Glass Struct. Eng. (2023) 8:317-337
https://doi.org/10.1007/s40940-023-00219-y

®

Check for
updates

REVIEW PAPER

The new CEN/TS 19100: Design of glass structures

Markus Feldmann® . Maximilian Laurs
Eric Dupont - Martina Eliasova
Christian Louter ©® - Giampiero Manara

Mauro Overend® - Gianni Royer-Carfagni
Christian Schuler® - Geralt Siebert

- Jan Belis

- Laura Galuppi

- Anne Minne - Tim Morgan - Gabriele Pisano
- Jens Schneider

- Anna Sikynova

- Nebosja Buljan@® - Annie Criaud -
- Paavo Hassinen - Ruth Kasper -

- Gregor Schwind

Received: 7 November 2022 / Accepted: 5 January 2023 / Published online: 20 March 2023

© The Author(s) 2023

Abstract Since the beginning of 2021, CEN/TS
19100 Design of Glass Structures has been available
in its first three parts. The fourth part is expected soon.
This Technical Specification of the European stan-
dards organisation CEN is as a pre-standard of a cor-
responding future Eurocode. These documents consti-
tute the first ever comprehensive design code for the
entire structural glass engineering field on the Euro-
pean market for the first time. In addition to a clear
outline, the Technical Specification has been drafted
to be compatible with EN 1990 “Basis of Design”
and to address glass-specific design matters, particu-
larly related to robustness and redundancy. Although
the standard still has the status of a CEN/TS, thereby
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allowing the European nations the option of whether
to introduce it, either in full or in parts, it already
contains national openings through which the Euro-
pean countries can adapt the design results to their
own safety level by National Determined Parame-
ters (NDPs). Such an approach already anticipates the
future Eurocode, which is expected to be published
as EN 19100—Design of Glass Structures. This arti-
cle provides some context on the history and concept
behind the new documents and gives an overview of
the design rules and the corresponding technical back-
ground of the different parts of CEN/TS 19100.
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1 Introduction

Glass plays an ever-increasing role in modern build-
ings, whether that be in applications allowing daylight
to flood interior spaces, or aesthetic exterior design or
sustainable facades, as indicated in Fig. 1. The wide
use of glazing materials was recognised by the Euro-
pean institutions some time ago (Feldmann et al. 2014).
Standards relating to glass products include construc-
tion product standardisation. On the other hand, there
are standards covering the design of glass structures.
They should present the latest technical progress for a
problem-free realisation and seek to promote consis-
tent safety levels. Such standards also harmonize the
design methods and level of safety enabling the use of
advanced numerical methods.

Historically, there have been a multitude of differ-
ent national regulations relating to glass in building,
Fig. 2, some of which are contradictory, incomplete,
outdated, or not corresponding to the European basis
of design of EN 1990 (2010). This situation has often
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resulted in structural glass designs which can only be
realised with special approvals, making the design pro-
cess inefficient and the construction of especially large
glass structures comparatively risky. Such a situation
has hindered technical progress, the economic devel-
opment of the sector and the free trade in services and
indirectly in goods.

The existence of such a multitude of different
approaches within the market encouraged a more pan-
European approach in structural glass design, similar
to what has existed for other construction materials
since the 1990s. With initial discussions and prepara-
tory measures beginning in 2006, the specific mandate
M/515 (2012) was issued in 2012 by the European
Commission for a new generation of Eurocodes includ-
ing the creation of a new Eurocode for the Design of
Glass Structures.

The project was split into three phases. In the first
phase (Task I), a JRC Scientific and Policy (SaP-
)Report “Guidance for European Structural Design of
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Fig. 1 Glass structures in
facades and other building
parts

Fig. 2 Overview of current
European situation of glass
in building standards
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Glass Components” (Feldmann et al. 2014) was pre-
pared giving an overview of the state of the art on
glass design in order to identify the necessary tech-
nical points of the future standard and to propose the
most appropriate structure for such a document, Fig. 3.
This work was completed when the report was pub-
lished in 2014 by the Joint Research Centre of the Euro-
pean Commission (JRC, Ispra). Subsequently, Working
Group 3 (WG3) of CEN/TC250 was given the status
of subcommittee (CEN/TC250/SC11), which was nec-
essary to enable such a committee to make its own
technical decisions for further standardization work. In
parallel, CEN/TC250/SC11 got green light to produce
a pre-standard in the form of a Technical Specification
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(CEN/TS) as a forerunner of a future Eurocode. After
completion of the second phase (Task II) with the pro-
duction of CEN/TS 19100—Design of Glass Structures
(2021) (hereafter also referred to as “CEN/TS”) in its
first three parts, Fig. 3, a subordinate working group
was added as CEN/TC250/SC11/WG1. The third phase
(Task III), in which the Committee is currently work-
ing, is the conversion of the CEN/TS to a Eurocode.

The present article provides an explanation of the
content, the technical rules and the corresponding tech-
nical background of the different parts of CEN/TS
19100.

@ Springer
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THCHNICAL SPECIFICATION
SPECIFICATION TECHNIQUE
TECHNISCHE SPEZIFIKATION

CEN/TS 19100-1

JRC SCIENTIFIC AND POLICY REPORTS

Guidance for European Structural Design
of Glass Components

gt imaa

Desagn of ghans structercs - Part 1 Buasis of design and

Fig. 3 SaP-Report (Feldmann et al. 2014) and CEN/TS 19100 parts 1-3 (2021) and 4 (to be published)

2 Concept and structure of CEN/TS 19100

The design and structuring of the outline and content
of the CEN/TS sought to address three key points:

e Inclusion of as many relevant design aspects as pos-
sible (being typical for modern glass construction),

e Robustness and redundancy related design and
detailing, allowing for the brittleness of glass which
had not previously been considered in the codes for
the classical construction materials, Sect. 3 of this
article,

e Compatibility with safety and reliability require-
ments of the Eurocode suite as laid down in EN 1990
(2010) including the reference to actions (loadings)
as given e.g. in EN 1991-1-1 (2009) or EN 1991-1-4
(2010).

These requirements for the design of structural glass
products were respected and considered as the prevail-
ing prerequisites when producing the TS.

For example, in terms of loadings, EN 1991 does not
specify rules and parameters for determining the inter-
nal cavity pressure and corresponding combinations
with other actions for insulated glass units. CEN/TS
19100 addresses this omission.

@ Springer

Nevertheless, due to the tight time schedule and
limited resources, not all relevant design aspects were
addressed within the CEN/TS. For example, cold bend-
ing, buckling curves and other design aspects will
be brought into the document at the Eurocode stage,
Sect. 3.8 of this article. Moreover, there were some
formal points in terms of compatibility with the struc-
ture of ENs and of the Eurocodes as agreed on CEN-
and on CEN/TC250-level, which have influenced the
work in its current form.

With regard to the structure of the CEN/TS, Fig. 4,
the model structure of the other Eurocodes could not
be adopted completely. Rather the approach needed to
be oriented towards the typical requirements of glass
construction. So, from the beginning it was clear that
crucial glass related issues would need to be added to
the field of basis of design-items which are not consid-
ered in EN 1990 (2010), as they are specific to glass
construction. Taking into account the materials (the
properties of glass and plastics, the relation to product
codes, etc.), the resulting design principles associated
with the extreme brittleness of glass and special assess-
ment techniques for safety in glass, it was decided at
an early stage to regulate the two fundamentals “mate-
rials” and glass related “basis of design” in a separate,
and indeed first part of the CEN/TS (2021).
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o safety issues, robustness

Part1 and design philosophy
Basis of Design | e reference to product
and standards, types of glass
Materials o glass strengths and

further properties

o laterally loaded glass

elements
Part 2 e elements not carrying
Out-of-plane loads from other
loaded structural parts

glass elements | e calculation of laminated
glass
¢ Insulated Glass Units

Part 3 ¢ axially (mid plane resp.)
In-plane loaded glass elements
loaded e elements often carrying

glass elements loads from other
land mechanical structural parts
joints ¢ mechanical joints

e relating to the risk of
Part 4 human injury

Glass selection | e guidance for

specification

Fig. 4 Structure of parts and related content of CEN/TS 19100 (all parts)

For the second part (part 2) (2021) the decision was
taken to cover the design of common glass structures,
which are laterally loaded, i.e. out-of-plane. This docu-
ment part also covers the design of commonly used sup-
ports (i.e. continuously supported glazing along their
edges, point supported glazing and cantilevered glaz-
ing, restrained at one edge) as well as issues around ver-
ifying laminated glass, Insulated Glass Units, deflec-
tions and vibrations, Sect. 3.

When considering in-plane loaded glass compo-
nents, it was agreed to regulate such components in
a separate third part (part 3) (2021) and not together
with the more typical laterally-loaded construction ele-
ments. It was recognised that in-plane loaded compo-
nents are often integrated into the primary structure in

terms of overall performance and stability. However,
research into the corresponding limit states and related
safety assessment concepts of such structural glazed
elements are relatively recent. With a separate part for
the design of glass components mainly loaded in-plane,
one can accommodate countries that want to include the
content of the first two parts but not that of the third part
of CEN/TS in their national package of binding design
rules.

In contrast to the engineering nature the design rules
included within the first three parts of the CEN/TS,
there is the parallel and equally important issue of rules
for an appropriate glass selection relating to the risk of
human injury. The aspects of safety in use (not to be
confused with structural safety) are regulated in Europe

@ Springer
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via national codes which are often linked closely to the
state legal system. Such rules are and will be difficult
to implement at a European design standard level.

To address this challenge, the fourth part provides
information about the glass selection relating to the
risk of human injury, thus, providing guidance for the
specification of glass products in typical applications.
It is envisaged that the fourth part will continue with the
status of a CEN/T'S with a significant lower normatively
binding character even when the other parts will have
been converted into a Eurocode and introduced across
the European countries.

While the first three parts of the TS have achieved
the necessary support in the Formal Vote and have
already been published, CEN/TS250/SC11 is shortly
to submit the fourth part to the Formal Vote procedure,
after which the publication of the CEN/TS can also be
expected.

In conjunction with all of this work, there is also a
relationship between the CEN/TS 19100 or the future
Eurocode on the Design of Glass Structures (both of
which have been or will be prepared under the design-
oriented CEN/TC 250) and the existing European Stan-
dard EN 16612 (2019), which was prepared by the
product-oriented CEN/TC129 committee. When con-
sidering the relationship between these two types of
standards, it should be remembered that (a) the aim
was to achieve the smoothest possible transition of the
design results between the codes and (b) it was neces-
sary to clarify the application areas of different stan-
dards. With regard to the first issue, an explanation of
how this has been achieved is provided in Sect. 3.3.
For the second issue, it was agreed, that the CEN/TS or
the future Eurocode is dedicated to cases where coun-
tries decide that glass components fall under rules of
EN 1990 (2010) where a component needs to be clas-
sified according to the Consequence Classes 1, 2 or 3,
whereas EN 16612 (2019) will typically cover lower
classes, Fig. 5.

3 Technical content of CEN/TS 19100
3.1 Conceptualization, limit states and actions
When drafting the framework for the standard, it was

obvious that for glass construction, in addition to the
usual design situations in which the structure is intact,

@ Springer

I |
| CEN/TC 129 || CEN/TC 250 |
I
| WG 8 || SC11 |
I I
EN 19100
Design of Glass Structures:
Part 1:
Basis of design & materials
Part 2:

Design of out-of-plane
loaded glass components
Part 3:

Design of in-plane

loaded glass components
and their mechanical joints

EN 16612

Glass in Building -
Determination of the
lateral load resistance of
glass panes by
calculation

Part 4:
Glass selection relating to
the risk of human injury

- Guidance for specification
1 1

Components of Components of
Consequence Classes Consequence Classes
other than 1,2,3

given in EN 1990 acc. EN 1990

Component classification
in the hands of European countries or national law

Fig. 5 Relation of CEN/TS 19100 (future EN 19100 resp.) to EN
16612 (2019)

there are also cases to be considered in which the struc-
ture breaks or is (partially or fully) broken. This char-
acteristic is in distinct contrast to other building mate-
rials. The consideration of different design situations is
provided in the rules of Sect. 3.2 of EN 1990 (2010),
which was applied when preparing CEN/TS 19100. In
pursuing this strategy, it became necessary to introduce
two further limit states reflecting the additional design
situations during and after breakage, namely the “Frac-
ture Limit State” (FLS) and the “Post Fracture Limit
State” (PFLS), respectively. In terms of character the
additional limit states clearly belong to the genus of
“Ultimate Limit States”, but they were given their own
names because of their significance and importance in
glass design, Fig. 6.

Based upon the differing historical approaches to
glass products and design, it is predictable that the
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EN 1990

3.2 Design situations

fulfill its function.

normal use ;

(1)P The relevant design situations shall be selected taking into
account the circumstances under which the structure is required to

[Z)P Design situations shall be classified as follows:
persistent design situations, which refer to the conditions of

transient design situations, which refer to temporary conditions
applicable to the structure, e.g. during execution or repair;
accidental design situations, which refer to exceptional conditions|
applicable to the structure or to its exposure, e.g. to fire,
explosion, impact or the consequences of localised failure
seismic design situations, which refer to conditions applicable to
the structure when subjected to seismic events
NOTE Information on specific design situations within each of these
classes is given in EN 1991 to EN 1999

¥

CEN/TS 19100

Situation 1
intact
Serviceability/Ultimate

Limit State
SLS/ULS

Design Situations for CEN/TS 19100

Situation 2
during
damage/impact
Fracture

Limit State
FLS

Situation 3
after
damage/impact

Post Fracture
Limit State
PFLS

Fig. 6 Design situations during and after damage lead to addi-
tional limit states to be considered

same or similar glass components in the same or sim-
ilar buildings will be treated differently in the various
European countries with regard to their safety require-
ments. For this reason, the classification under which
a glass component is to be verified, and in which limit
state, in addition to the classification in the various Con-
sequence Classes (CCs) according to EN 1990 (2010)
and the selection of the safety factors, is prerogative
of the national states through corresponding formula-
tions in the National Application Documents (NADs).
The bundling of limit states into so-called "Limit State
Scenarios", as a definition of the necessary set of ver-
ifications, helps in the safety-related specification of
individual glass components, Fig. 7.

Fig. 7 Bundling Limit
States in Limit State
Scenarios according to
CEN/TS 19100-1 (2021)

Design for the unfractured
glass state

Design for the
glass fracture state
(safe glass fracture)
Design for the
post-fractured state (residual
load capacity)

Typical example of a redundant design

Cross sectional and local Global

e Number and
thickness of plies

e Type of glass

* Type of interlayer

» Edge protection

* Detailing of support

Type and capacity of
second load path

* Protection and hold
back measures
etc.

Fig. 8 Example where robustness and redundancy have to be
considered on different levels

Creation of robustness and redundancy is a pre-
vailing issue in structural glass design and is clearly
reflected within the CEN/TS, ranging from the detail-
ing over the components’ level up to the integration in
the overall context, Fig. 8.

By considering these additional limit states, aware-
ness of the necessary robustness characteristics is
emphasized, which as previously stated plays a very
special role in glass construction due to the brittleness
of the building material.

Undoubtedly, the level of safety for glass elements
that are not integrated into the structural context of the
superordinate structure differ from those that are inte-
grated into it. This is of course due to the significantly
different failure consequences, Fig. 9.

Figure 10 gives an overview on the technical topics
of CEN/TS 19100 according to its different parts as
explained, differentiated according to scope, main text
and annexes.

Limit State Scenario (LSS)

LSS-0 Lss-1 LSS -2 LSS-3
SLS SLS SLS SLS
ULS ULS ULS ULS

FLS FLS
PFLS PFLS
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Fig. 9 In addition to
Serviceability Limit State
(SLS) and Ultimate Limit

Out-of-plane loaded
glass components

In-plane loaded
glass components

State (ULS), where glass FLS

PFLS

FLS

PFLS

components are considered
intact: Fracture Limit State
(FLS) and Post Fracture

During Impact
(hard and/or soft,
as required)

After Impact

During Impact

After Impact

Limit State (PFLS), both for
out-of-plane and in-plane
loaded glass components

* Testing
* Numerical Simulation
« Experience

depending on scenario

* Requirements and test Set-Up

* Dynamic effects
* Non linearities
* Short term

* Analytical evaluation
* Numerical simulation
* Testing

* After decay of dynamic
effect

* Non linearities

* Medium to long term

* Analytical evaluation
* Numerical simulation
* Testing

* No shards falling
* No splinters causing

severe injuries

* Residual load carrying

capacity after fracture
for a limited time
under reduced
loading

Ply fractures

« with
or

- without
lateral impact

/ * Sudden loss of / * Repair possible
( aply (or even of [f - Saferesidual
glass element) \ capacity until

\! repair

« Soft or hard
impact with
different levels .
of energy

In terms of actions, in addition to the provisions of
EN 1991 (2002), CEN/TS 19100 gives additional prod-
uct specific advice. Especially in the case of Insulating
Glass Units (IGUs), the input parameters for determin-
ing the internal cavity pressure (which is in the glass
world usually called “climatic actions”, but can be con-
fused with the other “climatic actions” as given in EN
1991 (2002)) are provided. Combination factors for
cavity pressure specified by CEN/TS 19100-1 can be
found in Table 1. The procedure to determine the inter-
nal cavity pressure follows the methodology as found
in EN 16612 (2019). Another promising procedure that
allows consideration of a wider range of geometries
and loading configurations is represented by the BAM

@ Springer

approach (Betti’s Analytical Method), see Galuppi and
Royer-Carfagni (2020a), Galuppi (2020) and Galuppi
and Royer-Carfagni (2020b). Such an approach may be
added in the final version of the Eurocode.

In addition, to prevent thermal fracture in glass,
Annex C of CEN/TS 19100-1 (2021) provides valu-
able information on determining thermal gradients and
temperature induced stresses in glass panes, Fig. 11.

3.2 Types of glass components, glass types and other
materials

As would be expected, CEN/TS 19100 addresses the
European family of glass products in building, Fig. 12,
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Fig. 10 Scope and technical
topics of the parts of
CEN/TS 19100 including
main text and annexes

Document Scope Main Text Annexes
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... provides design Joints and A - Calculation of the
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. . * testing : moment M
CEN/TS in-plane loading > splices a
19100-3 * analytical « friction B - Calculation of I, 4
and/or connection and Ly of
and for numerical Structural laminated glass
ructura
mechanical joints Analysis C - Calculation of Km-
for in-plane +  stability values for
loaded glass +  imperfections simplified
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Possible content of
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« Riskof collision vertical g azing
. and non vertical
with a glazed .
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Glass edge
Fracture origin

Fig. 11 Identification of breakage caused by thermally induced
stress, as described in the Annex C of CEN/TS 19100-1 (2021)

Table 1 Combination factors for cavity pressures of Insulating
Glass Units (IGUs) in CEN/TS 19100-1 (2021)

1//617,0 I/f(,‘p, 1 I/fcp,Z

0.3 0.3 0.0

using the characteristic basic material strength values
provided in the product standards. With regard to basic
soda-lime silicate glass, the approach starts with dif-
ferent types of annealed glass acc. EN 572 (2012) over
heat strengthened glass acc. EN 1863 (2011) to ther-
mally toughened glass acc. EN 12150 (2015) or even to
chemically strengthened glass acc. EN 12337 (2000).
In addition to the standard forms of glass substrate,
CEN/TS 19100 also refers to other glass products such
as borosilicate, alkaline earth silicate glass, alumino
silicate glass etc. However, since these products are
currently not widely used in construction, only the stan-
dards are referenced, without providing further values.

Products treated in CEN/TS 19100 are flat glass
either as monolithic, laminated, insulating glass assem-
blies or combinations thereof, comprising the usual
edge treatment types. Design of acrylic glass is not
covered.

3.3 Design bending strength

Perhaps no topic is of more interest to the glass design-
ers’ community than the determination of the resulting
design glass bending strength. Based on the material
strengths of the product standards, corresponding cal-
culation rules have been created in Annex A of CEN/TS
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19100-1 (2021) for the areas of surface (Laufs and Sed-
lacek 1999a; b; Veer et al. 2009; Pisano and Royer-
Carfagni 2015), edge (Kleuderlein et al. 2014; Vander-
broek et al. 2012, 2014), hole (Schneider and Wo6rner
2001; Schneider 2004) and corner zones for various
load application durations, dimensions, edge qualities
and degrees of prestress, Fig. 13. Within this approach,
the intrinsic strength component is separated from the
prestress component. The procedure and concept cor-
respond to that of EN 16612 (2019). CEN/TS 19100-1
(2021) is in this respect compatible and can be regarded
as the corresponding extension.

Although this method of strength determination was
considered state of the art a few years ago, further
developments can be observed in certain areas today. In
particular, the evaluations and comparisons with tests
are reported to have revealed conservatism, which is
due to the fact that the probability of poorer surfaces
or unfavourable scratch orientation does not coincide
(or only to a reduced extent) with the probability of
poorer intrinsic strengths (Pisano et al. 2019a). This
leads to an interference factor k; allowing for a more
favourable strength. The factor ki can then be intro-
duced in Annex B of CEN/TS 19100-1 (2021) via the
NAD. The calculation of this improved strength pre-
diction is not very different from Annex A. However,
up to now, the new model of Annex B does not specify
numerically the improvements through k;, which dif-
fer according to glass type. According to the CEN/TS,
such values have to be determined in individual cases or
specified separately in the countries. But corresponding
numerical values have already been worked out for the
future Eurocode version. Background can be found in
(Pisano et al. 2022) and in Fig. 14 and Table 2, accord-
ing to Pisano et al. (2022).

It should be understood, that when CEN/TS 19100
refers to a "bending strength", this, also comprises the
strength both under bending or under normal force
(as well as combinations thereof). This considers the
progress that we now also deal with in plane loaded
structures (see CEN/TS 19100-3 (2021)).

With respect to the design level of resistances com-
pared to the characteristic level, different investigations
have been performed, associated with discussion with
CEN/TC250/SC10 being responsible for the evolution
of EN 1990 (Eurocode). For the basic cases, the safety
coefficients as given in Table 3 could be derived for the
different consequence classes (CCs). There, the safety
coefficient y, = 1.8 for CC 2 referring to a safety index
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NOTE 1

The values for thermally toughened safety glass and heat
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for Glass material Values for characteristic bending strength f, ,
Type of glass Standard ¢ per product for pre-stressed glass processed from:
N/mm? (whichever th "
composition) CImaly
Float glass EN 572-2 45 toughened
- - safety glass
Polished wired glass EN572-3 33 AeC. 1
Drawn sheet glass EN 572-4 45 EN12150-1, heat chemically
and heat strengthened | strengthened
Patterned glass EN 572-5 33 soaked glass acc. to glass acc. to
Wired patterned glass EN 572-6 27 thermally EN:1863-1 EN:12337:4
toughened
VAVAYA safety glass
Oy ‘ acc. to
. " EN 14179-1
e | float glass or
@ ‘.e fivam slieet 120 N/mm? 70 N/mm? 150 N/mm?
glass
\'“t.;\\'l b 2 2 2
:,!& M patterned glass 90 N/mm 55 N/mm 100 N/mm
‘:.:’?\ }“;l ‘ \ | enamelled float
D an ‘ or drawn sheet 75 N/mm? 45N/mm?
R
"’. .:. } ,‘A‘ glass
\:1 "i‘;‘” l: enamelled
A 75 N/mm? 45 N/mm?
1 .,'_‘“'. & J% patterned glass
o s
- B
H\\\b | ,‘{j,,“‘

NOTE 2

soaked thermally toughened safety glass can also be used for glass
conforming to EN 13024-1, EN 14321-1 and EN 15682-1.

The characteristic bending strength values in the table are
the same as in the product standards at the time of publication of this
document. In the case of revision of the values in the product
standards, then the values in the product standards take precedence.

D/

f"—/\

¢

Now
.\4’1\’ V,\

\ ‘jy\xwf

~

02
e

Glass product Standard Glass product Standard
Borosilicate glass EN 1748-1-1 Thermally toughened borosilicate safety glass EN 13024-1
Glass ceramics EN 1748-2-1 Thermally toughened :zlll;zlsme earth silicate safety EN 14321-1
Alkaline earth silicate glass EN 14178-1
Heat soaked thermally toughened alkaline earth EN 15682-1
Alumino silicate glass EN 15681-1 silicate safety glass

Fig. 12 Glass products for design within CEN/TS 19100

@ Springer



328

M. Feldmann et al.

Fig. 13 Calculation of
design strength acc. to

Annex A of CEN/TS
19100-1 (2021)

instrinsic glass strength pre-stress

fgx fok—fgk

=k, ke As-A -k REACE] NN | PN S e/
fg,d e sp A 1 mod Y /] ep ¥

[« total design bending strength
f,  characteristic bending strength of annealed glass

Y.  material partial factor

fi  characteristic bending strength

of glass after a strengthening treatment
Y,  partial factor for

pre-stress on the surface

. edge or hole finishing factor >
k,  surface profile factor k,  pre-stressing process factor
k,, modification (load duration) factor k, edge or hole pre-stressing factor
A, relevant for panes greater 18 m* I &
A relevant for edges longer 6 m '

Fig. 14 Paradigmatic
structure families for kj,
Pisano et al. (2022)

Case 1

of B = 3.8 could be confirmed by several statistical
approaches. Once with a FORM (First Order Reliability
Method) analysis on the resistance side with ar (FORM
sensitivity factor for resistance), which assumes a log-
normal distribution for the strength (Wellershoff 2006),
and once with a Weibull distribution based on a fully
probabilistic approach including random scratch ori-
entation and statistical load modelling using extreme
value distribution (Ballarini et al. 2016; Pisano et al.
2019b).

3.4 Design of laminated glass
When dealing with the developments of interlayer

technologies and their variety of properties, the
consideration of the interlayer shear coupling effect is

@ Springer

Case 2 Case 3

one of the key factors for reducing mass in glass design,
Fig. 15.

Shear coupling effects may be expressed in terms of
time and temperature. In simple terms, CEN/TS 19100
allows for three different levels of design: (1) full or no
shear coupling, (2) analytical models for determination
of the effective mechanical properties of the elastically
layered cross sections and (3) numerical modelling,
Fig. 16.

For what concerns IGUs under normal circum-
stances, the nature of cavity pressure and load coupling
in the cavity requires particular care when considering
what the most relevant case might be, i.e. whether the
stiffer or softer behaviour of the interlayer has to be
considered in which combination of that of the other
pane, i.e., whether the higher or lower value for the
shear modulus of the interlayer needs to be taken. Of
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Table 2 Calibrated values of the interference factor k; for the families of structures shown in Fig. 14 Case of snow action

Case CC1 cC2 CC3

gs[KN/m?]  foa[N/mm*] & g [kN/m*] foa[N/mm’] ko g [kN/m’] foa[N/mm’] K

Heat strengthened glass

6000 x 3000 0.796 48.10 0.63  0.991 41.71 0.67 0.543 36.00 0.73
x 8

3000 x 2000  0.206 45.59 0.68 0.155 40.25 0.71 0.102 34.54 0.77
x 10

3000 x 3000 0.230 46.63 0.66 0.246 40.12 0.71  0.258 34.64 0.77
x 10

Thermally toughened glass

6000 x 3000 2.083 103.54 0.75 1.808 92.57 0.76  1.575 82.84 0.79
x 8

3000 x 2000 0.782 102.29 0.76 1.019 92.81 0.76  0.592 84.47 0.77
x 10

3000 x 3000 0.864 104.29 0.74 1.122 94.49 0.75 0.649 85.84 0.76
x 10

Table 3 Safety coefficients
ym and vy, for different Class of consequences
consequence classes

CC1 cc2 CC3
Basic material y/ 1.6 1.8 2.0
Surface pre-stress v, 1.1 1.2 1.3

plyi interlayer j
N [

L { A\ pii — |d
N — :

)
\ y
S \ L
layered partial shear coupling monolith
A [mm] A [mm] A [mm]
¢

: \ hinll
—— > < compression tension > ¢ =hh2
i iz

Fig. 15 Paradigmatic structure families for k;, Pisano et al. (2022) (for example, in the figure d| = —d>)
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Level of interlayer

. Description
modelling p

If the effect of shear interaction is
favourable, the shear interaction should
be neglected. If the effect of shear

1 interaction is unfavourable, the cross
section of the laminate should be
considered as monolithic with a total
thickness of A, =Z h;

Analytical models are applied. Application
limits of the analytical models should be
satisfied. The validity of the analytical
models in the specified application ranges
should be proven. Guidance can be taken
from Annex A of CEN/TS 19100-2:2021.

Numerical models are applied. The
3 validity of the used numerical model
should be proven.

NOTE 2 For statically indeterminate systems (e.g. IGUs, cold
bent glass) or when assessing dynamic response, Level 1 approach
is not always conservative.

NOTE 3 For evaluation of design shear modulus G, of
interlayer, see 5.2 (1) NOTE 2.

NOTE 4 Annex A of CEN/TS 19100-2:2021 gives information
on a methodology for calculating effective thicknesses for
deformation and stresses of laminated glass.

Fig. 16 Levels of interlayer modelling

course, this requires the availability of corresponding
reliable material values at both sides of the distribu-
tions. However, since this is a very hard task, we can-
not expect a straightforward solution from the plastics
material side, this will take some additional time even

Assess one effective thickness to calculate
the deflection of a pane,

consisting of multiple panes of arbitrary
thickness, with established formulae and build
on tables.

1
hefw =3
‘ [l 1 —.
I
ki + 1238 (ki df)  Xili by

beyond the introduction of the Eurocode. It should also
be remembered that the safety impact, due to the part
of the resistance is not as high as e.g. that of the glass
strength itself.

Although standards should not normally display
the characteristics of a textbook, CEN/TC250/SC11
concluded that in the case of the stress and defor-
mation determination of laminated glasses, assis-
tance should be provided in accordance with the
latest results for analytical calculation. Such an
approach provides an alternative to the labori-
ous and demanding simulations with Finite Ele-
ment Modelling (FEM). This can now be found
in Annex A of the second part of CEN/TS 19100
(2021).

The theory is based on the Enhanced Effective
Thickness theory (EET) (Galuppi et al. 2013, 2014;
Galuppi and Royer-Carfagni 2014) as an improve-
ment compared to the Bennison-Wolfel method (Wolfel
1987). It provides comparable results to EN 16612
(2019), but now includes a considerably wider range
of applications with a significantly wider range of
boundary conditions is on offer. In this regard, the
calculation formulas refer to double or triple lami-
nated glass for different types of loading and stor-
age conditions for laterally loaded beams and plates.
Figure 17 shows examples of the calculation formu-
las.

Assess multiple effective thickness to
calculate the bending stress in the single panes
of arbitrary thickness, with established
formulae and build on tables.

1
Ro g =
ef,o,i 2 m Idll 5 hi
?:1 hi3 + 122?:1(}11' ’ dlz) hgf.w

Tabulated factor depending on
loading and boundary conditions

1

N

:

1+

E 21'3=1 hi3 )

3
i

'=1(hi i dzz) ' Lpp'

(1 =v®)Gine - (B, hF + 1237, (h; - dF)) - (

1 —dy)? 4 (d, — d3)2)
hint,l hint,z

Fig. 17 Example for calculation of effective thicknesses for a n = 3 layered plate acc. to Annex A of CEN/TS 19100-2 (2021)
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3.5 Topics on in-plane loaded glass components,
enhanced robustness, stability and special joints

The transparency and translucency of a structure is
undoubtedly increased when glass components are stat-
ically integrated into the superordinate structure, e.g.
in beams, walls or shear panels. A characteristic of
these components is that in addition to the transverse
load, they are subject to considerable, often predomi-
nant, longitudinal, i.e. in-plane, stress. For this reason,
part 3 of CEN/TS19100 (2021) is dedicated to in-plane
loaded glass elements.

In such circumstances, the prerequisite robust-
ness and reliability of such glass components can-
not be achieved by adopting the simple rules for
FLS and PFLS as provided for the subordinate trans-
versely loaded components covered in CEN/TS 19100-
2 (2021). This approach applies particularly to those
components that are part of the load-bearing system
of the overall structure. As a rule, such components
are manufactured from sufficiently multi-layered lam-
inated safety glass to achieve sufficient robustness and
additionally, there should be an alternative load path in

Fig. 18 Example for

case of collapse of a whole glass element. So, in addi-
tion to CEN/TS 19100-2 (2021), in CEN/TS 19100-3
(2021) there is further advice provided concerning for
the enhanced requirements for theoretical and experi-
mental assessment.

It should be noted that, it is common that potentially
destructive component tests cannot be carried out in the
building itself since the remaining component would
then be pre-damaged and difficult to replace. For this
reason, such destructive components tests are typically
executed elsewhere (e.g. in a laboratory or workshop)
on specially-prepared, additional test specimens. How-
ever, in some special cases CEN/TS 19100-3 (2021)
also permits verification in FLS and PFLS without test-
ing.

Apart from the load introduction at the edges of the
components, which beside basic verification formulae
has to be solved rather constructively, rules are given
for the assessment of stability in both intact and broken
states, which is of particular importance in the design
and for the dimensioning of structural glass compo-
nents. For instance, if glass panes (glass plates) are

5
analytical design method for O pmaxs = l_[ki (1’2 2 Zdo + Km) Pra < foa [o. [b.=5d [3di=b.<5d, |
bolts in shear, here in a row ) b doh [ee. J15d, [25d, [35d, [>35d,
Glass product ! Laminated glass
!p.‘ !3dn !5&1n !701n !9dn !>9dn
e [ mm [ o [ 10 [ 15 [ 20 [ 30 [ 45
[k - [ 10 [35 [ 48 le6t 187 [ 12,6
|
‘ﬁ Equilibrium system K,,-value
[ TR p TP Klzl
-0):l | KNPy 1 Free
oo |[Het
S I R Wittt
ENT T A [ === -
F-O-:\ Q [ PortsK, 1P =-1
Pl | |
[SSE{ Miitt 1
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Both for mono and laminated
glass panes
Type lo
€0 length” Eiinstallaion”™™>

Distance of

inflexion
Flexural f(?l?vtasr:: the
buckling apd critical mode 1o/333 h,/2
plate buckling in direction

of the applied

load

Distance of

inflexion
Latesal E(ci)u;tisnat the
torsional 8 ; 1,/450 h./2
buckling compression

in the

relevant

critical mode

. Longest

Shear buckling diagonal 1,/1000 h./5
“ €gjengn Should be applied at the location where the curvature of
the relevant critical mode gets its maximum.
b € instaliation Ay be applied at the location where the installation
eccentricity occurs. Alternatively, for simplification reasons, it may
be applied at the same location as the one of eg) ¢,
¢ For perpendicular to the glass plane, straight edges over the
thickness  of the laminate, the wvalue for h, is:
h, = h,,. For stepped edges or other edge geometries, the value of
he can be determined individually.
4If € pnstatiation 1S Tecorded on site it may be reduced to the measured
value, but not smaller than 3 mm. This requires care in execution
and control.

Fig. 19 Values for equivalent imperfection for stability design
of in-plane loaded components
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loaded in-plane, they can fail due to out-of-plane defor-
mation (flexural buckling (Langosch and Feldmann
2016), lateral torsional buckling (Luible and Crisinel
2004; Kasper et al. 2007; Amadio and Bedon 2011) or
plate buckling (Luible and Crisinel 2005)), depending
on the degree of slenderness, geometric imperfections
(Belis et al. 2011) and edge conditions, or partial frac-
ture.

Part 3 gives rules for the equivalent imperfection to
be used when verifying such components subjected to
in-plane loading, for the occurring stability phenom-
ena. The equivalent geometrical imperfections should
be applied at the largest ordinate of the eigenmode
deformation in terms of curvature, Fig. 19. In addi-
tion to the imperfection values of the component itself,
installation imperfection values have to be considered,
which may vary from the level of execution control.

In the future Eurocode version, we are awaiting con-
sistent buckling curves for such cases, which for simple
cases will make the FEM verification superfluous and
thus facilitate the stability verifications, Sect. 4 of this
article.

In addition, for thermally toughened glass, rules are
provided to consider safety in the event that a glass
ply suddenly breaks, for whatever reason, and a short-
term stress-increasing impact effect is induced in the
remaining intact cross-section.

Butitis not only the art of designing and dimension-
ing the components themselves which is covered in the
standard. Part of the repertoire of a skilled designer
must also be to appropriately engineer the connections
to and between structural glass elements. In the case
of in-plane loaded elements, jointing of such compo-
nents comprised of glass has rarely been addressed
until recently. This situation has changed by further
research work (Baitinger and Feldmann 2010; Nielsen
et al. 2010; Watson et al. 2013).

For this reason, the design of "special joints" has
been included within of part 3 of CEN/TS 19100. “Spe-
cial connections" are those that allow the transfer of
internal forces in the plane of the glass from one glass
component to the other. Such methods would include
jointing with bolts in shear, adhesive bonded joints or
clamped joints using friction for the shear transmis-
sion, and should not be confused with “normal” sup-
ports, like point fixings (Graf et al. 2004) that are dealt
with in CEN/TS 19100-2 (2021). In simple terms, it
is recommended that such jointing systems should be
designed and verified by aids of FEA (Finite Element
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Deformation Load combination Lo
a Description Example
class? acc. to EN 1990

1-SLS Frequent Deflections or displacements of pure Sagging of canopies but drainage is ensured, pillowing of
aesthetical relevance 1GUs without detrimental effects on the edge sealing, etc.

2-SLS Characteristic Deflections or displacements Ponding and stagnation of water, deflection effects of IGUs
affecting integrity, functionality or with loss of airtightness with edge seal damage, deflection
durability of the glass component in combined with interlayer overstressing, deflections of
the unfractured state glass floors obstructing walkability, etc.

3-ULS Fundamental Deflections or displacements or Glass floor or parapet slipping of supports, deflection
effects thereof affecting safety leading to contact with hard material, etc.

2 See Part 2 of this TS for specific rules on deformation classes.

Fig. 20 Deformation classes for different levels of criticality acc. to CEN/TS 19100-2 (2021)

Analysis), but for some configurations, CEN/TS 19100
— 3 gives analytical design methods enabling quick ver-
ification of the structural layout, Fig. 18, in addition to
construction detailing recommendations.

3.6 Serviceability issues

Whilst in some countries and in some other industries
it is common to exclude limit values for deformations
from a calculation specification, such limits have been
included in the CEN/TS with good reason. In fact, when
dealing with glass products, the limit value for defor-
mation can be different depending on the type of glass
component present. This issue is more pronounced for
glass than for other building materials for reasons of
comfort and aesthetics, as well as functional limits of
deflection (Fig. 19). For example, the deformation lim-
its of insulating glass units are present to protect the air
tightness of the cavity, which is a functional require-
ment, Fig. 20.

Excessive deflection can also result in glazed prod-
ucts disengaging from its supports, which is in turn a
requirement that affects the ULS (load-bearing capac-
ity). For this reason, a sufficiently large glass bite is nec-
essary, which is regulated in the CEN/ TS. In addition to
these specific limits, Fig. 21, simplified rules for quick
design check have been provided. Furthermore, rules
for the calculation and determination of limit values
for permissible vibration frequencies (dynamics) have
been provided in Annex B of part 2 of CEN/TS 19100.

3.7 Part 4 of CEN/TS 19100

Part 4 of CEN/TS 19100 is a special feature which
differentiates this suite of standards from the “classic”

engineering design issues related to calculation or test-
ing. As defined in its scope, part 4 is intended to serve
as guidance for the development or the improvement
of rules intended to assist in selecting the appropri-
ate glazed product for protection against injury and
falls. These rules can be regarded as specifications
which might cover national regulation, national stan-
dard, recommendations from a professional associa-
tion, requirements for a particular project etc. Thus, part
4 also includes a special section which presents sugges-
tions for a possible content of such specifications. Part
4 deals with the safety of people when considering.

e The risk of injury in the event of a collision with a
glazed element, e.g. a partition,

e The risk of falling through or over a glazed element,
e.g. a balustrade, and,

e The risk of glass fragments falling from height onto
people who have not caused the breakage, e.g. an
overhead glazing.

The advice distinguishes between vertical and non-
vertical glazing, function, critical zones, type of glazed
element, glass type and dimensions of the glazed ele-
ment, mode of fixing, arrangement and geometry of the
surrounding structure, type of collision or fall, injury
consequences etc. Figure 2 provides a summary of
basic European standards which already exist e.g. DIN
18008 (2020), FD DTU 39 P5 (2017) or NBN S23-002
(2020).

In addition, Part 4 includes 3 annexes. Annex A sug-
gests ranges of geometric dimensions and environmen-
tal geometries within which the risk of injury is consid-
ered acceptable. Annex B deals with recommendations
concerning the choice of glass type, and Annex C gives
possible guidance for guarding design (see examples
given in Fig. 22). All annexes are informative.
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I_)et.lectlon Deflection |Deflection
Support limit of the P L
condition | supportof limitata limitat
free edge centre
the edges
Continuously| according to
supported [EN 13830:201 L/500
along all 5+A1:2020,
edges 5.7
Continuously| according to
supported |EN 13830:201 .
Cmg::}fent along 20r3 | 5+A1:2020, | /100
edges 5.7
Locally
clamped . N
along 2 or 3 L/150P L/100 L/50
edges
Point-fixed L/100%¢ L/502d
L/200, any
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) upper pl
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Floor supported be taken
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lower edge o
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edges 5.7
Point-fixed L/150¢

Fig. 21 Recommended deflection limits for glass components of
deformation class 2 — SLS acc. to CEN/TS 19100-2 (2021)

The current intention is that Part 4 will not be con-
verted into a Eurocode in the future, as its content is to
be understood in the sense of "safety and accessibility
in use"—issues (basic requirement 4 for construction
works of the Construction Product Regulation (CPR)).
The subject matter of Part 4 does not include "mechan-
ical resistance and stability " (basic requirement 1 for
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Fig. 22 Example for guidance on how to avoid human injuries
acc. to CEN/TS 19100-4

construction works of the CPR), as is the case for the
other parts of the CEN/TS. Issues relating to “safety in
use” are difficult to include in a Eurocode, because of
the variety of legal systems in use within the individual
nations across Europe. For this reason, it was decided
that this kind of regulation should be left in the status
of recommendations, i.e. a CEN/TS, both now and in
the future.

Finally, it should be acknowledged that the choice
of glass type is usually one of the first steps of design,
and is a task which should be completed in close coop-
eration with the architect. For this reason, the subject
matter contained in Part 4 of the CEN/TS is particu-
larly important—perhaps, more than one might think
at a first glance.

3.8 Remaining items for the eurocode

It was always the intention that the CEN/TS be drafted
in the same style and with the same content as an EN
standard. For this reason, the Eurocode version will be
very similar to the CEN/TS. Nevertheless, some revi-
sions and additions are expected. Such revisions and
additions, whether based upon lessons gleaned from
applications in trial-use phase, or from the points that
the committee CEN/TC250/SC11 has already identi-
fied itself are expected to include:

e The determination of k;. The underlying research for
this has already been completed, see above,

e Clearer choice of the ko4 value to determine the
bending strength, especially for the action of wind
in the range of duration between 3 s and10 min,

e An Annex on design recommendations for cold bent
glass,
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Fig. 23 Example of
buckling curves for
combined axial loading and
bending of mono glass
about the strong axis
considering the same
strength for tension and
compression, from
background works for the

M/N=e,

v,9

Eurocode

15

1.25

0.75

0.5

0.25

e Buckling curves for flexural buckling and lateral tor-
sional buckling and combinations thereof for sim-
ple loading cases and simple aspect formats of glass
panes, Fig. 23, and

e Improved methods for the evaluation of load sharing
in IGUs.

It is likely that other revisions and subject mat-
ter will be included. Of course, as is the case for
other European standards (ENs), after completion of
the Eurocode, further developments and improvements
that become apparent will be codified and taken up by
issuing respective amendments. To this end CEN/TC
250 has provided a special “systematic review” for all
Eurocodes. A rough timeline covering future work up
until the standard is available as a Eurocode is outlined
in the following section.

4 Concluding remarks and outlook

This paper provides some history relating to the con-
ceptualization of the Technical Specification CEN/TS
19100 part 1 to 4, and summarises some of the most
important rules and technical background of the code.
The structure and compatibility of the new CEN/TS
with the other Standards in the Eurocode suite has been
explained, including the relevance to EN 1990 (2010),

as well as the relationship with European product stan-
dards. Furthermore, the article shows the necessity for
limit state considerations including but not limited to
intact states and how to include this in European stan-
dardisation.

Most of the relevant technical design topics and
requirements for standardisation in modern glass con-
structions are addressed within CEN/TS 19100. How-
ever, a few are currently still under consideration and
are expected to be incorporated in the future Eurocode.

The CEN/TS 19100 is intended for trial use in glass
design. The feedback from industry and the design
community will help to improve the document dur-
ing its conversion into a Eurocode. To this end, the
corresponding technical works are under way and the
topics, which the committee CEN/TC250/SC11 is still
discussing, have been summarised.

It is expected that the technical work described
herein will be finalized by the end of 2023 so that the
preparation of the enquiry phase can start as planned
in 2024. After incorporation of the comments from the
countries, further formalities and translation works, and
after Formal Vote we are hopeful that the Eurocode
will be published in 2026. At that point it will be the
responsibility of the European countries to prepare their
National Application Documents (NADs), to ensure
that nothing stands in the way of the respective national
standards being withdrawn.
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