Option 2

VB (hef;o=12,77 mm_STRESS)

GLASS_§ mm

BVB (hef;0=12,77 mm_STRESS)

.
1, (MPa)
&k ‘C-e- 32 (ULS 2: yeswm.wsfm.wm.fmw.cx,up,aTfmé.m,szﬂfo)
“Cases 32": ULS 2

Y
g 1, (MPa)
Qx J,n 33 (ULS_3: 'fG,SW-ﬂQ.WS_M}Q.WJL_M)F&CL—W.APAT_n*yG,!CL—W.;H_o)
“Cases 33: ULS_3

~———— CONNECTION BARS
~——— CONNECTION BARS
2278
- 18.82 1882
.y = 1552
14.12 ifz:
11.76 -
N, 9.73
. . 5o
7.06 - 587
471 .,
235 -,
¥ - £ .
sl, (MPa) Y 51, (MPa) =
; Conce: 31128 Cases: 18 (SLS_I: SW+ WS_w+ 0.BL_w+ P0.CL-WINT.Ap,AT_w+ CL-WINT.AH_w)
“ .
Cases 31t038": All ULS cases “Cases 317 ULS 1
_INT.GLASS 8 mm > _INT. GLASS 8§ mm
¥B (hef;o=12,77 mm_ STRESS) ¢B (hef;0=12,77 mm_STRESS)
——— CONNECTION BARS ——— CONNECTION BARS
20.89 2008
| Ree .
B 506 [_BvE
1291 1248
1076 1041
861 B 35
645 I 35
430 N,
5 . 215
5 0.09

169



B (hef;0=12,77 mm_STRESS)

INT. GLASS 8 mm

(hef;o=12,77 mm_STRESS)

sl, (MPa)
Cases: 36 (ULS_6: YG.SW+yQ.WP_o+yQ¥0.BL_o+Q.¥0.CL-S.Ap,AT_o+yG.CL-S.AH_o)

4

——— CONNECTION BARS ——— CONNECTION BARS
2007 1634
|ty | JEY
s . o
1252 1052
1047 851
v 4 B 75
638 539
| PR : 368
228 : | BEH
- ; 028 N 027
3 s1, (MPa) 2 s1, (MPa)
Cases: 34 (ULS_4: 1G.SW+YQWS_0+7Q¥0.PL_o+YQ¥0.CL-SApAT 0+4G.CL-5.AH o) 35 (ULS_5: 1GSW+1Q WP_o+/QP0.BL_0+1Q ¥0.CL-W ApAT_0+YG.CL-W.AH 0)
“Cases 34" ULS 4 “Cases 35" ULS_5
INT. GLASS 8 mm _INT. GLASS 8 mm
(hef;0=12,77 mm_STRESS) (hef:6=12,77 mm_STRESS)
L meTITILCS ——— CONNECTION BARS
e 278
[ ey = 1877
s 1643
i 14.08
ol 1173
. o, 958
7.04
521 469
347 - : e
Lk 5,08 0.05
0.06 E :Y A sl, (MPa)
237 (ULS_7: 1GSW+QWP_o+/Q¥0.PL o+Q¥0.CL-W.APAT 0+G.CL-WAH o)

“Cases 37" ULS_7

“Cases 36": ULS_6

24 "
Qx Cases: 38 (ULS_8: 1G.SW+1Q WP_o+Q¥0.PL_o+1Q¥0.CL-S Ap.AT_6+G.CL-S.4H o)
“Cases 38" ULS_8

. GLASS 8 mm

(hefo=12,77 mm_STRESS)

~—— CONNECTION BARS

21.04
1737
I 55
13.03
10.85

s1, (MPa)
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Calculated maximum siress values — IGU Option 3

GLASS 8 mm

PVB (hef,0=12,77 mm_STRESS)

2238
vy
16.15
13.84
11.54
= 9.23
6.92
4.62
231
0.02
s1, (MPa)
Cases: 311038

“Cases 31t038": AllULS cases

e,

JGLASS_8 mm

th PVB (hef,0=12,77 mm_STRESS)

: 31 (ULS 1: yG.SW+yQ.WS g+yQ.¥0.BL 0+yQ.¥0.CL-W.Ap,AT o+yG.CL-W.AH o)
“Cases 31" ULS_1

NT GLASS 8 mm

¥PVB (hef,0=12,77 mm_STRESS)

19.15
- 15.81
B 5
11.86

9.68

B 790
593

395

108

0.03

> s1, (MPa)

Cases: 32 (ULS_2 yG SW+YQ.WS_a+yQ %0 BL_a+/Q W0.CL-S Ap AT_a+yG.CLS AH_q)

7.1

&

“Cases 32" ULS 2

ke

NI GLASS 8 mm

§PVB (hef.0=12.77 mm_STRESS)

Cases: 33 (ULS_3: ya.swws_mwn._m.w.q-w;\pm_me.m-wm_'m
“Cases 33" ULS_3
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GLASS_8 mm GLASS 8 mm

PVB (hef.0=12,77 mm_STRESS) PVB (hef,0=12,77 mm_STRESS)

1213
15.23
| RPEn 10.03
B ;00 . a7
942 i
8.27
785 =
3 =i
S 251
l 314 e
157 12
: s1 (lodﬁy Q,‘ s1, (MPa)
B Cases: 35 (ULS_5: yG. WP %0 BL. WO.CL-W. T .CL-W.AH
GCases: 34 (ULS_4: yG.SW+yQ.WS_0+yQWO0.PL_g+yQW0.CL-5.4p,AT_0+yG.CL-S.0H_0) (s "Gs":’éQ J”";s” G?_% . 8p.8T a+G 0)
“Cases 34" ULS 4 ases 35 .
GLASS.8mm GLASS_8 mm

PVB (hef,0=12,77 mm_STRESS) VB (hef,0=12,77 mm_STRESS)

‘ ¥

s1, (MPa) v

Cases: 36 (ULS_6: yG.SWHQWP_0+yQWOBL o+yQ.W0.CL-S.ApAT 0+yG.CL-S.AH o) kx Cases: 37 (ULS_T: vG.S‘\‘I‘V*vO.WP_an.'I‘:.-PL_va.W.a.-W.Ap,AT_c*\G.cL-WAH_ )
“Cases 36" ULS 6 Cases 37" ULS_7

NT GLASS_8 mm

EPVB (hef:0=12,77 mm_STRESS)

i

Cases: 38 (ULS_8: vG.sw:vQWP,OWG.W.PLJ‘VQW.cl.sAp,AT,qu.cLs.AH,u)
“Cases 38" ULS_8
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Calculated maximum stress values — IGU Option 4

INT. GLASS_8 mm

s1, (MPa)

st, (MPa)
SW+yQWS_o+yQP0.BL_o+yQW0.CL-W.Ap, AT o+yG.CL-W.AH o)

“Cases 31" ULS_1

k

INT. GLASS_8 mm

IOPLAST SG (hef;0=15,83 mm_STRESS

1, (MPa)
Cases: 32 (ULS_2: vG,SW'-UO.WS_M.W.BL_,MW.OL-S.Ap.A‘F,ﬂWG,‘GL—S.AH‘U}

“Cases 32": ULS 2

k

4 1,
Cases: 33 (ULS_3: \ﬁgm\aws_mmn._um.ma..wmpm_'mmmm_m

“Cases 33" ULS_3
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INT. GLASS_8 mm

MOPLAST SG (hef;,0=15,83 mm_STRESS

INT. GLASS_8 mm

—— CONNECTION BARS
1454
;0

10.51
9.01

% y 1, (MPa)
Qx Cases: 34 (ULS_4: vG.Swon,WS_an.W.PL_MQ.W,Cl.sApA‘ls'_uivG.t)ls.Nl_u)
“Cases 35" ULS_5

OPLAST SG (hef;0=15,83 mm_STRESS

(CONNECTION BARS

1249
. 07
g5
755
629
I 503
378
252
126
001
1. (MPa)

Cases: 35 (ULS_5: yG.SW+yQ WP_o+yQ.'¥0.BL_g+yQ W0.CL-W.Ap AT o+yG.CL-W.AH g)

¥
Ex Cases: 36 (ULS_t

“Cases 36" ULS 6

1.26
¢ 0.04 :
N s1, (MPa) E
YG.SW+yQ WP_o+yQ. %0 BL_o+yQ.¥0.CL-S.Ap AT_o+yG.CL-S.AH_o)

INT. GLASS_8 mm

CONNECTION BARS

1221
. 07
LYY

755

629
B 503
B 37
252

“Cases 37: ULS 7

OPLAST SG (hef,0=15,83 mm_STRESS

—— CONNECTION BARS

19.91
16.43

Cases: 37 (ULS.T: yG.SW+yQ WP_o+yQ W0 PL_o+/Q.¥0 CLW.Ap AT _a+4G CL'W.AH_0)

&

A s1, (MPa)
Cases: 38 (ULS_B: yG.SW+yQWP_g+yQW0.PL_0+yQ.¥0.CL-S.0p,AT 0+yG.CL-S.AH o)

INT. GLASS_8 mm
0

HOPLAST SG (hef.0=15,83 mm_STRESS

CONNECTION BARS

“Cases 38™: ULS 8
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Calculated maximum stress values — IGU Option 5

INT. GLASS_8 mm
% GLASS 8 mm

IONOPLAST SG (hef;0=15,83 mm_STRESS 5
# IONOPLAST SG (hef,0=15,83 mm_STRESS

s1, (MPa)

~——— CONNECTION BARS
——— CONNECTION BARS
16.41
M - - 15.02
11.88 Py
10.18 i
848 5
3 = 775
{ o 87 ik
t 5.09 B s
- i =i
‘ - 155
E Y : ; 002 . 0.02
Cases: 31038

“Cases 31t038"; All ULS cases

IA GLASS_8 mm INT. GLASS 8 mm

IONOPLAST SG (hef,0=15,83 mm_STRESS ¥ IONOPLAST SG (hef.0=15,83 mm_STRESS

———— CONNECTION BARS i ——— CONNECTION BARS
14.86 | 1458
I 5 - |__RET
1074 . s,
820 x - ‘ i 5 9.02
| i 751
B g4 ; i B 501
B 450 i 451

301

1.50

0.02
s1, (MPa)

003 E
o Y .
s1, (MPa) Qx
Cases: 32 (ULS_2: yG.SW+yQ.WS_o+yQ.W0.BL_o+yQ.W0.CL-S.Ap AT o+yG.CL-S.AH 0) : 33 (ULS_3: yG.SW+yQ WS o+yQ.W0.PL_o+yQ.¥0.CL-W.Ap AT o+yG.CL-W.AH o)

‘Cases 32": ULS 2 “Cases 33" ULS_3

&
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INT. GLASS 8 mm

IONOPLAST SG (hef,0=15,83 mm_STRESS

~———— CONNECTION BARS

14.42
|
B g4

s1, (MPa)
Cases: 34 (ULS_4: yG.SW+yQ WS _o+yQ.\W0.PL_o+yQW0.CL-S.Ap, AT o+yG.CL-S.AH o)

“Cases 34": ULS 4

INT. GLASS_8 mm

IONOPLAST SG (hef;0=15,83 mm_STRESS

—— CONNECTION BARS

1198
ey
B g
746
623
5.00

132
L_F¥T

Y X
s1, (MPa)
Qx La-: 35 (ULS_5: yG.SW+yQ.WP_o+yQ.¥0.BL_o+yQ.W0.CL-W.Ap,AT o+yG.CL-W.AH o)
“Cases 35" ULS_5

k

IONOPLAST SG (hef;0=15,83 mm_STRESS

———— CONNECTION BARS

s1, (MPa)
Cases: 36 (ULS_6: yG.SW+yQ.WP_o+yQ.W0.BL_o+yQ.W0.CL-S.Ap,AT o+yG.CL-S.AH o)

‘Cases 36" ULS_6

_INT. GLASS_8 mm

IONOPLAST SG (hef,0=15,83 mm_STRESS

———— CONNECTION BARS
16.41
.

=

11.83
10.14

145

” ” X
s1, (MPa)
Ex Le« 37 (ULS_7: yG.SW+yQ WP_o+yQ W0 PL_g+yQ W0.CL-W.Ap AT o+yG.CL-W.AH o)

“Cases 37" ULS 7

. GLASS_8 mm

IONOPLAST SG (hef;0=15,83 mm_STRESS

Cases: 38 (ULS_8: yG.SW+yQWP_o+yQW0.PL_o+yQ.W0.CL-S.Ap AT o+yG.CL-S.AH o)
“Cases 38" ULS_8

~———— CONNECTION BARS

81, (MPa)
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Calculated maximum stress values — IGU Option 6

[. GLASS 8 mm

ji IONOPLAST SG (hef.0=15,83 mm_STRESS

“Cases 31t038”; All ULS cases

31, (MPa)

Cases: 31 (ULS_1: yG.SW+QWS_o+yQWO.BL o+yQWO.CLW.Ap AT o+yG.CLW.AH 0)
“Cases 31”: ULS_1

NT. GLASS 8 mm

ith IONOPLAST SG (hef.0=15,83 mm_STRESS

&

Cases: 32 (ULS_2: yG.SW+yQ WS_o+yQ.¥0.BL_o+yQ.¥0.CL-S.Ap AT_o+yG.CL-S.AH_a)
‘Cases 32" ULS 2

Cases: 33 (ULS_3: yG SW+yQ.WS_a+yQW0.PL_o+yQ¥0.CLW.Ap AT_0#+/G.CLW.AH o)
“Cases 33" ULS_3
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GLASS_8 mm

IONOPLAST SG (hef,0=15,83 mm_STRESS

10.86
e
672
560
| oy

224
112
002
(MPa)

81,
Cases: 34 (ULS_4: yG.SW+yQWS_0+yQ.%0.PL_g+yQ.¥0.CL-S.8p,AT 0+yG.CL-S.AH 0)

‘Cases 34" ULS_4

&

IONOPLAST S@G (hef,0=15,83 mm_STRESS

s1, (MPa)
Cases: 35 (ULS_5: yG.SW+yQ WP_o+yQ ¥0.BL_o+yQ.W0.CL-W.Ap,AT o+yG.CL-W.AH @)

“Cases 35" ULS_5

. GLASS_8 mm

IONOPLAST SG (hef,0=15,83 mm_STRESS

0.78
= 0.03
s1, (MPa)

Cases: 36 (ULS_6: yG.SW+yQWP_o+yQ.W0.BL o+yQ.¥0.CL-S.Ap, AT 0+yG.CL-S.AH o)

"Cases 36" ULS_6

&

GLASS_8 mm

jth IONOPLAST SG (hef.0=15.83 mm_STRESS

1629
| REw
11.78
1010
842
;73
505
337
168
0.02
o1, (MPa)

Cases: 37 (ULS 7: yG.SW4yQWP_o+yQ W0.PL 0+/QW0.CL-W.Ap AT 0+yG CL-W.AH 0)

“Cases 37 ULS 7

k

. GLASS 8 mm

IONOPLAST SG (hef,0=15,83 mm_STRESS

Cases: 38 (ULS_8: yG.SW+yQ.WP_o+yQ.W0.PL_o+yQ.W0.CL-S.Ap AT o+yG.CL-S.AH o)

“Cases 38" ULS_8
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Calculated maximum stress values — IGU Option 7

T. GLASS_88.4 with PVB (hef,0=12,77 mm_STRESS)

GLASS _88.4 with PVB (hef,0=12,77 mm_STRESS)

Cases: 31 (ULS_1: yG.SW+yQ WS _o+yQ.¥0.BL_o+yQ'W0.CL-W.Ap,AT o+yG.CL-W.AH a)
“Cases 317: ULS_1

. GLASS_88.4 with PVB (hef,0=12,77 mm_STRESS)

Cases: 32 (ULS_2: yG.SW+yQWS_o+yQ.W0.BL_g+yQ.W0.CL-S.Ap AT 0+yG.CL-S.AH_o)

“Cases 32" ULS_2

GLASS_88.4 with PVB (hef.0=12,77 mm_STRESS)

k.

Cases: 33 (ULS_3: yG.SW+yQWS_o+yQ ¥0.PL_o+yQW0.CL-W.Ap AT a+yG.CL-W.AH o)

“Cases 33" ULS_3
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NT. GLASS_88.4 with PVB (hef,0=12,77 mm_STRESS)

Cases: 34 (ULS 4: vG.SW+vQWS o+vQ.W0.PL 0+vQ.¥0.CL-S.Ap.AT 0+vG.CL-S.AH o)

“Cases 34" ULS 4

. GLASS_88.4 with PVB (hef,0=12,77 mm_STRESS)

s1, (MPa)

Cases: 35 (ULS_5: yG.SW+yQWP_o+yQW0.BL_0+yQ.¥0.CL-W.Ap AT o+yG.CL-W.AH a)

“Cases 35" ULS 5

‘GLASS_88.4 with PVB (hef,0=12,77 mm_STRESS)

s1, (MPa)
Cases: 36 (ULS_6: yG.SW+yQ WP _o+yQ.¥0.BL_o+yQ.¥0.CL-S.Ap.AT o+yG.CL-S.AH_g)

“Cases 36" ULS 6

&

INT. GLASS 88.4 with PVB (hef,0=12,77 mm_STRESS)

51, (MPa)
Cases: 37 (ULS 7: yG.SW+QWP_o+yQ WO.PL 0+yQW0.CLW.Ap AT 0+yG CL-W.AH o)

“Cases 37": ULS_7

3 s1, (MPa]
Cases: 38 (ULS_8: yG SW+yQWP_o+yQ.W0.PL_o+yQW0.CL-S.Ap AT a+yG.CL-S.AH o)

“‘Cases 38" ULS_8

+INT. GLASS_88.4 with PVB (hef,0=12,77 mm_STRESS)
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Calculated maximum stress values — IGU Option 8

GLASS 884 with IONOPLAST SG (hef;6=15,83 mm STRESS

‘Cases 311038": All ULS cases

R JNT. GLASS 88.4 with IONOPLAST SG (hefio=15.83 mm STRESS

Cases: 31 (ULS 1: YGSW+yQWS o+yQ.¥0.BL o+rQ¥0.CL-W.ApAT o+1G.CL-W.AH o)

“Cases 31" ULS_1

0.03
s, (MPa)
Cases: 32 (ULS_2: yG.SW+yQ.WS_o+yQW0.BL_0+yQ.P0.CL-S.Ap AT 0+1G.CL-S.AH o)

“Cases 32" ULS_2

. GLASS_88.4 with IONOPLAST SG (hef;c=15,83 mm_STRESS

NT. GLASS_88.4 with IONOPLAST SG (hef;0=15,83 mm STRESS

Cases: 33 (ULS 3: yGSW+1QWS_a+7QPOPL o+1QP0.CL-WAPAT o+7G.CL-W.AH o)

“Cases 33" ULS_3

181




GLASS_88.4 with IONOPLAST SG (hefio=15,83 mm_STRESS

Cases: 34 (ULS_4: yG.SW+yQ.WS_o+yQ.¥0.PL_o+yQ.¥0.CL-S.Ap AT o+yG.CL-S.AH @)

“Cases 34": ULS 4

- GLASS_88.4 with IONOPLAST SG (hef,c=15,83 mm_STRESS

Cases: 35 (ULS 5: yGSW+QWP 0+1Q¥OBL 0+/Q¥0.CL-WAPAT 0+7G.CL-WAH o)
“Cases 35" ULS 5

INT. GLASS_88.4 with IONOPLAST SG (hef:o=15.83 mm STRESS

0.00
s1, (MPa)
Cases: 36 (ULS_6: YG.SW+yQ.WP_o+yQ¥0.BL_0+yQ¥0.CL-S.ApAT 0+/G.CL-S.AH o)

‘Cases 36" ULS 6

k

.GLASS 88 4 with IONOPLAST SG (hef,6=15.83 mm STRESS

Cases: 37 (ULS_7: YGSW+QWP_o+QP0OPL 0+1QF0.CL-W.APAT 6+yG.CL-W.AH o)

“‘Cases 37 ULS 7

INT. GLASS_88.4 with IONOPLAST SG (hef:0=15,83 mm_STRESS

s,
Cases: 38 (ULS_8: YG.SW+yQ.WP_o+/Q¥OPL 0+1QW0.CL-SApAT 6+yG.CL-S.AH o)

‘Cases 38" ULS_8
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Calculated maximum stress values — IGU Option 9

3522
=
36,00 2912
] 29.74 - 2548
I 56 0: 2184
” 2231 1820
o 18.59 B s
’./ ¢ith PVB (hef:0=8,49 mm_STRESS) = 14.87 sy
£ 1115 N
B 5
392 2 o
QY sl, (L':i:’:) 1@" sl, (MPa)
Cases: 17119 :17(ULS 1: YG*SW+ yQSnow o+ 7Q*#0*CL-WINT.ApAT o+ yG*CL-WINT.AH o)
“ ».
“Cases 17to19": All ULS cases Cases 17" ULS_1
- 32.80 bt
.09 5] 13 14 .,
- b, B 5,5 . )
ciadd 2036 2231
_sassish 16.96 1859
= o 1357 = 14.87
\With PVB (hef:0=8.49 mm_STRESS) ] 1018 =] 1L15
679 .,
339 372
0.02 0.01
Y sl, (MPa) A sl, (MPa)
: 18 (ULS_2: yG*SW-+yQ.Cone,_o+ yQ"¥0*CL-WINT.Ap AT _o+ 1G*CL-WINT.AH_o) (Cases: 19 (ULS_3: YG*SW+ yQ.Conc._o+ yQ*¥0*CL-SUM.Ap,AT_a + YG*CL-SUM.AH o)
“Cases 18" ULS_2 “Cases 19”: ULS_3
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Calculated maximum stress values — iGU Option 10

3244 3157

" (hef;0=9,70 mm_STRE :g: < (M;FI.WM_SI'RES= gﬂ

2012 : 1958

16.77 16.31

B 13 = 1305

B 10.06 978

g7 653

335 326

0.01 0.03

Y 81, (MPa) Y s1, (MPa)

Cases: 17t019 Cases: 17 (ULS_1: yG"SW+ yQ.Snow_o+ yQ"¥0"CL-WINT Ap AT o+ yG"CL-WINT.AH_a)
“Cases 17to19": All ULS cases “Cases 177 ULS_1

3244
t ' [H;a-ﬁ,?bmm_ml ggﬁ
E 2012
16.77
B 342
10.06

671

335

0.01

Q: Q; s1, (MPa)

Cases: 18 (ULS_2: yG"SW+yQ.Conc. o+ yQ"V0"CL-WINT.Ap AT o+ yG'CL-WINT.AH o)

“Cases 18" ULS_2

Cases: 19 (ULS_3: yG"SW+ yQ.Conc._o+ yQ"W0'CL-SUM.Ap AT_o + yG"CL-SUM.AH_a)

“Cases 19" ULS_3
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INT. GLASS_66.4 with PVB (hef.c=9,70 mm_STRESS)

Calculated maximum stress values — IGU Option 11

20,16
_INT. GLASS_66.4 with PVB (hef,c=9,70 mm_STRESS)

— CONNECTION BARS ~——— CONNECTION BARS

2177

g:g; |7"‘94

17.56 15.70
1254 12

B B

l ie 140

Y s:é ¥ 0.04

81, (MPa) 31, (MPe)
Cases: 311038 1 (l.’.s,I':AvG1:SW-A1|Q.WS,M.W.BLMW,G.-W.MATJWCL-WMJ)
“Cases 31t038". All ULS cases ‘Cases 31" ULS 1

INT. GLASS_66.4 with PVB (hef.c=9,70 mm_STRESS)

INT. GLASS._66.4 with PVB (hef,c=9,70 mm_STRESS)

~———— CONNECTION BARS ——— CONNECTION BARS

2320 19.97
|_ErEn 16.46
B 1674 1441
1435 12.36
11.96 1032
B 57 W 557
B 7y = sz

41
I 213
014

1,
(ULS 3: yG.SW+yQ.WS o+yQ.W0.PL g+yQ.¥0.CL-W. ApAT,‘o*mJNMJ}
“Cases 33": ULS 3

32 (ULS 2: ys.swwaws,awa_w.m,uqq.m.a.-slsp,a;jéﬂp?&.s.mg
“Cases 32": ULS 2

~
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1, (MPa)
34 (ULS_4: yO.SW+yQWS_0+yQ.W0.PL_o+yQ.W0.CL-S.Ap AT 0+yG.CL-S.AH a)

“Cases 34" ULS_4

INT. GLASS_66.4 with PVB (hef,a=8,70 mm_STRESS)

INT. GLASS_66.4 with PVB (hef,0=9,70 mm_STRESS)

s1, (MPa)
Cases™35 (ULS_5: yG.SW+yQ WP_o+yQ.W0.BL_o+yQW0.CL-W.Ap,AT o+yG.CL-W.AH o)

“Cases 35" ULS_5

“Cases 36" ULS 6

INT. GLASS_66.4 with PVB (hef.c=9,70 mm_STRESS)

s1, (MPa)
36 (ULS_6: yG.SW+yQ.WP_o+yQ¥0.BL a+yQ.¥0.CL-S.8p,AT 0+yG.CL-S.AH 0)

CONNECTION BARS

&

INT. GLASS_66.4 with PVB (hef,o=9,70 mm_STRESS)

CONNECTION BARS

’ s1, (MPa)
Cases”37 (ULS_7: yG.SW+yQWP_o+yQ.W0.PL_o+yQW0.CL-W.Ap.AT o+yG.CL-W.AH 0)

“Cases 37" ULS 7

1, (MPa)
: 38 (ULS _8: yG.SW+yQ WP _o+yQ'W0.PL_o+yQ.¥0.CL-S.Ap AT o+yG.CL-S.AH o)

“Cases 38" ULS_8

INT. GLASS_66.4 with PVB (hef,o=9,70 mm_STRESS)
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Calculated maximum stress values — IGU Option 12

“Cases 31t038”: All ULS cases

_INT. GLASS_66.4 with PVB (hef.c=8,70 mm_STRESS)

INT. GLASS_66.4 with PVB (hef,0=9,70 mm_STRESS)

413
207
0.03
31, (MPa)

: 31 (ULS_1: yG.SWsyQWS_a+yQWO.BL_a+yQ WO.CL-W.Ap AT_0+yG.CL-W.AH o)
“Cases 317 ULS_1

Y
Q. Cases: 32 (ULS_2: yG.SW+yQ WS_o+yQ.W0 BL_o+yQ.W0.CL-S.Ap AT 0+yG.CL-S.0H o)
“‘Cases 32" ULS_2

_INT. GLASS_66.4 with PVE (hef.o=9,70 mm_STRESS)

INT. GLASS 664 with PVB (hef,c=9,70 mm_STRESS)

B: 33 (ULS_3: yG.SW4yQWS_o+yQW0.PL_o#yQ.¥0.CL-W.Ap AT 0+yG.CLW.AH 0)
“Cases 33" ULS_3
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INT. GLASS_66.4 with PVB (hef,o=9,70 mm_STRESS)

Cases: 34 (ULS_4: yG.SW+Q.WS_o+QW0.PL_o+yQ.W0.CL-S Ap AT _o+yG.CL-S.AH o)

“Cases 34”: ULS 4

INT. GLASS_66 4 with PVB (hef.0=9,70 mm_STRESS)

51, (MPa
Cases: 35 (ULS_5: yG.SW+yQ WP _a+yQW0.BL o+yQ¥0.CL-W.Ap, AT 0+yG.CL-W.AH o)

“Cases 35" ULS_5

INT. GLASS_66.4 with PVE (hef.0=9,70 mm_STRESS)

3‘05
153
0.03

3 81, (MPs)
Cases: 36 (ULS_6: yG.SW+yQ WP _o+yQ.W0.BL_o+yQ.¥0.CL-S.Ap,AT 0+yG.CL-S.AH o)

‘Cases 36" ULS_8&

INT. GLASS._66.4 with PVB (hef.g=9,70 mm_STRESS)

3 s1,
Cases: 37 (ULS_7: yG.SW+yQ WP_a+yQ.W0.PL_a+yQ W0.CL-W.Ap AT_o+yG.CL-W.AH_a)

“Cases 37" ULS_7

Cases: 38 (ULS_8: yG SW+yQ.WP_g+yQW0.PL_o+yQ.W0.CL-S Ap AT 0+yG.CL-S.AH o)

"Cases 38" ULS 8

INT. GLASS_66.4 with PVB (hef.0=9,70 mm_STRESS)
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Calculated maximum stress values — IGU Option 13

“Cases 311038"; All ULS cases

INT. GLASS_66.4 with IONOPLAST SG (hefo=12,19 mm_STRESS)

CONNECTION BARS

1807

_INT. GLASS_66.4 with IONOPLAST SG (het0=12,19 mm_STRESS)

CONNECTION BARS
18.11

3 1, (MPa)
Cases: 31 (ULS_1: yG.SW+YQWS_0+/Q.¥0.BL_a+yQ.¥0.CL-W.Ap,AT_0+/G.CL-W.AH_0)

“Cases 31" ULS_1

ks

“Cases 32: ULS 2

_INT. GLASS,_86.4 with IONOPLAST SG (heto=12,19 mm_STRESS)

CONNECTION BARS

. s1, (MPa)
Cases: 32 (ULS_2: yG.SW+yQ WS _o+yQ.W0.BL_a+yQ.¥0.CL-S.Ap. AT 0+yG.CL-S.AH_0)

INT. GLASS_66.4 with IOHOPLAST S0 hefio=12.18 mm_STRESS)

CONNECTION BARS

5 31, (MPa)
Cases: 33 (ULS_3: yG.SW+yQ.WS_o+yQ. W0 PL_0+yQ.W0.CL-W.Ap AT_0+yG.CLW.AH_0)

‘Cases 33" ULS_3

“Cases 347 ULS 4

_INT. GLASS_66.4 with IOHOPLAST SG (hefio=12,19 mm_STRESS)

CONNECTION BARS

16.13

- 13.32

31, (MPa)
Cases: 34 (ULS_4: yG.SW+yQ.WS_o+yQ.\Y0.PL_o+yQ.W0.CL-S.Ap AT_0+yG.CL-S.AH_0)

INT, GLASS_66.4 with IONOPLAST 5G (he£0=12,18 mm_STRESS)

CONNECTION BARS
13.14

1, (MPa)
GCases: 35 (ULS_5: yG.SW+yQ WP _o+yQ'P0.BL o+yQ.¥0.CL-W.Ap,AT a+yG.CL-W.AH o)

“Cases 35" ULS 5
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INT. GLASS_66.4 with IONOPLAST SG fhefio=12,19 mm_STRESS)

CONNECTION BARS
13.58
= 11.18
979
839
6.99
B 500
., 5

280
140
0.04

5 s1, (MPa)
Cases: 36 (ULS_6: yG.SW+yQ.WP_o+yQ ¥0.BL_o+yQ.W0.CL-S.Ap AT o+yG.CL-S.AH o)

“Cases 36" ULS 6

_INT. GLASS_66.4 with IONOPLAST SG (heto=12,19 mm_STRESS)

CONNECTION BARS

1258
|_EERH]
. o7

. 1, (MPa)
Cases: 36 (ULS_6: yG.SW+yQWP_o+yQ.¥0 BL_o+yQ.W0.CL-S.Ap,AT_o+yG.CL-S.AH o)

“Cases 37": ULS_7

_INT. GLASS_66.4 with IONOPLAST SG fhet:o=12,19 mm_STRESS)

ases: 38 (ULS_8: yG.SW+yQ.WP_o+yQ.W0.PL_o+yQ.W0.CL-S.Ap,AT o+yG.CL-S.AH o)
“Cases 38"

ULS 8

CONNECTION BARS

s1, (MPa)

Calculated maximum stress values — IGU Option 14

e /7. GLASS 6.4 with IONOPLAST SG (heta=12,19 mm_STRESS

“Cases 31t038": All ULS cases

T, GLASS_66.4 with IONOPLAST SG hefw=12,19 mm_STRESS

Cases: 32 (ULS_2: yG.SW+yQ WS o+yQ.W0.BL o+yQ.W0.CL-S.Ap.AT o+yG.CL-S.AH o)

“‘Cases 32" ULS 2

NT. GLASS_66.4 with IONOPLAST SG hefo=12,19 mm_STRESS)

AWith IONOPLAST SG (heto=12,19 mm_STRESS)

Cases: 33 (ULS_3: yG.SW+yQWS_o+yQW0.PL o+yQW0.CL-W.Ap AT a+yG.CL-W.

“Cases 33" ULS_3
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) }T. GLASS_66.4 with IONOPLAST SG (hefo=12.10 mm_STRES
INT. GLASS_86.4 with IONOPLAST 5G (heto=12,10 mm_STRESS)
1147
14.21
|__RERZ) = A
B 02 oo
8580 :
592
733 =
i 587 . 473
440 -
293 o
147 = -
0.02 e D02
N 1. (MPa) kx 3 s1, (MPa)
Cases: 34 (ULS_4: yG.SW+yQWS_0+yQ W0 PL_0+yQW0.CL-S.Ap AT 0+yG.CL-S.AH a) Cases: 35 (ULS 5. vt‘f‘,sw‘vQ,WP ma:vom o+/Q.¥0.CL-W.Ap AT 0+yG.CL-W.AH a)
“Cases 34" ULS_4 Cases 357 ULS_5
T, GLASS,_66.4 with IOHOPLAST SG (heto=12,10 mm_STRE:
11.96
9.86
863
7.39
6.16
! 403
370
. 246
123
E o L__EXH
k‘ 5 81, (MPa) Y
Cases: 36 (ULS _6: yG.SW+yQ WP _o+yQ.W0.BL_o+yQ ¥0.CL-5.8p,AT 0+yG.CL-S.AH o)
“Cases 36" ULS_6 “Cases 37": ULS_7

£ J1T. GLASS_66.4 with IONOPLAST SG (heto=12,19 mm_STRESS

‘Cases 38" ULS_8
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Appendix 3 - Climatic loads applied to the panes in DGU options of

case study

Internal loads carried by the panes in DGU

Load carried by pane 1 Load carried by pane 2
Isochore pressure p0 .p0 ¢.po
Isochore pressure values:
SUMMER
Local height difference (H-Hp) 600|m
Ch 0.012|kPa/m |EN 16612:2019 C.1.4.2
Isochore pressure generated by difference of altitude - Ph;0 7.2|kPa
Temperature Difference (Tc-Tp) 20|Kelvin
Difference of meteorological and atmospheric pressure (Pa-Pp) -2|kPa
Ct 0.340|kPa/K |EN 16612:2019 C.1.4.2
Isochore pressure generated by difference of temperature
and/or air pressure - Pc;0 8.8|kPa
Isochore pressure - Po = Ph;0 +Pc;0 16.00|kPa
WINTER
Local height difference (H-Hp) -300|m
Ch 0.012|kPa/m |EN 16612:2019 C.1.4.2
Isochore pressure generated by difference of altitude - Ph;0 -3.6 | kPa
Temperature Difference (Tc-Tp) -25Kelvin
Dif. Of meteorological and atmospheric press. (Pa-Pp) 4 kPa
Ct 0.340|kPa/K |EN 16612:2019 C.1.4.2
Isochore pressure generated by difference of temperature
and/or air pressure - Pc;0 -12.50|kPa
Isochore pressure - Po = Ph;0 +Pc;0 -16.10 kPa
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“IGU OPTION —1”, “IGU OPTION —2” and “IGU OPTION — 3”;

For “DEFLECTION” check:

-Winter-
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 ¢-p0
pO-isochore pressure [kPa]_ 3.60
Climate Load_Winter_AH ) 0.02 -0.02
¢-insulating unit factor 0.00592
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.p0
pO-isochore pressure [kPa]_ 1250
Climate Load_Winter_Ap and AT ) 0.07 -0.07
¢-insulating unit factor 0.00592
-Summer-
Load carried by pane 1 | Load carried by pane 2
-.p0 @.p0
pO-isochore pressure [kPa]_ 790
Climate Load_Summer_AH ‘ -0.04 0.04
d-insulating unit factor 0.00592
Load carried by pane 1 | Load carried by pane 2
-.p0 @.p0
pO-isochore pressure [kPa]_ .80
Climate Load_Summer_Ap and AT ‘ -0.05 0.05
d-insulating unit factor 0.00592
For “STRESS” check:
-Winter-
Load carried by pane 1 | Load carried by pane 2
-@.p0 @.p0
pO-isochore pressure [kPa]_ 3,60
Climate Load Winter AH ’ 0.02 0.02
¢-insulating unit factor 0.00642
Load carried by pane 1 | Load carried by pane 2
~p.p0 @.p0
pO-isochore pressure [kPa]_ 12.50
Climate Load Winter Ap and AT ) 0.08 -0.08
¢-insulating unit factor 0.00642
-Summer-
Load carried by pane 1 | Load carried by pane 2
-@.p0 @.p0
pO-isochore pressure [kPa]_ .20
Climate Load_Summer_AH ) 0.05 0.05
¢p-insulating unit factor 0.00642

Load carried by pane 1
-(p.p0

Load carried by pane 2
@.p0

pl-isochore pressure [kPa]_
Climate Load_Summer_ Ap and AT

2.80 I

d-insulating unit factor

0.00642|f

-0.06

0.06
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“IGU OPTION — 4, “IGU OPTION — 5" and “IGU OPTION - 6”;

For “DEFLECTION” check:

-Winter-

Load carried by pane 1
-@.p0

Load carried by pane 2
@.p0

pO-isochore pressure [kPa]_
Climate Load_Winter AH

-3.60 I

¢-insulating unit factor

0.00s89|

0.02

-0.02

Load carried by pane 1

Load carried by pane 2

-@.p0 @.p0
pO-isochore pressure [kPa]_ 12.50
Climate Load Winter Ap and AT ’ 0.09 -0.09
d-insulating unit factor D.DDSSBI
-Summer-
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.po
pO-isochore pressure [kPa]_ 720
Climate Load Summer AH ’ -0.05 0.05
¢p-insulating unit factor 0.00689
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.p0
pl-isochore pressure [kPa]_ 8.50
Climate Load _Summer Ap and AT ) -0.06 0.06
¢-insulating unit factor 0.00689
For “STRESS” check:
-Winter-
Load carried by pane 1 | Load carried by pane 2
-.p0 @.p0
pO0-isochore pressure [kPa]_ 2.60
Climate Load_Winter_AH ’ 0.03 -0.03
¢-insulating unit factor 0.00708
Load carried by pane 1 | Load carried by pane 2
-tp.p0 ¢.p0
pO-isochore pressure [kPa]_ 1250
Climate Load_Winter_Ap and AT ) 0.09 -0.09
d-insulating unit factor 0.00708
-Summer-
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 ©.p0
pO-isochore pressure [kPa]_ 790
Climate Load_Summer_AH ’ -0.05 0.05
¢-insulating unit factor 0.00708
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 ©.p0
pO-isochore pressure [kPa]_ 8.80
Climate Load_Summer_Ap and AT ’ -0.06 0.06
¢-insulating unit factor 0.00708
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“IGU OPTION - 7;

For “DEFLECTION” check:

-Winter-
Load carried by pane 1 | Load carried by pane 2
-p.p0 ¢.p0
pO-isochore pressure [kPa]_ .60
Climate Load_Winter_AH ’ 0.02 -0.02
¢-insulating unit factor 0.00592
Load carried by pane 1 | Load carried by pane 2
-p.p0 ®.p0
pO-isochore pressure [kPa]_ 1250
Climate Load_Winter_Ap and AT ) 0.07 -0.07
¢-insulating unit factor 0.00592
-Summer-
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.p0
pO-isochore pressure [kPa]_ 220
Climate Load_Summer_AH ’ -0.04 0.04
¢-insulating unit factor 0.00592
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 ®.p0
pO0-isochore pressure [kPa]_ 8.50
Climate Load_Summer_Ap and AT ’ -0.05 0.05
d-insulating unit factor 0.00592
For “STRESS” check:
-Winter-
Load carried by pane 1 | Load carried by pane 2
-p.p0 @p.p0
pO-isochore pressure [kPa]_ 360
Climate Load_Winter_aH ' 0.02 -0.02
¢-insulating unit factor 0.00642
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 @p.p0
pO-isochore pressure [kPa]_ 12.50
Climate Load_Winter_Ap and AT ' 0.08 -0.08
¢-insulating unit factor 0.00642
-Summer-
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.p0
p0-isochore pressure [kPa]_ 790
Climate Load_Summer_AH ] -0.05 0.05
¢-insulating unit factor 0.00642
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 @.p0
p0-isochore pressure [kPa]_ 8.80
Climate Load_Summer_Ap and AT ' -0.06 0.06
d-insulating unit factor 0.00642
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“IGU OPTION - 8&8”;

For “DEFLECTION” check:

-Winter-
Load carried by pane 1 | Load carried by pane 2
-tp.p0 @.p0
pO-isochore pressure [kPa]_ 260
Climate Load_Winter_AH ) 0.02 -0.02
d-insulating unit factor 0.00689
Load carried by pane 1 | Load carried by pane 2
-¢.p0 @.p0
p0-isochore pressure [kPa]_ 12.50
Climate Load_Winter_Ap and AT ' 0.09 -0.09
d-insulating unit factor 0.00689
-Summer-
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 @.p0
pO0-isochore pressure [kPa]_ 790
Climate Load_Summer_AH ' -0.05 0.05
¢-insulating unit factor 0.00689
Load carried by pane 1 | Load carried by pane 2
-tp-p0 -p0
pO-isochore pressure [kPa]_ 880
Climate Load_Summer_Ap and AT ' -0.06 0.06
¢-insulating unit factor 0.00689
For “STRESS” check:
-Winter-
Load carried by pane 1 | Load carried by pane 2
-ip.p0 @.p0
pO-isochore pressure [kPa]_ 3.60
Climate Load_Winter_AH ) 0.03 -0.03
¢-insulating unit factor 0.00708
Load carried by pane 1 | Load carried by pane 2
-ip.p0 @.p0
pO-isochore pressure [kPa]_ 1250
Climate Load_Winter_Ap and AT ’ 0.09 -0.09
¢-insulating unit factor 0.00708
-Summer-
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 @.p0
p0-isochore pressure [kPa]_ 220
Climate Load_Summer_AH ’ -0.05 0.05
¢-insulating unit factor 0.00708
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.p0
pO-isochore pressure [kPa]_ 2.80
Climate Load_Summer_Ap and AT ) -0.06 0.06
¢-insulating unit factor 0.00708
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“IGU OPTION-9”

For “DEFLECTION” check:

-Winter-
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 @.p0
pO-isochore pressure [kPa]_ 3,60
Climate Load_Winter_aH ’ 0.01 -0.01
¢-insulating unit factor 0.00367
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 @.p0
pO-isochore pressure [kPa]_ 1250
Climate Load_Winter_Ap and AT ‘ 0.05 -0.05
¢-insulating unit factor 0.00367
-Summer-
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 @.p0
pO-isochore pressure [kPa]_ 220
Climate Load_Summer_AH ' -0.03 0.03
d-insulating unit factor 0.00367
Load carried by pane 1 | Load carried by pane 2
-.p0 @-p0
pO-isochore pressure [kPa]_ 8.80
Climate Load_Summer_Ap and AT ‘ -0.03 0.03
d-insulating unit factor 0.00367
For “STRESS” check:
-Winter-
Load carried by pane 1 | Load carried by pane 2
-¢.p0 @.p0
pO-isochore pressure [kPa]_ 160
Climate Load_Winter_AH ] 0.02 -0.02
d-insulating unit factor 0.00436
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 @.p0
pO-isochore pressure [kPa]_ 1250
Climate Load_Winter_Ap and AT ‘ 0.05 -0.05
d-insulating unit factor 0.00436
-Summer-
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 @.p0
p0-isochore pressure [kPa]_ 790
Climate Load_Summer_AH ] -0.03 0.03
¢-insulating unit factor 0.00436
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.p0
p0-isochore pressure [kPa]_ 8.80
Climate Load_Summer_Ap and AT ’ -0.04 0.04
d-insulating unit factor 0.00436
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“IGU OPTION - 10~

For “DEFLECTION” check:

-Winter-
Load carried by pane 1 | Load carried by pane 2
-.p0 ©.p0
pO-isochore pressure [kPa]_ 2.60
Climate Load_Winter_AH ’ 0.02 -0.02
¢-insulating unit factor 0.00444
Load carried by pane 1 | Load carried by pane 2
-.p0 @.p0
pO-isochore pressure [kPa]_ 1250
Climate Load_Winter_Ap and AT ’ 0.06 -0.06
¢-insulating unit factor 0.00444
-Summer-
Load carried by pane 1 | Load carried by pane 2
-p.p0 ¢.p0
pO-isochore pressure [kPa]_ 220
Climate Load_Summer_AH ) -0.03 0.03
¢-insulating unit factor 0.00444
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.p0
pO-isochore pressure [kPa]_ 2.80
Climate Load_Summer_Ap and AT ) -0.04 0.04
¢-insulating unit factor 0.00444
For “STRESS” check:
-Winter-
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 ®.p0
pO-isochore pressure [kPa]_ 360
Climate Load_Winter_AH ) 0.02 -0.02
d-insulating unit factor 0.00513
Load carried by pane 1 | Load carried by pane 2
-p.p0 @.p0
pO0-isochore pressure [kPa]_ 12.50
Climate Load_Winter_Ap and AT ‘ 0.06 -0.06
d-insulating unit factor 0.00513
-Summer-
Load carried by pane 1 | Load carried by pane 2
-.p0 ©.p0
pO0-isochore pressure [kPa]_ 7.90
Climate Load_Summer_AH ' -0.04 0.04
d-insulating unit factor 0.00513
Load carried by pane 1 | Load carried by pane 2
-¢p.p0 ©.p0
pO0-isochore pressure [kPa]_ 8.80
Climate Load_Summer_Ap and AT ' -0.05 0.05
d-insulating unit factor 0.00513
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Appendix 4 - Climatic loads applied to the panes in TGU options of

case study

The variations of internal pressures Api;j due to variations of altitude, tempreature and

barametric pressure .

Isochore Isochore
pressure pressure
Po;1 Po;2
Ap;; Ap;;q Ap;2
Ca‘lflty ﬁp(}‘l ¢2a1+¢1 p
ﬂ = ﬂ 0;2
(Ap1))
Cavity | g0, ¢
2 %po;l Ezpu;z
(Ap2,))
where PB=1-% -ay ¢, -a,

Variations of internal pressures Api;j due to cavity pressure variations [6]

The values of cavity pressure actions partitioned by each glass pane of TGU :

Cavity pressure
variations
pres;1 -Ap1;1-Ap1;2
. | Ap1;1 +Ap1;2 -Ap2;1 -
pres;2 Ap2:2
pres;3 Ap2;1 + Ap2;2

Values of internal actions applied to each pane in TGU [6]
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“IGU OPTION — 11" and “IGU OPTION —12;

FOR “DEFLECTION” CHECK:
-Winter (For “Deflection” check):

P0;1=P0 -16.10 [kPa]
P0;2=P0 -16.10 [kPa]
Isochore Isochore e
pressure PO;1 pressure P0;2 TS
(ap1,j) (api,1) (api,2) Pres;1 0.16
Cavity 1 (Ap1,j) -0.0917 -0.0683 Pres;2 0.00
Cavity 2 (Ap2,j) -0.0633 -0.0917 Pres;3 -0.16

Cavity pressure variations
Climatic Load WINTER_AH [kPa]

Cavity pressure variations

Climatic Load WINTER_AP and AT [kPa]
Pres;1 0.04 Pres;1 0.12
Pres;2 0.00 Pres;2 0.00
Pres;3 -0.04 Pres;3 -0.12
-Summer (For “Deflection” check):
P0;1=P0 16.00 [kPa]
P0;2=P0 16.00 [kPa]
Isochore Isochore Cavity pressure
pressure P0;1 pressure P0;2 variations
(&pl,j) (&pi,1) (&pi,2) Pres;1 -0.16
Cavity 1 (Ap1,j) 0.0911 0.0679 Pres;2 0.00
Cavity 2 (Ap2,j) 0.0679 0.0911 Pres;3 0.16
Cavity pressure variations Cavity pressure variations
Climatic Load SUMMER_AH [kPa] Climatic Load SUMMER_AP and AT [kPa]
Pres;1 -0.07 Pres;1 -0.09
Pres;2 0.00 Pres;2 0.00
Pres;3 0.07 Pres;3 0.09
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“IGU OPTION — 11" and “IGU OPTION —12”;

FOR “STRESS” CHECK:
Winter (For “Stress” check):

P0O;1=P0 -16.10 [kPa]
P0O;2=P0 -16.10 [kPa]
Isochore Isochore Cavity pressure
pressure PO;1 pressure P0;2 variations
(Ap1,j) (Api,1) (Api,2) Pres;1 0.23
Cavity 1 (ApL,j) -0.1265 -0.1020 Pres;2 0.00
Cavity 2 (Ap2,j) -0.1020 -0.1265 Pres;3 -0.23
Cavity pressure variations Cavity pressure variations
Climatic Load WINTER_AH [kPa] Climatic Load WINTER_AP and AT [kPa]
Pres;1 0.05 Pres;1 0.18
Pres;2 0.00 Pres;2 0.00
Pres;3 -0.05 Pres;3 -0.18
Summer (For “Stress” check):
P0O;1=P0 16.00 [kPa]
P0O;2=P0 16.00 [kPa]
Isochore Isochore Cavity pressure
pressure PO;1 pressure PO;2 RS
(Ap1,]) (Api,1) (Api,2) Pres;1 -0.23
Cavity 1 (Ap1,j) 0.1258 0.1014 Pres;2 0.00
Cavity 2 (Ap2,j) 0.1014 0.1258 Pres;3 0.23
Cavity pressure variations Cavity pressure variations
Climatic Load SUMMER_AH [kPa] Climatic Load SUMMER_AP and AT [kPa]
Pres;1 -0.10 Pres;1 -0.12
Pres;2 0.00 Pres;2 0.00
Pres;3 0.10 Pres;3 0.12
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“IGU OPTION — 13” and “IGU OPTION — 14”;

FOR “DEFLECTION” CHECK:
Winter (For “Deflection” check):

P0;1=P0 -16.10 [kPa]
P0O;2=P0 -16.10 [kPa]
Isochore Isochore Cavity pressure
pressure P0;1 pressure P0;2 variations
(Aapl,j) (Api,1) (Api,2) Pres;1 0.36
Cavity 1 (Ap1,j) -0.1929 -0.1674 Pres;2 0.00
Cavity 2 (Ap2.j) -0.1674 -0.1929 Pres;3 -0.36

Cavity pressure variations
Climatic Load WINTER_AH [kPa]

Cavity pressure variations
Climatic Load WINTER_AP and AT [kPa]

Pres;1 0.08 Pres;1 0.28
Pres;2 0.00 Pres;2 0.00
Pres;3 -0.08 Pres;3 -0.28
Summer (For “Deflection” check):
P0;1=P0O 16.00 [kPa]
PO;2=P0 16.00 [kPa]
Isochore Isochore Cavity pressure
pressure P0;1 pressure P0;2 variations
(ap1,j) (Api,1) (api,2) Pres;1 -0.36
Cavity 1 (Ap1,j) 0.1917 0.1664 Pres;2 0.00
Cavity 2 (Ap2,j) 0.1664 0.1917 Pres;3 0.36

Cavity pressure variations
Climatic Load SUMMER_AH [kPa]

Cavity pressure variations
Climatic Load SUMMER_AP and AT [kPa]

Pres;1 -0.16 Pres;1 -0.20
Pres;2 0.00 Pres;2 0.00
Pres;3 0.16 Pres;3 0.20
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“IGU OPTION — 13” and “IGU OPTION — 14”;

FOR “STRESS” CHECK:

Winter (For “Stress” check):

P0;1=P0O -16.10 [kPa]
P0;2=P0O -16.10 [kPa]
Isochore Isochore e
pressure PO;1 pressure PO;2 TErETIE
(ap1,j) (Api,1) (Api,2) Pres;1 0.45
Cavity 1 (Apl,j) -0.2366 -0.2108 Pres;2 0.00
Cavity 2 (Ap2,j) -0.2108 -0.2366 Pres;3 -0.45

Cavity pressure variations
Climatic Load WINTER_AH [kPa]

Cavity pressure variations
Climatic Load WINTER_AP and AT [kPa]

Pres;1 0.10 Pres;1 0.35
Pres;2 0.00 Pres;2 0.00
Pres;3 -0.10 Pres;3 -0.35

Summer (For “Stress” check):

PO;1=PO 16.00 [kPa]
P0O;2=P0 16.00 [kPa]
Isochore Isochore Cavity pressure
pressure P0O;1 pressure P0;2 variations
(ap1,j) (api,1) (4pi,2) Pres;1 -0.44
Cavity 1 (Ap1,j) 0.2352 0.2095 Pres;2 0.00
Cavity 2 (Ap2,j) 0.2095 0.2352 Pres;3 0.44

Cavity pressure variations

Cavity pressure variations
Climatic Load SUMMER_AH [kPa]

Climatic Load SUMMER_AP and AT [kPa]

Pres;1 -0.20 Pres;1 -0.24
Pres;2 0.00 Pres;2 0.00
Pres;3 0.20 Pres;3 0.24
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Appendix 5 - Application of loads in FEM models of DGU options of

case study

The application of loads on the structural models for “IGU OPTION 1”

1 with PVB (hef;w=11,34 mm DEF.)

— EXT. GLASS 88.4 with PVB (hef;w=11,34 mm DEF.)
— INT. GLASS 8 mm
CONNECTION BARS

kPa

Cases: 2 (WIND SUCTION_w [WS_w])

INT. GLASS_8 mm

# with PVB (hef;w=11,34 mm_DEF.)

— EXT. GLASS 88.4 with PVB (hef;w=11,34 mm DEF.)
— INT. GLASS 8 mm
CONNECTION BARS

kPa
Cases: 3 (WIND PRESSURE_w [WP_w])

INT. GLASS 8 mm
with PVB (hef;w=11,34 mm_DEF.)

— EXT. GLASS_88.4 with PVB (hefiw=11,34 mm DEF.)
— INT. GLASS 8 mm
CONNECTION BARS

kN/m

Cases: 6 @m LOAD w[BL w])

INT. GLASS 8 mm

with PVB (hef;w=11,34 mm_ DEF.)

—— EXT. GLASS 88.4 with PVB (hef;w=11,34 mm DEF.)
— INT. GLASS 8 mm
CONNECTION BARS

b
Cases: 7 (POINT LOAD_w [PL_w])

[. GLASS 8 mm

th PVB (hef;w=11,34 mm DEF.)

—— EXT. GLASS 88.4 with PVB (hef;w=11,34 mm DEF.)
— INT. GLASS 8 mm
CONNECTION BARS

Y
kPa
kx Cases: 10 (CLIMATIC-WINTER Ap. AT w [CL-WINT. Ap.AT_w])

. GLASS_8 mm

th PVB (hef;w=11,34 mm_DEF.)

— EXT. GLASS 88.4 with PVB (hef;w=11,34 mm DEF
— INT. GLASS 8 mm
CONNECTION BARS

kPa
Cases: 11 (CLIMATIC-WINTER AH_w [CL-WINT. AH w])
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INT. GLASS_8 mm

/B (hef;w=11,34 mm DEF.)

— EXT. GLASS 88.4 with PVB (hef;w=11,34 mm DEF.)
— INT. GLASS 8 mm
CONNECTION BARS

kPa
Cases: 12 (CLIMATIC-SUMMER Ap AT w [CL-SUM. Ap. AT w])

_INT. GLASS 8 mm

PVB (hef;w=11,34 mm DEF.)

—— EXT. GLASS 88.4 with PVB (hef;w=11,34 mm DEF.
— INT. GLASS_8 mm
CONNECTION BARS

kPa
Cases: 13 (CLIMATIC-SUMMER AH w [CL-SUM. AH w])

2>~ INT. GLASS 8 mm
B )

with PVB (hef;0=12,77 mm_STRESS)

— EXT. GLASS_88.4 with PVB (hef;c=12.77 mm STRESS)
——— INT. GLASS 8 mm
~—— CONNECTION BARS

kPa
Cas‘m: ‘4 (WIND SUCTION o [WS_a])

_INT. GLASS_8 mm

with PVB (hef;6=12,77 mm_STRESS)

—— EXT. GLASS_88.4 with PVB (hef;c=12,77 mm STRESS)
— INT. GLASS 8 mm
~——— CONNECTION BARS

kPa
Cases: 5 (WIND PRESSURE_o [WP_c])

— EXT. GLASS_88.4 with PVB (hef:0=12.77 mm STRESS)
— INT. GLASS 8 mm
CONNECTION BARS

KN/m
Cas‘w:‘ 8 (BARRIER LOAD ¢ [BL o))

INT. GLASS_8 mm

with PVB (hef:c=12.77 mm_STRESS)

—— EXT. GLASS 88.4 with PVB (hef;c=12,77 mm STRESS)
— INT. GLASS 8 mm
— CONNECTION BARS

LN
Cases: 9 (POINT LOAD ¢ [PL_o])
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T. GLASS 8 mm

ith PVB (hef:c=12,77 mm_STRESS)

CONNECTION BARS

kPa
Cases: 14 (CLIMATIC-WINTER Ap AT o [CL-WINT. ApAT c])

. GLASS 8 mm

ith PVB (hef;c=12,77 mm_ STRESS)

~——— CONNECTION BARS

2%
kPa
Qx Cases: 15 (CLIMATIC-WINTER AH_ [CL-WINT. AH_c])

_INT. GLASS_8 mm

B (hef;6=12,77 mm_STRESS)

— EXT. GLASS 88.4 with PVB (hef;c=12,77 mm STRESS)
— INT. GLASS 8 mm
CONNECTION BARS

kPa
Cases: 16 (CLIMATIC-SUMMER Ap AT o [CL-SUM. Ap,AT c])

_INT. GLASS_8 mm

PVB (hef;6=12,77 mm_STRESS)

EXT. GLASS_88.4 with PVB (hef;6=12,77 mm_STRESS
—— INT. GLASS 8 mm
~——— CONNECTION BARS

kPa
Cases: 17 (CLIMATIC-SUMMER AH o [CL-SUM. AH o])
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The application of loads on the structural models for “IGU OPTION 2”

. GLASS_8 mm

ith PVB (hef,w=11,34 mm_DEF.)

ov=031 |

—— EXT. GLASS_88 4 with PVB (hef,w=11,34 mm_DEF )
—— INT. GLASS_8 mm
~——— CONNECTION BARS

%‘: KkPa

Casgs: 2 (WIND SUCTION_w [WS_w])

_INT. GLASS_8 mm

with PVB (hef,w=11,34 mm_DEF )

—— EXT. GLASS_88 .4 with PVB (hef,w=11,34 mm_DEF.)
— INT. GLASS_8 mm
~——— CONNECTION BARS

kPa
Cases: 3 (WIND PRESSURE_w [WP_w])

_INT. GLASS_8 mm

ith PVB (hef,w=11,34 mm_DEF.)

—— EXT. GLASS_88.4 with PVB (hef,w=11,34 mm_DEF.)
—— INT. GLASS_8 mm
——— CONNECTION BARS

kN/m

Cases: 6 (BARRIER LOAD_w [BL_w])

_INT. GLASS_8 mm

ith PVB (hef,w=11,34 mm_DEF.)

—— EXT. GLASS_88 4 with PVB (hef,w=11,34 mm_DEF.)
— INT. GLASS_8 mm
~———— CONNECTION BARS

L kN
C‘asles: 7 (POINT LOAD_w [PL_w])

GLASS_ 8 mm

PVB (hef,w=11,34 mm_DEF.)

—— EXT. GLASS_88.4 with PVB (hef,w=11,34 mm_DEF.)
—— INT. GLASS_8 mm
~——— CONNECTION BARS

X kPa
kx Cases: 10 (CLIMATIC-WINTER Ap, AT_w [CL-WINT. Ap,AT_w])

GLASS 8 mm

PVB (hef,w=11,34 mm_DEF.)

—— EXT. GLASS_88.4 with PVB (hef,w=11,34 mm_DEF.)
—— INT. GLASS_8 mm
——— CONNECTION BARS

kPa
Cases: 11 (CLIMATIC-WINTER AH_w [CL-WINT. AH_w])
T
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_INT. GLASS_8 mm

ith PVB (hef,w=11,34 mm_DEF.)

—— EXT. GLASS_88 4 with PVB (hef,w=11,34 mm_DEF )
—— INT. GLASS_8 mm
~——— CONNECTION BARS

kPa
Cases: 12 (CLIMATIC-SUMMER Ap AT w [CL-SUM. Ap,AT_w])
1 I

_INT. GLASS_8 mm

ith PVB (hef;w=11,34 mm_DEF.)

—— EXT. GLASS_88 .4 with PVB (hef,w=11,34 mm_DEF))
—— INT.GLASS_8 mm
~——— CONNECTION BARS

kPa
Cases: 13 (CLIMATIC-SUMMER AH_w [CL-SUM. AH_w])
L

B

5>

INT. GLASS_8 mm

1|PVB (hef,0=12,77 mm_STRESS)

—— EXT. GLASS_88 4 with PVB (hef,0=12,77 mm_STRESS)
—— INT. GLASS_8 mm
~——— CONNECTION BARS

kPa
Ca.f.eg: 4 (WIND SUCTION_o [WS_a])

_INT. GLASS_8 mm

|PVB (hef,0=12,77 mm_STRESS)

— EXT. GLASS_88.4 with PVB (hef,0=12,77 mm_STRESS)
— INT. GLASS_8 mm
~——— CONNECTION BARS

kPa
Cases: 5 (WIND PRESSURE_o [WP_g])

_INT. GLASS_8 mm

PVB (hef;,0=12,77 mm_STRESS)

— EXT. GLASS_88 .4 with PVB (hef,0=12,77 mm_STRESS)
— INT. GLASS_8 mm
~——— CONNECTION BARS

kN/m
Calsef: 8 (BARRIER LOAD o [BL_o])

_INT. GLASS_8 mm

PVB (hef,0=12,77 mm_STRESS)

—— EXT. GLASS_88 4 with PVB (hef;,c=12,77 mm_STRESS)
—— INT. GLASS_8 mm
~——— CONNECTION BARS

L kN
‘Ca‘ses: 9 (POINT LOAD_o [PL_o])
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%
‘%" - ,GLASS_8 mm

B (hef,0=12,77 mm_STRESS)

—— INT. GLASS_8 mm
~———— CONNECTION BARS

kPa

—— EXT. GLASS_88.4 with PVB (hef,0=12,77 mm_STRESS)

Cases: 14 (CLIMATIC-WINTER Ap,AT_o [CL-WINT. Ap AT_o])

B (hef;,0=12,77 mm_STRESS)

— EXT. GLASS_88.4 with PVB (hef,0=12,77 mm_STRESS)
—— INT. GLASS_8 mm
~——— CONNECTION BARS

kPa
Cases: 15 (CLIMATIC-WINTER AH_o [CL-WINT. AH_g])

—— INT. GLASS_8 mm
~——— CONNECTION BARS

— EXT. GLASS_88 4 with PVB (hef,0=12,77 mm_STRESS)

kP
Cases: 16 E:LIMAT!C—SUMMI‘ER‘Ap,ATia [CL-SUM. Ap AT g])

_INT. GLASS_8 mm

PVB (hef;0=12,77 mm_STRESS)

—— EXT. GLASS_88.4 with PVB (hef,0=12,77 mm_STRESS
— INT. GLASS_8 mm
~———— CONNECTION BARS

kPa
Cases: 17 (CLIMATIC-SUMMER AH_o [CL-SUM. AH_g])
=
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The application of loads on the structural models for “IGU OPTION 3"

INT. GLASS_8 mm

PVB (hef;w=11,34 mm DEF.)

— EXT. GLASS 88.4 with PVB (hefiw=11,34 mm DEF.)
— INT. GLASS 8 mm

kPa
Cases: 2 (WIND SUCTION_w [WS_w])

_INT. GLASS_8 mm

PVB (hef;w=11,34 mm_DEF.)

— EXT. GLASS 88.4 with PVB (hef;w=11,34 mm DEF.)
— INT. GLASS_8 mm

kPa
Cases: 3 (WIND PRESSURE_w [WP_w])

— EXT. GLASS_88.4 with PVB (hef;w=11,34 mm DEF.)
— INT. GLASS 8 mm

kN/m
Cases: 6 (BARRIER LOAD w [BL_w])

INT. GLASS_8 mm

th PVB (hef;w=11,34 mm_DEF.)

— EXT. GLASS 88.4 with PVB (hef;w=11,34 mm DEF.)
— INT. GLASS 8 mm

{ kN
Cases: 7 (POINT LOAD_w [PL_w])

GLASS 8 mm

PVB (hef;w=11,34 mm DEF.)

—— EXT. GLASS 88.4 with PVB (hef;w=11,34 mm DEF.
— INT. GLASS 8 mm

kPa
Cases: 10 (CLIMATIC-WINTER Ap,AT w [CL-WINT. Ap,AT_w])

GLASS_8 mm

PVB (hef;w=11,34 mm DEF.)

— EXT. GLASS 88.4 with PVB (hef;w=11,34 mm DEF.)
— INT. GLASS 8 mm

kPa
Cases: 11 (CLIMATIC-WINTER AH w [CL-WINT. AH w])
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INT. GLASS_8 mm

jith PVB (hef;w=11,34 mm_DEF.)

—— EXT. GLASS 88.4 with PVB (hef;w=11,34 mm DEF.)
= INT. GLASS 8 mm

¥
kPa
Q( Cases: 12 (CLIMATIC-SUMMER Ap AT w [CL-SUM. Ap AT_w])

INT. GLASS 8 mm

fith PVB (hef;w=11,34 mm DEF.)

— EXT. GLASS 88.4 with PVB (hef:w=11,34 mm DEF.)
— INT. GLASS 8 mm

kPa
Cases: 13 (CLIMATIC-SUMMER AH_w [CL-SUM. AH_w])

INT. GLASS_8 mm

# with PVB (hef,0=12,77 mm STRESS)

— EXT. GLASS 88.4 with PVB (hef:6=12,77 mm STRESS)
— INT. GLASS 8 mm

{ .

Cases: 4 (WIND SUCTION o [WS_a])

&

INT. GLASS_8 mm

4 with PVB (hef;0=12,77 mm_STRESS)

— EXT. GLASS 88.4 with PVB (hef:0=12,77 mm STRESS)
— INT. GLASS 8 mm

kPa
Cases: 5 (WIND PRESSURE 6 [WP_c])

— EXT. GLASS 88.4 with PVB (hef:c=12,77 mm STRESS)
— INT. GLASS_8 mm

E'Y kN/m

Cases: 8 (BARRIER LOAD ¢ [BL c])

L

INT. GLASS_8 mm

g with PVB (hef;0=12,77 mm STRESS)

—— EXT. GLASS 88.4 with PVB (hef;6=12,77 mm STRESS)
— INT. GLASS 8 mm

4 KN
Cases: 9 (POINT LOAD o [PL_o])
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— EXT. GLASS_88.4 with PVB (hefio=12,77 mm STRESS
— INT. GLASS 8 mm

kPa
Cases: 14 (CLIMATIC-WINTER Ap,ATTu ICIfW]N"l' Ap.AT o])

— EXT. GLASS 88.4 with PVB (hef;6=12,77 mm STRESf
— INT. GLASS 8 mm

kPa
Cases: 15 (CLIMATIC-WINTER AHJS [CL-WINT. AH_o])

— EXT. GLASS_88.4 with PVB (hef.c=12,77 mm STRESS)
— INT. GLASS 8 mm

kPa
Cases: 16 (CLIMATIC-SUMMER Ap AT o [CL-SUM. Ap.AT o])

ke

_INT. GLASS 8 mm

with PVB (hef;6=12,77 mm STRESS)

— EXT. GLASS _88.4 with PVB (hefic=12,77 mm STRESS)
— INT. GLASS 8 mm

kPa
Cases: 17 (CLIMATIC-SUMMER AH ¢ [CL-SUM. AH o))

&
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The application of loads on the structural models for “IGU OPTION 4"

——— EXT. GLASS_88.4 with IONOPLAST SG (hef;w=14,73 mm_DEF.)
— INT. GLASS_8 mm

5 —— EXT. GLASS_88.4 with IONOPLAST SG (hef;w=14,73 mm_DEF.)
CONNECTION BARS
— CONNECTION BARS
i KP:
= Y
& Cases; 2 (WIND SUCTION_w [WS_w]) & kPa

Cases: 3 (WIND PRESSURE_w [WP_w])

_INT. GLASS_8 mm INT. GLASS 8 mm
[th IONOPLAST SG (hef;w=14,73 mm_DEF.)

—— EXT. GLASS_88.4 with IONOPLAST SG (hefiw=14,73 mm_DEF.)
— INT. GLASS_8 mm
CONNECTION BARS

kN/m Y
Cases: 6 (BARRIER LOAD w [BL_w]) Qx

Cases: 7 (POINT LOAD_w [PL_w])

INE. GLASS_8 mm t. GLASS_8 mm

itli [ONOPLAST SG (hef;w=14,73 mm_DEF.) i [ONOPLAST SG (hef;w—14,73 mm_DEF.)

—— EXT. GLASS_88.4 with IONOPLAST SG (hef;w=14.73 mm DEF)
— INT. GLASS_8 mm

— EXT. GLASS_88.4 with IONOPLAST SG (hef:w=14.73 mm_DEF.)

= = INT. GLASS 8 mm
CONNECTION BARS CONNECTION BARS
&j kPa Y kPa
Cases: 10 (CLIMATIC-WINTER Ap,AT w [CL-WINT. Ap,AT wl)

Cases: 11 (CLIMATIC-WINTER AH w [CL-WINT. AH_w])
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_INT. GLASS 8 mm

hiith IONOPLAST SG (hef:w=14,73 mm_DEF.)

——— EXT. GLASS 88.4 with IONOPLAST SG (hef:w=14,73 mm DEF.)
— INT. GLASS_8 mm
CONNECTION BARS

Y
kPa
Q( Cases: 12 (CLIMATIC-SUMMER Ap,AT_w [CL-SUM. Ap.AT_w])

kPa

_INT. GLASS 8 mm

ith TONOPLAST SG (hef;w=14,73 mm_DEF.)

— EXT. GLASS_88.4 with IONOPLAST SG (hef;w=14,73 mm DEF.)
= INT. GLASS_8 mm
CONNECTION BARS

Cases: 13 (CL]MATIC—SUMMER AH w [CL-SUM. AH_w])

— EXT. GLASS 88.4 with [IONOPLAST SG (hef;o=15,83 mm STRESS)
——— INT. GLASS_8 mm
~—— CONNECTION BARS

&Y kPa
 Cases: 4 (WIND SUCTION o [WS_o])

INT. GLASS 8 mm

with [ONOPLAST SG (hef;o=15,83 mm_STRESS)

— INT. GLASS_8 mm

—— CONNECTION BARS

kPa

Cases: 5 (WIND PRESSURE ¢ [WP o)

INT. GLASS 8 mm

vith IONOPLAST SG (hef,c—15,83 mm_STRESS)

—— EXT. GLASS_88.4 with IONOPLAST SG (hef;c=15,83 mm STRESS)
— INT. GLASS_8 mm
CONNECTION BARS

%Y kN/m
Cases: 8 (BARRIER LOAD o [BL_g])

_INT. GLASS 8 mm

with IONOPLAST SG (hef;o=15,83 mm_STRESS)

11

—— EXT. GLASS_88.4 with IONOPLAST SG (hef;c=15,83 mm_STRESS)

— INT. GLASS

+ kN

8 mm

CONNECTION BARS

Cases: 9 (POINT LOAD o [PL_o])
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ONOPLAST SG (hef;0=15,83 mm STRESS)

—— EXT. GLASS_88.4 with IONOPLAST SG (hef:0=15.83 mm STRESS)
— INT. GLASS 8 mm
CONNECTION BARS

Y kPa
% Cases: 14 (CLIMATIC-WINTER Ap AT 6 [CL-WINT. Ap,AT 6])

ONOPLAST SG (hef;6=15,83 mm_STRESS)

—— EXT. GLASS_88.4 with IONOPLAST SG (hef;6=15,83 mm STRESS)
— INT. GLASS 8 mm
‘CONNECTION BARS

%Y kPa

Cases: 15 (CLIMATIC-WINTER AH o [CL-WINT. AH c])

_INT. GLASS 8 mm

with IONOPLAST SG (hef;0c—15,83 mm_STRESS)

—— EXT. GLASS 88.4 with IONOPLAST SG (hef;0=15,83 mm_STRESS)
= INT. GLASS 8 mm
CONNECTION BARS

Y kPa
% Cases: 16 (CLIMATIC-SUMMER Ap AT o [CL-SUM. Ap AT o])

INT. GLASS 8 mm

A

rith IONOPLAST SG (hef;0=15.83 mm_STRESS)

pY=0.05
Y—0.05

= EXT. GLASS _88.4 with IONOPLAST SG (hef;c=15,83 mm STRESS)
= INT. GLASS 8 mm
~— CONNECTION BARS

QY e

Cases: 17 (CLIMATIC-SUMMER AH o [CL-SUM. AH_c])
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The application of loads on the structural models for “IGU OPTION 5”

_INT. GLASS_8 mm
-

v/"g th IONOPLAST SG (hef,w=14,73 mm_DEF.)

— EXT. GLASS_88 4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)
—— INT.GLASS_8 mm
~——— CONNECTION BARS

kPa

Qa;es: 2 (WIND SUCTION_w [WS_w])

INT. GLASS_8 mm

IONOPLAST SG (hefw=14,73 mm_DEF.)

—— EXT. GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)
—— INT. GLASS_8 mm
~——— CONNECTION BARS

kPa
Cases: 3 (WIND PRESSURE_w [WP_w])
—

a

INT. GLASS_8 mm

IONOPLAST 8G (hef,w=14,73 mm_DEF.)

— EXT. GLASS_88 .4 with IONOPLAST SG (hefw=14,73 mm_DEF))
— INT. GLASS_8 mm
~——— CONNECTION BARS

kN/m

(‘Zas‘es: 6 (BARRIER LOAD_w [BL_w])

INT. GLASS_8 mm

| IONOPLAST SG (hef,w=14,73 mm_DEF.)

—— EXT. GLASS_88.4 with IONOPLAST SG (hefw=14,73 mm_DEF|
—— INT. GLASS_8 mm
~——— CONNECTION BARS

+ kN
Cases: 7 (POINT LOAD_w [PL_w]
T

W

GLASS_8 mm

NOPLAST SG (hef,w=14,73 mm_DEF.)

—— EXT. GLASS_88 .4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)
—— INT. GLASS_8 mm
~——— CONNECTION BARS

kPa
Cases: 10 (CLIMATIC-WINTER Ap AT_w [CL-WINT. Ap AT_w])

GLASS 8 mm

NOPLAST SG (hef,w=14,73 mm_DEF.)

—— EXT. GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF
— INT. GLASS_8 mm
~——— CONNECTION BARS

kPa
Cases: 11 (CLIMATIC-WINTER AH_w [CL-WINT. AH_w])

216




INT. GLASS_8 mm

IONOPLAST SG (hef,w=14,73 mm_DEF.)

—— EXT. GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)
—— INT. GLASS_8 mm
~——— CONNECTION BARS

kPa
Cases: 12 (CLIMATIC-SUMMER Ap AT w [CL-SUM. Ap AT w])

77 |

INT. GLASS_8 mm

h IONOPLAST SG (hef,w=14,73 mm_DEF)

Cases: 13 (CLIMATIC-SUMMER AH_w [CL-SUM. AH_w])

IOPLAST SG (hef,0=15,83 mm_STRESS)

—— EXT. GLASS_88 4 with IDNOPLAST SG (hef,0=15,83 mm_STRESS)
— INT. GLASS_8 mm
——— CONNECTION BARS

kPa
Cases: 4 (WIND SUCTION_o [WS_g])
e

T

_INT. GLASS_8 mm

IOPLAST SG (hef,0=15,83 mm_STRESS)

—— EXT. GLASS_88 4 with IONOPLAST SG (hef,0=15,83 mm_STRESS)
—— INT. GLASS_8 mm
~——— CONNECTION BARS

kPa
Cases: 5 (WIND PRESSURE o [WP_a])

e

_INT. GLASS_8 mm

DPLAST SG (hef,0=15,83 mm_STRESS)

—— EXT. GLASS_88 4 with IONOPLAST SG (hef,0=15,83 mm_STRESS)
—— INT. GLASS_8 mm
——— CONNECTION BARS

kN/m
Cases: 8 (BARRIER LOAD_g [BL_g])

_INT. GLASS_8 mm

IOPLAST SG (hef;,0=15,83 mm_STRESS)

—— EXT. GLASS_88 4 with IONOPLAST SG (hef,0=15,83 mm_STRESS)
—— INT. GLASS_8 mm
——— CONNECTION BARS

4 kN
Cases: 9 (POINT LOAD_g [PL_g])
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IDRLAST SG (hef:c=15,83 mm_STRESS)

—— EXT. GLASS_88.4 with IONOPLAST SG (hef,0=15,83 mm_STRESS)
—— INT. GLASS_8 mm
——— CONNECTION BARS

kPa
Cases: 14 (CLIMATIGWINTE‘R ep.AT,a [CL-WINT. Ap,AT_a])

LAST SG (hef,0=15,83 mm_STRESS)

_INT. GLASS_8 mm

IOPLAST 5G (hef,c=15,83 mm_STRESS)

P ——ExT. GLASS_88 4 with IONOPLAST SG (hef,0=15,83 mm_STRESS)
— INT. GLASS_8 mm

——— CONNECTION BARS

kPa
Cases: 16 (CLIMATIC-SUMMER Ap,AT_o [CL-SUM. Ap AT_a])

INT. GLASS_8 mm
I
I
[

IOPLAST SG (hef.0=15,83 mm_STRESS)

Cases: 17 (CLIMATIC-SUMMER AH_g [CL-SUM. AH_g])
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The application of loads on the structural models for “IGU OPTION 6"

—— EXT. GLASS 88.4 with IONOPLAST SG (hef;w=14,73 mm DEF.)
— INT. GLASS 8 mm

INT. GLASS_8 mm

lith IONOPLAST SG (hef;w=14,73 mm_DEF.)

— EXT. GLASS _88.4 with IONOPLAST SG (hef;:w=14,73 mm DEF.)
— INT.GLASS 8 mm

L - k “
Cases: 2 .(W]IND SUCTION_w [WS_w]) Cases: 3 (WIND PRESSURE w [WP w])
INT. GLASS 8 mm
INT. GLASS_8 mm
_EXT. GLASS | IONOPLAST SG (hef;w=14,73 mm_DEF.)

— EXT. GLASS_88.4 with IONOPLAST SG (hef;w=14.73 mm DEF.)
— INT. GLASS_8 mm

KN/m
Cases: 6 (BARRIER LOAD_w [BL_w])

byith IONOPLAST SG (hef:w—14,73 mm_DEF.)

— EXT. GLASS _88.4 with IONOPLAST SG (hef;w=14,73 mm DEF.)

| —— INT.GLASS 8 mm

E
(;m‘s: 7 (POINT LOAD w [PL w])

GLASS 8 mm

IONOPLAST SG (hef;w=14,73 mm DEF.)

— EXT. GLASS 88.4 with IONOPLAST SG (hef;w=14,73 mm DEF.
| — INT. GLASS 8 mm

kPa
Cases: 10 (CLIMATIC-WINTER Ap AT w [CL-WINT. Ap. AT w])

GLASS 8 mm

ONOPLAST SG (hef;w=14,73 mm DEF.)

— EXT. GLASS_88.4 with IONOPLAST SG (hef;w=14,73 mm_DEF.)
= INT. GLASS 8 mm

kPa
Cases: 11 (CLIMATIC-WINTER AH w [CL-WINT. AH w])
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_INT. GLASS_8 mm

with IONOPLAST SG (hef;w=14,73 mm DEF.)

Y
kPa
2}( Cases: 12 (CLIMATIC-SUMMER Ap AT w [CL-SUM. Ap AT w])

INT. GLASS 8 mm

ith IONOPLAST SG (hef:w=14,73 mm DEF.)

WA TTTA

IRARNENY

N

EXT. GLASS 88.4 with IONOPLAST SG (hef;w=14,73 mm DEF.)
INT. GLASS 8 mm

IV RNV

kPa
Cases: 13 (CLIMATIC-SUMMER AH w [CL-SUM. AH w])

255 INT. GLASS_8 mm
e

ith IONOPLAST SG (hef:o=15,83 mm_STRESS)

— EXT. GLASS 88.4 with IONOPLAST SG (hef:0=15.83 mm STRESS)
— INT. GLASS 8 mm

o .

Cases: 4 (WIND SUCTION o6 [WS_o])
—

L

INT. GLASS 8 mm

h IONOPLAST SG (hef;c=15.83 mm_STRESS)

— EXT. GLASS 88.4 with IONOPLAST SG (hef;0=15,83 mm STRESS)
— INT. GLASS_8 mm

kPa
(Cases: 5 (WIND PRESSURE 6 [WP_a])

_INT. GLASS_8 mm

| [ONOPLAST SG (hef;0—15,83 mm_STRESS)

— EXT. GLASS_88.4 with IONOPLAST SG (hef;0=15,83 mm_STRESS)
— INT. GLASS 8§ mm

%Y KN/m

Cases: 8 (BARRIER LOAD ¢ [BL _o])

INT. GLASS 8 mm

IONOPLAST SG (hef;0=15.83 mm_STRESS;

— EXT. GLASS 88.4 with IONOPLAST SG (hef:c=15.83 mm STRESS)
— INT. GLASS 8 mm

PN
Fhsﬁ: 9 (POINT LOAD ¢ [PL_a])
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-GLASS 8 mm [T. GLASS_8 mm

EXT. GL. {OPLAST SG (hef;0=15,83 mm_STRESS) OPLAST SG (hef:c=15,83 mm_STRESS)
Y=-0.09

——— EXT. GLASS_88.4 with IONOPLAST SG (hef:0-15.83 mm_STRESS) — EXT. GLASS 884 with IONOPLAST SG (hef,0=15,83 mm_STRESS)
. INT.GLASS Bom — INT.GLASS 8mm
& s % - ot
Cases: 14 (CLIMATIC-WINTER Ap AT o [CL-WINT. Ap.AT c]) Eoot i UL L [ DN )

INT. GLASS 8 mm
INT. GLASS_8 mm

TONOPLAST SG (hef;c=15,83 mm_STRESS)
TONOPLAST SG (hef;6=15,83 mm_STRESS)

7.
pY=0.06

—— EXT. GLASS_88.4 with IONOPLAST SG (hef;0=15,83 mm STRESS) — EXT. GLASS_88.4 with IONOPLAST SG (hef;0=15,83 mm STRESS)

— INT. GLASS 8 mm i ——— INT. GLASS 8 mm
%Y kPa 3o kPa
Cases: 16 (CLIMATIC-SUMMER Ap.AT o [CL-SUM. Ap.AT c]) Cases: 17 (CLIMATIC-SUMMER AH o [CL-SUM. AH o])
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The application of loads on the structural models for “IGU OPTION 7"

GLASS_88.4 with PVB (hef;w=11,34 mm_DEF.)

= EXT. GLASS 8 mm
—— INT. GLASS_88.4 with PVB (hef;w=11,34 mm DEF.)

kpPa
Cases: 2 (WIND SUCTION_w [WS_w])

_INT. GLASS_88.4 with PVB (hef;w=11,34 mm_DEF.)

—— EXT. GLASS 8 mm
— INT. GLASS_88.4 with PVB (hef;w=11,34 mm DEF.)

kPa
Cases: 3 (WIND PRESSURE w [WP_w])

_INT. GLASS_88.4 with PVB (hef:w=11,34 mm_DEF.)

——— EXT. GLASS_8 mm
— INT. GLASS 88.4 with PVB (hef;w=11,34 mm DEF.)

kN/m
Cases: 6 (BARRIER LOAD w [BL w])

INT. GLASS_88.4 with PVB (hef:w=11,34 mm DEF.)

EXT. GLASS

— EXT. GLASS 8 mm
— INT. GLASS_88.4 with PVB (hef;w=11.34 mm DEF.)

$rN
Cases: 7 (POINT LOAD_w [PL_w])

. GLASS_88.4 with PVB (hef;w=11,34 mm DEF.)

EXT. GLASS,

= EXT.GLASS 8 mm
—— INT. GLASS_88.4 with PVB (hef;w=11,34 mm DEF.)

kPa
Cases: 10 (CLIMATIC-WINTER Ap AT_w [CL-WINT. Ap AT w])

. GLASS_88.4 with PVB (hef:w=11,34 mm_DEF.)

EXT. GLASS

— EXT. GLASS 8 mm
——— INT. GLASS_88.4 with PVB (hef:w=11,34 mm DEF.)

kPa
Cases: 11 (CLIMATIC-WINTER AH w [CL-WINT. AH w])

222




INT. GLASS_88.4 with PVB (hef;w=11,34 mm_DEF.)

— EXT. GLASS 8 mm
— INT. GLASS_88.4 with PVB (hef;w=11,34 mm_DEF.)

kPa
Cascs: 12 (CLIMATIC-SUMMER Ap AT w [CL-SUM. Ap AT w])

INT. GLASS _88.4 with PVB (hef:w=11,34 mm_DEF )
: S
pY=0.04

——— EXT.GLASS § mm
——— INT. GLASS 884 with PVB (hef:w=11,34 mm DEF.)

kPa
Cases: 13 (CLIMATIC-SUMMER AH_w [CL-SUM. AH_w])

T ASS_88.4 with PVB (hef:0=12,77 mm_STRESS)

— EXT. GLASS_8 mm
— INT. GLASS_88.4 with PVB (hef:c=12,77 mm STRESS)

kPa
Cases: 4 (WIND SUCTION o [WS o])

INT. GLASS_88.4 with PVB (hef:c=12,77 mm STRESS)
EXT. §;
pY=0.80

— EXT.GLASS 8 mm
—— INT. GLASS 88.4 with PVB (hef;c=12,77 mm STRESS)

kPa

Cases: 5 (WIND PRESSURE _ [WP_c])

_EXT. GLASS_8

INT. GLASS_88.4 with PVB (hefio=12,77 mm_STRESS

——— EXT.GLASS_8 mm
——— INT. GLASS 88.4 with PVB (hef:0=12,77 mm_STRESS)

kN/m
Casml: 8 ‘ (BARRIER LOAD o [BL_a])

INT. GLASS_88.4 with PVB (hef.0=12,77 mm_STRESS)
EXT. GLASS
FY=0.80

— EXT.GLASS 8 mm
— INT. GLASS_88.4 with PVB (hef.c=12,77 mm_STRESS)

1 KN
Cases: 9 (POINT LOAD o [PL_])
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= EXT.GLASS 8 mm
——— INT. GLASS_88.4 with PVB (hef;0=12,77 mm_STRESS)

kPa
 Cases: 14 (CLIMATIC-WINTER ApAT_o [CL-WINT. ApAT_])

GLASS_88.4 with PVB (hef;0=12,77 mm_STRESS)

— EXT. GLASS 8 mm
— INT. GLASS 88.4 with PVB (hef;0=12,77 mm_STRESS)

kPa
Cases: 15 (CLIMATIC-WINTER AH_o [CL-WINT. AH_a])

——— EXT. GLASS 8 mm
——— INT. GLASS 88.4 with PVB (hef;0=12,77 mm STRESS)

kPa
Cases: 16 (CLIMATIC-SUMMER Ap,AT 6 [CL-SUM. ApAT ])

INT. GLASS_88.4 with PVB (hef:c=12.77 mm STRESS)

INT. GLASS_88.4 with PVB (hef:o=12,77 mm_STRESS)

pY=0.05

—— EXT. GLASS 8 mm
—— INT. GLASS_88.4 with PVB (hef;0=12,77 mm_STRESS)

kPa
Cases: 17 (CLIMATIC-SUMMER AH_o [CL-SUM. AH_o])
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The application of loads on the structural models for “IGU OPTION 8"

T>GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)

———EXT. GLASS_8 mm
— INT. GLASS 88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)

kPa
Cases: 2 (WIND SUCTION_w [WS_w])

— EXT. GLASS_8 mm

kPa

= INT. GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)

Cases: 3 (WIND PRESSURE_w [WP_w])

INT. GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)

— EXT. GLASS_8 mm
— INT. GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)

kN/m
Cases: 6 (BARRIER LOAD w [BL w])

EXT. G|

INT. GLASS_88.4 with IONOPLAST SG (hef:w=14,73 mm_DEF.)

—— EXT. GLASS_8 mm

—— INT. GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)

4 kN

Cases: 7 (POINT LOAD w [PL w])

GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)

—— EXT. GLASS 8 mm
= INT. GLASS_88.4 with IDNOPLAST SG (hef,w=14,73 mm_DEF.)

kPa
Cases: 10 (CLIMATIC-WINTER Ap,AT_w [CL-WINT. Ap, AT_w])

——— EXT. GLASS_8 mm

GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)

— INT. GLASS 88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)

kPa

Cases: 11 (CLIMATIC-WINTER AH_w [CL-WINT. AH_w])
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_INT. GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)

—— EXT. GLASS 8 mm
— INT. GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)

kPa
Cases: 12 (CLIMATIC-SUMMER 4p,AT w [CL-SUM. Ap,AT w])

_INT. GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)

——— EXT. GLASS_8 mm
= INT. GLASS_88.4 with IONOPLAST SG (hef,w=14,73 mm_DEF.)

Cases: 13 (CLIMATIC-SUMMER AH_w [CL-SUM. AH_w])

GLASS_88.4 with IONOPLAST SG (hef;,0=15,83 mm_STRESS)

— EXT. GLASS_8 mm
— INT. GLASS_88.4 with IDNOPLAST SG (hef,0=15,83 mm_STRESS)

kPa
Cases: 4 (WIND SUCTION o [WS _a])

INT. GLASS_88.4 with IONOPLAST SG (hef,0=15,83 mm_STRESS

—— EXT. GLASS 8 mm
— INT. GLASS_88.4 with IDNOPLAST SG (hef,0=15,83 mm_STRESS)

KPa
Cases: 5 (WIND PRESSURE o [WP_a])

INT. GLASS_88.4 with IDNOPLAST SG (hef,0=15,83 mm_STRESS)

—— EXT. GLASS 8 mm
— INT. GLASS_88.4 with IONOPLAST SG (hef,0=15,83 mm_STRESS)

kN/m
Cases: 8 (BARRIER LOAD_go [BL_a])

INT. GLASS_88.4 with IONOPLAST SG (hef,0=15,83 mm_STRESS)

—— EXT. GLASS_8 mm
— INT. GLASS 88.4 with IONOPLAST SG (hef,0=15,83 mm_STRESS)

L okN
Cases: 9 (POINT LOAD_o [PL_o])
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GLASS_88.4 with IDNOPLAST SG (hef,0=15,83 mm_STRESS)

— EXT. GLASS 8 mm
— INT. GLASS_88.4 with IONOPLAST SG (hef,0=15,83 mm_STRESS)

Y
kPa
Qx _ Cases: 14 (CLIMATIC-WINTER Ap,AT_o [CL-WINT. Ap,AT a])

&

GLASS_88.4 with IONOPLAST SG (hef,0=15,863 mm_STRESS)

— EXT. GLASS_8 mm
— INT. GLASS_88.4 with IONOPLAST SG (hef,0=15,83 mm_STRESS)

Cases: 15 (CLIMATIC-WINTER AH_o [CL-WINT. AH_c])

_INT. GLASS_88.4 with IONOPLAST SG (hef,0=15,83 mm_STRESS)

YA

%

T ek

. GLASS 8 mm
— INT. GLASS_88.4 with IONOPLAST SG (hef,0=15,83 mm_STRESS)

Y
kPa
Qx Cases: 16 (GLIMATIC-SUMMER 4p,AT_o [CL-SUM. Ap,AT_a])

S

E\‘\‘\‘.\‘\‘: <

Y
4

INT. GLASS_88.4 with IONOPLAST SG (hef,0=15,83 mm_STRESS)

S

— EXT. GLASS_8 mm
— INT. GLASS_88.4 with IONOPLAST SG (hef,0=15,83 mm_STRESS)

kPa
Cases: 17 (CLIMATIC-SUMMER AH_g [CL-SUM. AH_o])
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The application of loads on the structural models for “IGU OPTION 9”

PVB (hef,w=7,56 mm_DEF.)

—— INT. GLASS_66.4 With PVB (hef;w=7,56 mm_DEF.)
—— EXT. GLASS_8 mm

kPa
Cases: 2 (Snow Load_w)

| Fz=0.16

B (hef;w=7,56 mm_DEF.)

— INT. GLASS_66.4 With PVB (hef,w=7,56 mm_DEF.)
— EXT. GLASS_8 mm

$ KN
Cases: 4 (Concentrated Load w)

PVB (hef;w=7,56 mm_DEF.)

- INT. GLASS_66.4 With PVB (hef;w=7,56 mm_DEF.)
——— EXT. GLASS_8 mm

kPa
Cases: 6 (CLIMATIC-WINTER Ap,AT_w [CL-WINT. Ap,AT_w])

VB (hef;w=7,56 mm_DEF.)

INT. GLASS_66.4 With PVB (hef,w=7,56 mm_DEF )
— EXT. GLASS_8 mm

kPa
Cases: 7 (CLIMATIC-WINTER AH_w [CL-WINT. AH_w])

[PVE (hef:w=7,56 mm_DEF.)

INT. GLASS_66.4 With PVB (hef;w=7,56 mm_DEF.)
EXT. GLASS_8 mm

kPa
Cases: 8 (CLIMATIC-SUMMER Ap,AT_w [CL-SUM. Ap AT w])

Wit PVB (hef;w=7,56 mm_DEF.)

— INT. GLASS_66.4 With PVB (hef,w=7,56 mm_DEF.)
— EXT. GLASS_8 mm

kPa
Cases: 9 (CLIMATIC-SUMMER AH_w [CL-SUM. AH_w])
e oo e
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PVB (hef;0=8,49 mm_STRESS)

— INT. GLASS_66.4 With PVB (hef;0=8,49 mm_STRESS)
— EXT. GLASS_8 mm

kPa
Cases: 3 (Snow Load o)

— INT. GLASS_66.4 With PVB (hef,0=8,49 mm_STRESS)
—— EXT. GLASS 8 mm

Cases: 5 (Concentrated Load_o)

h PVB (hef,c=8,49 mm_STRESS)

— INT. GLASS_66.4 With PVB (hef,0=8,49 mm_STRESS)
—— EXT. GLASS 8 mm

kPa
Cases: 10 (CLIMATIC-WINTER Ap AT o I[CL-WINT. Ap.AT al)

pZ=0.08
h PVB (hef;0=8,49 mm_STRESS)

— INT. GLASS_66.4 With PVB (hef,0=8,49 mm_STRESS)
—— EXT. GLASS 8 mm

kPa
Cases: 11 (CLIMATIC-WINTER AH o [CL-WINT. AH al)

th PVB (hef;0=8,49 mm_STRESS)

—— INT. GLASS_66.4 With PVB (hef;0=8,49 mm_STRESS)
— EXT. GLASS_8 mm

kPa
Cases: 12 (CLIMATIC-SUMMER Ap,AT_o [CL-SUM. Ap,AT_a])

Jth PVB (hef;0=8,49 mm_STRESS)

— INT. GLASS_66.4 With PVB (hef,0=8,49 mm_STRESS)
—— EXT. GLASS 8 mm

kPa
Cases: 13 (CLIMATIC-SUMMER AH_o [CL-SUM. AH o)
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The application of loads on the structural models for “IGU OPTION 10"

Cases: 2 (Snow Load w)

3,.,-'f SG (hef;w=8,60 mm_DEF.)

. GLASS_66.4 With IONOPLAST SG (hef,w=8,60 mm_DEF.)
EXT. GLASS_8 mm

_ Cases: 4 (Concentrated Load_w)

NOPLAST SG (hef;w=8,60 mm_DEF.)

INT. GLASS_66.4 With IONOPLAST SG (hef,w=8,60 mm_DEF.)
—— EXT. GLASS_8 mm

kPa
Cases: 6 (CLIMATIC-WINTER Ap,AT w [CL-WINT. Ap, AT w])
o

FIONOPLAST SG (hef:w=8,60 mm_DEF.)

INT. GLASS_66.4 With IDNOPLAST SG (hef,w=8,60 mm_DEF )
— EXT. GLASS_8 mm

kPa
Cases: 7 (CLIMATIC-WINTER AH_w [CL-WINT. AH_w])

— INT. GLASS_66.4 With IONOPLAST SG (hef;w=8,60 mm_DEF.

— EXT. GLASS_8 mm

kPa
Cases: 8 (CLIMATIC-SUMMER Ap,AT w [CL-SUM. Ap,AT w])

ONOPI.AST SG (hef;w=8,60 mm_DEF.)

— INT. GLASS_66.4 With IONOPLAST SG (hef,w=8,60 mm_DEF.)
— EXT. GLASS_8 mm

kPa
Cases: 9 (CLIMATIC-SUMMER AH_w [CL-SUM. AH w])
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IONOPLAST SG (hef;0=9,70 mm_STRESS)

— INT. GLASS_66.4 With IONOPLAST SG (hef,0=9,70 mm_STRESS)
— EXT. GLASS_8 mm

kPa
Cases: 3 (Snow Load_o)

Gz

' IONOPLAST SG (hef;0=9,70 mm_STRESS)

— INT. GLASS 66.4 With IONOPLAST SG (hef;6=9,70 mm_STRESS)
—— EXT. GLASS_8 mm

LOKN
Cases: 5 (Concentrated Load_a)

IONOPLAST SG (hef;0=9,70 mm_STRESS)

INT. GLASS_66.4 With IONOPLAST SG (hef,0=9,70 mm_STRESS)
— EXT. GLASS_8 mm

kPa
Cases: 10 (CLIMATIC-WINTER Ap,AT_o [CL-WINT. Ap,AT_ol)

k.

IONOPLAST SG (hef;0=9,70 mm_STRESS)

INT. GLASS_66.4 With IONOPLAST SG (hef,0=9,70 mm_STRESS)
— EXT. GLASS_8 mm

kPa
Cases: 11 (CLIMATIC-WINTER AH_g [CL-WINT. AH_a])

th IONOPLAST SG (hef,0=9,70 mm_STRESS)

— INT. GLASS_66.4 With IONOPLAST SG (hef;,c=9,70 mm_STRESS)
— EXT. GLASS_8 mm

kPa
Cases: 12 (CLIMATIC-SUMMER Ap,AT_o [CL-SUM. Ap,AT_a])

i IONOPLAST SG (hef:0=9,70 mm_STRESS)

— INT. GLASS_66.4 With IONOPLAST SG (hef;0=9,70 mm_STRESS)
— EXT. GLASS_8 mm

kPa
Cases: 13 (CLIMATIC-SUMMER AH_o [CL-SUM. AH a])
T
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Appendix 6 - Application of loads in FEM models of TGU options of case

study

The application of loads on the structural models for “IGU OPTION 11 and “IGU OPTION 12"

[, GLASS_66.4 with PVB (hef.w=8.60 mm_DEF )

—— INT. GLASS_66.4 with PVB (hef:w=8.60 mm DEF.)
—— EXT. GLASS_66.4 with PVB (hef;:w=8,60 mm_DEF.)
= GLASS_6 mm

~———— CONNECTION BARS

kpPa
Cases: 2 (WIND SUCTION_w [WS_w])

INT. GLASS 664 with PVB (hef:w=8.60 mm_DEF)

‘g‘ﬁ““i\\\\“\\\\\\\\\\\“\ X

4
4
4

A

—— INT. GLASS_66.4 with PVB (hef:w=8,60 mm_DEF.)
—— EXT. GLASS_66.4 with PVB (hef;w=8,60 mm_DEF.)
—— GLASS_6 mm

~——— CONNECTION BARS

kPa
Cases: 3 (WIND PRESSURE_w [WP_w])

lals View

g

_INT. GLASS_66.4 with PVB (hef.w=8.60 mm_DEF.)

——— INT. GLASS_66.4 with PVB (hef:w=8,60 mm_DEF.)
—— EXT. GLASS_66.4 with PVB (hef:w=8,60 mm_DEF.)
= GLASS_6 mm

=== CONNECTION BARS

kN/m

CH‘SBS‘ 6 (BARRIER LOAD w [BL_w])

_INT. GLASS _66.4 with PVB (hef;w=8,60 mm DEF.)

—— INT. GLASS_66.4 with PVB (hef:w=8,60 mm_DEF.)
—— EXT. GLASS_66.4 with PVB (hef:w=8.60 mm_DEF.)
= GLASS_6 mm

CONNECTION BARS

LN
: CH‘SSS: 7 (POINT LOAD_w [PL_w])

TNF._GLASS_66.4 with PVB (hef-v=8,60 mm_DEF.)

——— INT. GLASS_66.4 with PVB (hef;w=8,60 mm_DEF.)
—— EXT. GLASS_66.4 with PVB (hef:w=8,60 mm_DEF.)
——— GLASS_6 mm

=~ CONNECTION BARS

kPa
Cases: 10 (CLIMATIC-WINTER Ap.AT_w [CL-WINT. Ap.AT_w])

INE. GLASS_66.4 with PVB (lef.w=8.60 mm DEF.)

—— INT. GLASS_66.4 with PVB (hef:w=8,60 mm_DEF.)
—— EXT. GLASS_66.4 with PVB (hef:w=8,60 mm_DEF.)
—— GLASS_6 mm

~——— CONNECTION BARS

kPa
Cases: 11 (CLIMATIC-WINTER AH w [CL-WINT. AH w])
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_INT. GLASS_66.4 with PVB (hef.w=8,60 mm_DEF )

TR,

TORCR

— INT. GLASS_66.4 with PVB (hef:w=8,60 mm_DEF.)
—— EXT. GLASS_ 66.4 with PVB (hef:w=8,60 mm_DEF.)
——— GLASS 6 mm

=== CONNECTION BARS

kPa
Cases: 12 (CLIMATIC-SUMMER Ap AT w [CL-SUM. Ap AT w])
L

_INT. GLASS_66.4 with PVB (hef;w=8,60 mm DEF.)

—— INT. GLASS_66.4 with PVB (hef:w=8,60 mm_ DEF.)
—— EXT. GLASS_66.4 with PVB (hef:w=8,60 mm_DEF.)
—— GLASS_6 mm

~—— CONNECTION BARS

kpa
Cases: 13 (CLIMATIC-SUMMER AH_w [CL-SUM. AH_w])
T

T GLASS_66.4 with IONOPLAST SG (hef.g=0.70 mm_STRESS)

fm STRESS)

——— INT. GLASS_66.4 with IONOPLAST SG (hef;,c=9,70 mm STRESS)
— EXT. GLASS_66.4 with IONOPLAST SG (hef;0=9,70 mm_STRESS)
—— GLASS_6 mm

CONNECTION BARS

kPa

(‘Ias.T:: 4 (WIND SUCTION_o [WS_o])

_INT. GLASS_66.4 with IONOPLAST SG (hef:0=0.70 mm_STRESS)

[0 mm_STRESS)

|

—— INT. GLASS_66.4 with IONOPLAST SG (hef;,6=9,70 mm_STRESS)

—— EXT. GLASS_66.4 with IONOPLAST SG (hef,0=0,70 mm_STRESS)
——— GLASS_6mm
~———— CONNECTION BARS

Cases: 5 (WIND PRESSURE._o [WP_o])

_INT. GLASS_664 with [ONOPLAST SG (hef.c=9.70 mm_STRESS)

—— INT. GLASS_66.4 with IONOPLAST SG (hef,c=9,70 mm_STRESS)
—— EXT. GLASS_66.4 with IONOPLAST SG (hef:0=9,70 mm_STRESS)
—— GLASS_6 mm

~—— CONNECTION BARS

kN/m

Cases: 8 (BARRIER LOAD_q [BL_o])

— INT. GLASS_66.4 with IONOPLAST SG (hef;0=9,70 mm_STRESS)

——— EXT. GLASS_66.4 with IONOPLAST SG (hef:c=9,70 mm_STRESS)
—— GLASS_6 mm
——— CONNECTION BARS

KN

gam: 9 (POINT LOAD_o [PL_o])

_INT. GLASS_66 4 with IONOPLAST SG (hef'c=9.70 mm_STRESS)
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5. GLASS 664 with IONOPLAST SG (hef.=9.70 mm STRESS)

—— INT. GLASS_66.4 with IONOPLAST SG (hef;c=9.70 mm_STRESS)

—— INT. GLASS_66.4 with IONOPLAST SG (hef.0=9,70 mm_STRESS) | t ¢
—— EXT. GLASS_66.4 with IONOPLAST SG (hef0=0.70 mm_STRESS)

—— EXT. GLASS_66.4 with IONOPLAST SG (hef;c=9.70 mm_STRESS)

—— GLASS 6 mm —— GLASS_6 mm
CONNECTION BARS ~— CONNECTION BARS
30 KPa Q: kPa
Cases: 14 (CLIMATIC-WINTER Ap,AT o [CL-WINT. Ap,AT_c]) Cases: 15 (CLIMATIC-WINTER AH_c [CL-WINT. AH_o])

_INT. GLASS_66.4 with IONOPLAST SG (hef:6=9.70 mm_STRESS)
INT. GLASS_66.4 with IONOPLAST SG (hef.0=9.70 mm_STRESS)

— INT. GLASS_66.4 with IONOPLAST SG (hef.c=0,70 mm_STRESS)

t —— INT. GLASS_66.4 with IONOPLAST SG (hef:0=9,70 mm_STRESS)
——— EXT. GLASS_66.4 with IONOPLAST SG (hef;0=9,70 mm_STRESS)

—— EXT. GLASS_66.4 with IONOPLAST SG (hef0=0,70 mm_STRESS)

= GLASS_ 6 mm —— GLASS 6 mm
CONNECTION BARS ——— CONNECTION BARS
Q,;f kPa g kPa
Cases: 16 (CLIMATIC-SUMMER Ap.AT o [CL-SUM. Ap.AT_c]) Cases: 17 (CLIMATIC-SUMMER AH o [CL-SUM. AH o])
..
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The application of loads on the structural models for “IGU OPTION 13" and “IGU OPTION 14”

~

b DEF.)

——— INT. GLASS_66.4 with IONOPLAST SG (hef:w=11,32 mm_DEF.)
—— EXT. GLASS_66.4 with IONOPLAST SG hef;w=11,32 mm DEF.)
—— GLASS_6 mm

= CONNECTION BARS

kPa

Cases: 2 (WIND SUCTION_w [WS_w])

INT. GLASS_66.4 with IONOPLAST SG (hef.w=11,32 mm DEF.)

—— INT. GLASS_66.4 with IONOPLAST SG (hefw=11,32 mm_DEF.)
—— EXT. GLASS_66.4 with IONOPLAST SG hefw=11,32 mm_DEF.)
—— GLASS_6 mm

~——— CONNECTION BARS

Cases: 3 (WIND PRESSURE_w [WP_w])

INT. GLASS_66.4 with IONOPLAST SG (hef;w=11,32 mm_DEF.)

DEF))

—— INT. GLASS_66.4 with IONOPLAST SG (hef;w=11,32 mm_DEF.)
—— EXT. GLASS_66.4 with IONOPLAST SG hef;w=11,32 mm DEF.)
—— GLASS 6 mm

= CONNECTION BARS

kN/m

Cases: 6 (BARRIER LOAD_w [BL_w])

INT. GLASS_66.4 with [ONOPLAST 5G (hef;v=1132 mm DEF.)

—— INT. GLASS_66.4 with IONOPLAST SG (hef:w=11,32 mm_DEF.)
—— EXT. GLASS_66.4 with IONOPLAST SG hef:w=11,32 mm_DEF.)
—— GLASS 6 mm

~——— CONNECTION BARS

LN

Cases: 7 (POINT LOAD w [PL_w])

——— INT. GLASS_66.4 with [IONOPLAST SG (hef:w=11,32 mm_DEF.)
— EXT. GLASS_66.4 with IONOPLAST SG hef;w=11,32 mm DEF.)
——— GLASS_6 mm

CONNECTION BARS

kPa
Cases: 10 (CLIMATIC-WINTER Ap,AT w [CL-WINT. Ap.AT w])

LASS 664 wita IONOPLAST SG (befw=1132 mum DEF)

—— INT. GLASS_66.4 with IONOPLAST SG (hefw=11,32 mm_DEF.)
—— EXT. GLASS_66.4 with IONOPLAST SG hefw=11,32 mm_DEF.)

Cases: 11 (CLIMATIC-WINTER AH_w [CL-WINT. AH_w])
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INT. GLASS_66.4 with IONOPLAST SG (hef:w=11,32 mm DEF)

—— INT. GLASS_66.4 with IONOPLAST SG (hef:w=11,32 mm DEF.)
—— EXT. GLASS_66.4 with IONOPLAST SG hef;w=11,32 mm_DEF.)
—— GLASS_6mm

——— CONNECTION BARS

kPa
Cases: 12 (CLIMATIC-SUMMER Ap,AT_w [CL-SUM. Ap,AT_w])
—

INT. GLASS _66.4 with IONOPLAST 5G (hef:w=11,32 mm_DEF )

—— INT. GLASS_66.4 with IONOPLAST SG (hefw=11,32 mm_DEF.)
—— EXT. GLASS_66.4 with IONOPLAST SG hef;w=11,32 mm_DEF.)
—— GLASS 6 mm

~—— CONNECTION BARS

kPa
Cases: 13 (CLIMATIC-SUMMER AH_w [CL-SUM. AH_w])
i

]

INT. GLASS_66.4 with [ONOPLAST SG (hefio=12,19 mm_STRESS)

¥ ——INT. GLASS_66.4 with IONOPLAST SG (hefo=12,19 mm_STRESS)
——EXT. GLASS 66.4 with IONOPLAST SG (hef:o—12,19 mm_STRESS)
= GLASS_6 mm

—— CONNECTION BARS

Cases: 4 (WIND SUCTION o [WS_o])

INT. GLASS 66.4 with IONOPLAST SG (hef:0=12,19 mu STRESS)

¥ ——INT. GLASS 66.4 with IONOPLAST SG (hef.g=12,19 mm_STRESS)
~—— EXT. GLASS_66.4 with IONOPLAST 5G (hef.o=12,19 mm_STRESS)
——GLASS 6 mm

~ CONNECTION BARS

| Cases: 5 (WIND PRESSURE o [WP_a])

INT. GLASS_66.4 with IONOPLAST SG (hef;6=12,19 mun_STRESS]

A — INT. GLASS 66.4 with IONOPLAST SG (hef.o=12,19 mm_STRESS)
= EXT. GLASS_66.4 with IONOPLAST SG (hef,0=12,19 mm_STRESS)
—— GLASS_6 mm

~— CONNECTION BARS

IN/m
Cases: § (BARRIER LOAD o [BL o)

—— INT. GLASS_66.4 with IONOPLAST SG (hefo=12,19 mm_STRESS)
——EXT. GLASS_66.4 with [ONOPLAST SG (hefio-12,19 mm_STRESS)
——GLASS 6 mm
~——— CONNECTION

LN

Cases: 9 (POINT LOAD_a [PL_a])
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Appendix 7 - Partitioned values of external loads in DGU options of case

study
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Appendix 8 - Partitioned values of external loads in TGU options of

case study
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