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ABSTRACT

Increasingly designers are producing inspirational building images with seamless curved
facades. The reality of producing the vision is not easy to achieve with the challenge of
providing a visually consistent glazed facade allowing views out and light in with minimal

distortion and interference.

This study aimed to identify factors influencing panelisation of curved glazed facades, the
subsequent impact on visual consistency and finally how quality may be improved. It
illustrated that architectural division/panelisation for a curved facade can be achieved in
different ways using both flat and bent glass. Curvature may be formed by: triangulating
flat elements; cold bending by forced or laminated methods or hot bending by radial or
slump formed processes. Other key influencing parameters include: safety; post
breakage failure behavior, thermal and acoustic performances, visual quality, cost and

programme requirements.

The study appraised current specification methods and processes for state of the art
production of flat and bent glass. This highlighted omissions and inconsistencies in
standards/guidelines and inadequate visual assessment criteria. It identified that
defects/attributes for different glass and bending types vary and this can lead to visual

inconsistency if different types are used simultaneously.

Case study experience was used to illustrate the challenges faced when designing and
procuring curved fagades. However, the confidentiality of the fagade industry was a
limitation for the study as information was not readily available for review and certain
project information was not permitted to be published. Another difficulty in assessing the
inconsistency issue is the very subjective nature of visual assessment as this is not a

measurable objective.

Dialogue was therefore carried out with architects, fagade consultants, specialist fagade
contractors, main contractors, clients and glass processors in order to corroborate and

reaffirm the issues. This was supported by a pilot survey.

Having identified the potential issues, a preliminary design roadmap was devised. It used
hypothetical examples based on key project drivers to illustrate how the risks of visual
inconsistency might be identified for different scenarios. This could be used to assist with
improved specification due to a better understanding of the characteristics and risks of
different glass types and bending methods. Finally, the study and survey informed outline
proposals for future investigations and studies to improve the overall specification,

production and visual assessment of bent glass and curved glass buildings.
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ABBREVIATIONS

IGU Insulating glass unit

DGU Double glazed unit

SGU Single glazed unit

EVA Ethylene-vinyl acetate

SGP SentryGlas® (licensed to Kuraray Co., Ltd)

PVB Polyvinyl butyral

BS EN Eurocode - British Annex

CWCT Centre for Window Cladding Technology

TN Technical Note

ASTM American Society of Testing and Materials

GGF Glass and Glazing Federation

SOTA’ State of the art

A mono annealed monolithic

A lam annealed laminated

HS mono heat strengthened monolithic

HS lam heat strengthened laminated

FT mono fully toughened monolithic

FT lam fully toughened laminated

CA Curved annealed glass (BF-Bulletin 009/2011)

CTS Curved thermally toughened safety glass (BF-Bulletin 009/2011)
CHS Curved heat-strengthened glass

CcL ~ Curved laminated glass

CLS Curved laminated safety glass

CIG Curved insulating glass units

TN Technical note

CVvD Chemical vapor deposition

MFT Meinhardt Fagade Technology

UK United Kingdom

NOMENCLATURE

°C = degree Celsius

L = The width of flat laminated glass (BS EN ISO 12545-5:2011)
H = The length of flat laminated glass (BS EN ISO 12545-5:2011)
L = The length of curved laminated glass (BS ISO 11485-2:2011)
G = The girth of curved laminated glass (BS ISO 11485-2:2011)
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d = displacement — misalignment at any one edge of the constituent
glass panes or plastic glazing sheet material making up the
laminated glass. (BS EN ISO 12545-5:2011)

di = displacement — the maximum displacement in the sliding “d1” of one

of the glass edges during the manufacturing of curved laminated

glass (BS EN ISO 11485-5:2011).

measure of heat loss in W/m?k

U value

g value solar factor is a measure of solar heat gain and is measured between

0 to 1. Lower is less gain
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1 INTRODUCTION

1.1 Background to the Study

This purpose of this study was to illustrate that panelisation of curved glazed facades
affects visual consistency. It identified potential visual differences between different
types of glass and bending methods used. In order to do this current design process and
steps influencing panelisation were explained. Specification parameters and production
methods were appraised to identify omissions/inconsistencies, risks and key criteria of
visual inconsistency. The understanding and identification of visual manifestations was
used to assist with the production of a preliminary design roadmap which illustrates how
risk of visual inconsistencies might be better managed through an improved

understanding of the characteristics of different glass types and bending methods.

The challenge starts at the concept of the project with the image of the seamless curved
facade which is a design aspiration that is becoming more familiar. The increase in the
use of curvature has been reaffirmed in a number of recent papers “Curved or bent glass
units are used more and more often in modern architecture. The curved elements can
create flowing contours, organic bodies or bold arch and vault constructions.” (Elstner and
Kramer 2012). “In the last years an increase of the number of building projects with built-
in curved glass can be observed.” (Neugebauer 2014). This was reiterated by Nelli Diller,
Managing Director of Seele, that there has been an increase in the orders for curved

facades and curved glazing in the last 5 years. (Diller, N. (pers.comm.) 1st July 2015).

Depending on the building use and design intent, the curved fagade may be opaque, fully
glazed or have a certain area of opaque and vision facade. The materiality of the
envelope will influence how the fagcade is manufactured and constructed. Solid opaque
areas may be formed from stone, concrete or plastic for example. These materials can be
sculpted, ground, moulded and shaped to meet the visual requirements of the design.
These processes do require more thought and come at a cost premium for curved
facades compared to flat components, but are not generally considered a prohibitive risk
to the success of the project. The glazed facade element is not always such a simple
element to resolve and is implemented as allowing natural daylight into a space is
considered a key human comfort parameter. Section 11 in BS 8206 states: “In the UK
there is no general statutory requirement for a particular daylighting level. However
Regulation 8 of the Workplace (Health, Safety and Welfare) Regulations 1992 (as
amended) [10] requires that “Every workplace shall have suitable and sufficient lighting”
and that this lighting “shall, as far as is reasonably practicable, be by natural light’. The

British Council for Offices (BCO) Guide to Lighting recommends an average daylight
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factor of 2% on a minimum 50% of the floor area as a guide to good practice. This
requires the use of transparent materials and so there is the challenge of providing bent
glass with optical consistency and views without distortion or optical variances.

Figuresl.1 and 1.2 exemplify the complexity of the curvature that can be proposed for a

glazed facade. This office building project in Abu Dhabi by Zaha Hadid Architects. It was

designed to tender, but not built.

Figure: 1.1 National Holdings Headquarters Figure 1.2: National Holdings Headquarters
Building, Abu Dhabi. (Mathematics in industry, Building, Abu Dhabi. (pjc light studio, 2015)
2015)

Improved techniques for understanding the geometry of the panels and how this can be
translated into the building components for construction has been essential in achieving
these challenging building forms. The curvature needs to be modelled, analysed and
measured. Programmes such as Rhino and Grasshopper are often used to form the
geometry, also programmes that generate algorithms are now commonly applied and
these can have limiting parameters that will influence the curvature and the panel
divisions. Figure 1.3 illustrates the initial isocurves the architect proposed to panelise the
fagade and figure 1.4 the analysis of the offset of the curvature.
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Figure 1.3: Identifying curvature. National Holdings Figure 1.4: Identifying curvature
Headquarters Building, Abu Dhabi. (Ramboll, 2009)  measuring the offset. National Holdings
Headquarters Building, Abu Dhabi.
(Ramboll, 2009)
Categorising the geometry identifies if the panels are flat or curved. Both can be used to
achieve the design intent. 30 St Mary’s Axe is an example where triangulation of flat
panels has been successfully adopted to provide a curved fagcade. Although curvature

was not totally avoided as the lense on the apex is a double curved glass element.

Figure 1.5: Triangulated flat glass panels. 30 St. Mary Axe. (The Guardian, 2015)
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The type of curvature can be grouped into certain families which for this study are defined
as single point, 2 point radial/conical and doubly curved or free form curved. This
categorisation informs the most appropriate bending type.

The bending types generally considered for commercial buildings are cold bent using
forced or laminated methods or hot bent using radial/conical or free form slumped

methods and these methods reaffirmed (Hoenicke, G. (pers.comm.) 22 April 2015).

Cold bent glass is derived from flat glass which is bent to moderate curvature due to the
limitation of the processes. Hot bent glass is also derived from flat glass but the bending
methods are able to achieve more extreme geometries than cold bending. Both types

have visual attributes particular to the base glass used and the bending method adopted.

How then can the specification safeguard the desired aesthetic? Is it possible to specify
the seamless fagade? Although the desired geometry may be possible to manufacture,
how visually seamless is the material cladding of the building? In respect of glass clad
buildings, what are the limitations and the effect on visual consistency and how can the

visual assessment be qualified?
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1.2 Objectives
1.2.1  Objectives of the Study

The objectives of this study were to:

e |dentify how panelisation of curved glass buildings is informed and facilitated by
current building procurement strategy.

o Explain the classification of the geometries used for identifying panelisation.

o Describe the manufacture and processing of glass types and bending methods
used for the types of panelisation to understand the potential visual
defects/attributes.

e Appraise current specification and standards/guidelines of curved glass buildings
and identify omissions and inconsistencies.

e Evaluate selected case studies to illustrate omissions and inconsistencies as a
consequence of panelisation and bending types.

e Collate visual manifestations associated with different glass types and bending
methods.

e Devise a preliminary road map to assist with the decision making process and
improve specification through better understanding of the attributes and defects of
different glass and bending types and subsequent risk to visual inconsistency of
curved glass buildings.

e Propose potential future improvements that could better inform the specification

and reduce visual inconsistency.

1.2.2 Objectives and Research Methodology

The objectives were not all easily researched through desk based literature review due to
the confidentiality of the industry. Also acceptable visual consistency of bent glass is a
subjective parameter and not documented as a measured boundary. Subjective is
defined in the online Oxford English Dictionary, item 4a “Of, relating to, or proceeding
from an individual's thoughts, views, etc.; derived from or expressing a person's
individuality or idiosyncrasy; not impartial or literal; personal, individual.” And 4b “Existing
in the mind only, without anything real to correspond to it; illusory, fanciful.” (Oxford
dictionaries, 2015). Consequently, how can visual quality be assessed against a standard

or industry accepted benchmark?

It was therefore appropriate to augment the study using an online pilot to those in industry
designing, specifying, procuring and constructing. To obtain a representative spread of
opinion through the industry, the survey was circulated to architects, facade consultants,

glass processors, specialist fagade contractors, main contractors and clients. The 64
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participants are listed in the references section. However the individual responses were

provided as confidential and therefore the overall results only are given in Appendix A.

Item | Objective Desired output Research Chapter
method
A Overview of the o Identify the stages at which Desk based 2
design and panelisation/repanelisation literature review.
procurement occur. Case study
route for e Identify factors that may review.
producing curved influence the type of bending
glazed facade method.
building.
B Review of e Explain options for panelisation. | Desk based 2
panelisation o Identify panel geometry literature review.
methods and categories. Case study
classify panel review.
geometry. Standards review.
C Identify glass e To describe the different glass Desk based 2
types from which types generally used to literature review.
bent glass may be establish the current state of the
processed. art (SOTA) in bent glass.
e To highlight the potential visual
defects/attributes associated
with the types.
D Classify the range | e To clarify the terms used to Desk based 2
of bending and geometrically define the literature review.
the methods to different bending types and their | Pilot survey to
achieve them. limitations. industry.
o Identify visual defects/attributes | Meetings with
of the different types. industry
specialists.
Factory based
research — glass
processor and
facade contractor.
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Item | Objective Desired output Research Chapter

method

E Identify and e Clarify standards/guidance used | Pilot survey to 2
review UK/ in current industry SOTA in bent | industry to identify
European glazing glass production. standards used.
standards/ e Evaluation of current BS EN Desk based
guidance for flat standards, relevant international | standards and
and curved glass. standards, professional bodies/ | guidance review.

specialists and industry
guidance to identify conflicts
and potential omissions in
specification.

F Produce inventory | ¢ Summarise the potential Desk based 2
of the potential consequences associated with | literature review.
manifestations the use of different types of bent | Pilot survey to
associated with glass. industry to
hot/cold bent reaffirm issues.
glass methods.

G lllustrate potential | ¢ Relate examples to the Desk based 3
manifestations. manifestations inventory to literature review.

Use case studies illustrate the issue of visual Existing images
to illustrate design inconsistency. compilation.
methodology for | e To illustrate the complexity of Desk based case
panelisation and panelisation options and the study review.
procurement and potential impact on the visual

production consistency at design and

challenges. production stages.

H Develop e Example of methodology to Pilot survey to 4
preliminary design inform decision making during industry to identify
road map to the design process, assist with the key issues of
assist improved specification and highlight risks | visual consistency
specification. of visual inconsistency. concern.

J Identify items for | e Identify the key areas where Pilot survey to 5
future production improvements are considered to | industry to identify
and specification be needed. potential
improvements. ¢ Provide potential research improvements.

areas that might improve visual
consistency in the future.
Table 1.1: Objectives methodology and desired output.
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1.2.3 Pilot Survey Summary

The objectives table highlighted the importance of the survey for input into this study. The
table below presents the questions administered and indicates which objectives were
informed by the survey. The questions and summary of the responses were incorporated in
the appropriate sections of the study. Additional participant comments were also included

within the context of the study where applicable. The full survey and the responses are

provided in Appendix A.

D To confirm types Graph
identified in the study are
used.

D To confirm whether there | Pie chart

is an issue to be
considered and establish
whether industry is
aware.

E Validate that there are Pie chart
omissions/inconsistencies
and that improved
guidance is required.

E Establish current Graph
specification state of the
art practice.

F Input into the list of Graph
manifestations that are an

issue for bent glass.

F Input into the list of Graph
manifestations that are an

issue for bent glass.
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H Provide understanding of | Graph
the level of compromise
that might be considered
during the design
process.

H Identify the project driver | Graph
criteria most important
from a cost, visual quality
and programme

perspective.

H Understand which Graph
measures are considered
most important to
optimise the visual
quality.

H Understand which Graph
measures are considered
most important to
optimise the visual

quality.

J Understand the key Graph
criteria considered most
important by the different
parties involved in design
and procurement to
improve quality in the
future.

Table 1.2: Survey questions administered and desired outcome.

Neesha Gopal Page | 22



The consequences of panelisation on visual inconsistency of curved glazed facades

1.2.4 Boundaries and Limitations

The potential field of study for glass is vast and in order to limit study, the dissertation was

related to glass being used in the mainstream commercial building industry as opposed to

that being used in the automotive or ship building industries. The following limiting

parameters were used to study the consequences of panelisation on the visual

inconsistency of curved glazed facades. The black bold text identifies the subject field

considered.
BENDING TYPES LOCATION
. GLASS MANUFACTURE
MAsla
Cold bent - forced bent UK / Europe Commercial buildings
Cold bent — laminated N & S America Residential buildings
Australasia Automotive
Hot bent - radial/conical Hot Marime
bent - free form Houschold
FLAT AND BENT CURVED BﬁﬂSAE'EGRLIiES
GLASS STANDARDS / GLASS FOR
GUIDANCE Soda lime silicate glass
BUILDINGS Borosilicat glass
BS EN standards Glass fibre

BS IS0 standards
ASTM (bent only)

Ik
Y

CWCT

Hadamar
GGF GLASS PROCESSES
A lod GLASS PRODUCTION
nnediet FOR BUILDINGS
Heat treated
Fully tempered Float glass
Heat soak tested Polished .'.-IIE':|"_\|\|:--:-‘
Chemicaltoughening Wired patterned glass
PERFORMANCES Laminated Wired or unwired channel
Post breakage failure Coated online shapedglass
Thermal Coated offline Drawn sheetglass
Acoustic S ngle g azod Patterned ‘|‘I
Fir Insulated glass unit—double Castglass
Visual nsulated glass unit Blown ‘E||‘|;-\;-\
Figure 1.6: Limitations applied to study field.
Neesha Gopal Page | 23




The consequences of panelisation on visual inconsistency of curved glazed fagades

2 DESIGN PROCESS FOR PANELISATION AND THE ASSOCIATED GLASS
TYPES AND BENDING METHODS

The purpose of this section was to illustrate the following:

o Example of current building procurement strategy and at which stages panelisation

review may occur during the process.

e Methods to categorise panelisation — simple and complex geometries.

e Glass types and processes and visual defects/attributes associated with each.

¢ Bending methods and visual defects/attributes associated with each.

¢ Standards and guidance currently used for specification and the identification of

omissions and inconsistencies.

The review appraised state of the art production for flat and bent glass by communication

with glass processors and fagade contractors and visits to production facilities.

2.1 Example of Current Procurement Method with Panelisation Stages

The following key stages of a project were identified and based on experience of

involvement with the projects illustrated in the case studies, whilst employed at whitbybird

and Ramboll facade engineering. The stages identify when panelisation decisions may be

made and the consequences of this on project drivers including cost and programme.

STAGE

PARAMETER

KEY IMPACT

CONCEPT
DESIGN

Form/design

Influences panelisation and individual panel geometry.

Different glass/bending types may cause visual incongruity.

Cost

Budget will limit the glass/bending type affordable.

Programme

Programme can limit the bending types feasible.

DETAILED DESIGN

Form/design

Revisit panelisation to rationalise panel geometries for
optimising similar types.
Can panel types meet facade performance criteria?

Different glass/bending types may cause visual incongruity.

Specification

How to specify glass types to meet the performance criteria
for loads, thermal acoustic, post breakage failure
requirements and still meet design intent?

Which codes/guidance are relevant? How to identify visual

assessment criteria?

Cost

Bespoke design is difficult to cost and a risk to the

feasibility of the project.
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STAGE | PARAMETER

KEY IMPACT

Programme

Programme will limit the glass/bending type choice

Compliance
with design

intent

If the specification is not clear for visual criteria different
glass build ups can be proposed for same type bending.

Different glass/bending types may cause visual incongruity.

Cost

Unclear specification can allow different glass types/build
ups to be priced. Returned tenders are not possible to

benchmark.

Programme

TENDER

Different glass/bending types affect programme.

Form/

panelisation

Contractor may re-panelise to meet cost/programme
requirements. Different glass/bending types may cause

visual incongruity.

Specification

Does the glass produced meet the performance
specification? Can this be measured in accordance with
code/guidance?

Are the tolerances achieved acceptable for visual quality?

How can the visual criteria be assessed in the factory?

Cost

If proposed glass is deemed unacceptable visually and the

bending type has to be changed, this will impact cost.

Programme

PRODUCTION

Can samples be produced early to assess visual attributes?
If proposed glass is deemed unacceptable visually and the
bending type has to be changed, this will impact

programme

Visual criteria

What is acceptable? Can this be measured in accordance
with  specification/samples and be backed by

codes/guidance?

Cost

If the visual acceptance criterion is not clearly defined and
the client does not like the appearance of the glass, then

the client may have to pay to change it.

Programme

CONSTRUCTION

Disputes will delay project handover.

Table 2.1: Summary of potential key parameters impacting visual consistency during design and

procurement.
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The following summary of the design and procurement process highlights the points at

which initial panelisation and repanelisation can occur and this can impact the

programme.
] Design team
Ar':h:::; REVIEW Design Team
CONCEPT CONCEPT REVIEW
Performances ANALYSE
DESIGN
Cost
Design Team DESIGN
REVIEW DEVELOPMENT
ANALYSE STAGE

{4

TENDER

TESTING OF
BENDING
TYPES

Figure 2.1: Potential panelisation stages during facade design and procurement stages.

2.2 Bending Methods
The bending methods commonly used for commercial buildings considered for this study
were:

e Hot bending — radial/conical.

e Hot bending — slump formed.

e Cold bending — forced.

e Cold bending — laminated.

2.3  Bending Categorisation

The survey confirmed that bent glass in its different forms as hot and cold bent was
designed/specified, commissioned/ordered and produced.
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Question 1 of the survey:

Please indicate awareness / type of experience with the following types of bent glass

(please tick all those that apply)

Aware of

bt not
used
Cold bent glass - formed by forced bending 43.55%
either on or off site and restrained by a support 27
mamber
Caold bent glass - formed by bending due to 50.82%
applied pressure and then laminated in an H
autoclave
Hat bent glass - farmed with machinery 1o 18.33%
give regular geometry as a cylinder / radial i
conical
Huot bant glass - formed on a mould - slump 40.32%
formed - free form / crganic geometry 25

Figure 2.2: Survey results Question 1

Answered: 63

1004

B0%:

40%,

Designad
! specified

32.26%
20

19.67%
12

46.67%
28

33.8T%
21

Produced

14.52%

13.11%

20.00%

12

11.20%

SKipped: 1

0%
Cold bent glass Cold bent glass
= formed by = formed by
forced bending bending due to
aither am or ... applied press...

Aowrare of but not used [ Designed | specified

Commissioned
lordered

12.80%
8

11.48%

33.33%
20

22.58%
14

Haot bent glass
= formed with
machinery to
give regular...

Produced

B Commissioned fordered [} Unaware of this method of bending

Figure 2.3: Graph results of survey Question 1.

Unaware of
this method
of bending

12.80%
a

22.95%
14

6.67%

6.45%

Total
Respendents

62

62

1FD%I lIII II
B | ] - -

Hot bent glass
= formed on a

mauld - slump
formed - free...

The survey participants indicated that they are more familiar with hot bending methods of

bent glass compared to cold bending methods.
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2.3.1 Categorisation of the Panelisation and Defining Bending

The panelisation of curved glass facades to achieve the geometry might include both flat
and curved panels. Categorising the panelisation identifies type of curvature of the bent
panels and this determines the type of glass and method of bending most appropriate. The
facade could be designed to more regular geometry curvature — such as a defined radius
or arc as referenced in BS 952-2:1980 Glass for glazing — Part 2: terminology for work on

glass:

All dimensions are in millimetres,

Figure 3 — Standard bends for glass (continued)

1900

- - _—-H-""\.
M 00 .
. 1
1200

T(plan}

) - R
N (elevation) Iz!@
i - *3 — u(

All dimensions are in millimetras.

Figure 3 — Standard bends for glass (concluded)

Figure 2.4: Definition of bending. (BS 952-2:1980)
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The surface could be defined as a free form flowing surface which requires panelisation
using 3-D modelling programmes such as Rhino or Grasshopper. Advanced modelling
techniques for determining geometry use algorithms to define certain parameters for the
curvature and panelisation. These methods can be used to allocate panels into certain
families for standardisation/repetition. The options in this case can be infinite depending on

the drivers for the panelisation, such as repetiton of panels or smoothness of the surface.

i
LT
i
|
L

I
{

(A
i

N ?"0‘111 i}

1 .."mm".'
e

NS,
= AT
:::‘:.“’:“t““‘\t

X5 .‘c‘.o‘y“\
.“:“:““‘:
wentasiys’

Figure 2.5: Examples of methods of panelisation. (grasshopper 3d, 2015)
This study categorised the curvature of panels as follows:

2.3.2 Single Point Bending

A panel has 3 points in a flat plane with a single point offset

Figure 2.6: Single point bent panel. (de
Wit, J. 2009)

2.3.3 2 Point Bending

A panel has 2 points in a flat plane with a 2 points offset — may be referred as warped.

o Figure 2.7: Twisted/warped panel.
- (Cricursa 2014)
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2.3.4 Radially Curved Facade

Panel formed with a uniform radius. This is also 2 point bending.

Figure 2.8: Radial curved. (Cricursa 2014)

2.3.5 Conical Curved Panels

Panel formed from a cone.

Figure 2.9: Conical curved. (Cricursa 2014)

2.3.6 Freeform Panels

These are panels of irregular form and may take the shape of organic free form geometries.

They may be curved in one direction or two directions in the form of for example a saddle or

they may have varying radii/arcs within the same panel and be unique.

Figure 2.10: variations of freeform curved. (Cricursa 2014)

The curvature of the panels categorised can be formed through different bending
methods and using different types of glass. Each has their particular visual

defects/attributes and can be visually incongruous when viewed together.
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2.4 Potential for Inconsistency Between Glass Types

The survey was used to confirm that there is an understanding in the industry of visual

inconsistency between bending glass types.

Question 2 of the survey:
Are you aware of potential visual differences between coated glasses comparing flat

glass, hot bent glass and cold bent glass?

Answer Choices Responses
Yes 93.75% G0
Mo 313% 2
Do not know 313% 2
Total 64

Figure 2.11: Survey results Question 2.

Yes Mo Do mot ko

Figure 2.12: Pie chart results of survey Question 2.

The survey highlighted that a majority of the participants were aware there are potential

visual differences between flat glass, cold bent glass and hot bent glass.

In order to understand these potential visual issues, a review of the current state of the art
practise for glass production, processing and bending methods was carried out and the

visual defects/attributes associated with each identified.
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2.5 Glass Production

Glass is a versatile material — it can be produced using varying base materials with different
chemical compositions which provide unique properties for the different types. It can be
produced in different thicknesses, sizes, strengths, colours, have surface treatments
applied and it can also be curved. This study considered the process to provide a curved

glazed facade as follows:

Enhanced glass

Flat glass Bent glass

(coated, laminated,

(annealed/tempered) insulated)

(hot and cold bent)

Figure 2.13: Process for curved glass fagade production.

For the purposes of this study, an insulated glass unit (IGU) was considered as this is
widely used for curved glass facades. The IGU is limited to a double glazed unit (DGU) as
there are few examples of curved triple glazed installations (Hoenicke, G. (pers.comm.)
22 April 2015). A DGU is commonly specified to meet thermal and acoustic performance
in the UK. Single glazing is not specifically being considered as many of the visual issues
for the glass for a DGU will apply to a single glazed unit (SGU).

This section provides a description of the base glass types used to commonly form a
DGU for simple and complex geometry curved fagades. In respect of the visual quality
expected of the curved facade, the starting point is the flat glass that is the basis for
producing bent glass. Flat glass imperfections inherent in annealed, heat strengthened,
fully toughened, laminated, coated and insulated glass are described in this chapter. The
process of bending will have further visual effects on the base glass material and this
differs between the types of cold bent and hot bent glass. For complex facades, a number
of these types could be applied simultaneously to a facade to achieve the desired
geometry. However, if different types are installed adjacent to each other, visual
inconsistencies between them can be an issue. To understand the potential visual
characteristics the study starts with the float glass process and follows with the

subsequent processes.
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2.6 Float Glass

This study is limited to the most common glass constituent and most commercially used
for glass in buildings — soda lime silicate glass. The float glass standard BS EN 572-1:
2012, defines the material in clause 3.1 “float flat transparent, clear or tinted soda-lime
silicate glass having parallel and polished faces obtained by continuous casting and

floatation on a metal bath”.

Soda Lime-Silicate glass is composed of the following different chemical components as
defined in BS 952-1:1995:

1.4.2 Soda lime-silicate glass (see BS EN 572-1)

The proportions by mass of the principal constituents of all the soda lime-silicate glass products covered by
BS EN 572 and this standard are:

Silicon dioxide 510, 69% to T4 %
Caleium oxide CaO 5% to 12%
Sodium oxide Na,0 12% to 16 %
Magnesium oxide MgO 0% to 6%
Aluminium oxide Aly04 0% to 3%

Figure 2.14: BS 952-1: 1995. Section 1.4.2

Float glass uses raw materials of soda, lime, silica and oxide/aluminium/magnesia with a
percentage of waste recycled glass (cullet) that are heated to extremely high temperatures
1,500 degree Celsius (°C). The controlled and efficient melting of the particles reduces the
risk of visible inclusions and bubbles. When the material becomes molten, the liquefied
glass from the melter is floated on a molten tin bath. Due to the difference in density, the
flowing soda lime silica mix floats on the molten tin. At this stage the material is at a
temperature of 1,100°C. As the glass is drawn through the length of the molten tin bath, the
glass thickness is derived — based on how quickly the glass is drawn through. When it
reaches the end of the bath, the material is at a temperature of 600 °C. The glass will then
normally be cooled in a controlled manner to allow it to be annealed. The glass continues
along the processor. Whilst still on the line a coating might be applied. These are chemical
vapour deposition (CVD) hard coatings and will allow the reflection of visible and infrared
wavelengths and thus change the optical properties of the glass. The glass reaches the end
of the line where it is cut and then removed from the line, inspected and stacked. The base
material produced at the completion of this process is annealed float glass. The annealed

flat glass can then be further processed. The following figures illustrate the process.
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of Materials Melting Furnace
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Regenerator Float Bath (Forming)

Figure 2.15: The float process. (AGC, 2015)

Figure; 2.16: The raw material and cullet are Figure: 2.17: The glass is molten and floated on
melted. (Chicago Window Expert, 2015) a tin bath. (Imgbuddy, 2015)

Figure: 2.18: The glass line length may be several Figure: 2.19: The glass is cut and ready for
hundred metres. (Glass for Europe, 2015) stacking. (Noval Glass, 2015)

2.7 Glass Types
Further processes applied to annealed float glass can alter the strength and properties of
the material.
e The glass can be heated and be subjected to controlled cooling to become
tempered glass which has greater strength than annealed float glass. This can be
heat strengthened or fully toughened — the latter having the greater mechanical and
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thermal strength. (The glass can also be toughened using a chemical process,
however this process is not being considered in the scope of this dissertation.)

The glass may be laminated, which involves bonding the panes together with an
interlayer to enhance properties and visual appearance. Depending on the material
in the laminate this can improve strength (SGP), enhance the acoustic properties
(acoustic PVBs), alter the appearance (coloured/textured interlayers) and provides
different post breakage failure performance compared to monolithic glass.

Coatings can be applied to alter the thermal and solar characteristics. These are
coatings made of fine layers of metals and are termed hard or soft coatings. The
latter will deteriorate if exposed and are generally encapsulated to maintain their
integrity.

The glass can also be introduced into an insulated glass unit (IGU). The IGU has a

dry cavity with air or gas infill and is retained with an edge spacer.

The following section identifies the visual attributes associated with the glass types.

2.7.1 Description of Potential Visual/Optical Faults and Attributes

The following visual/optical faults and attributes were identified in the standards/guidance

for flat and curved glass reviewed for the study. The full list of standards and which identify

these traits is in the standards/guidance review section. The defects/attributes are

summarised in the table below. The glass and bending types they are relevant to are

described in the subsequent types and standards/guidance sections.

VISUAL/OPTICAL DESCRIPTION
FAULT/ATTRIBUTE
Spot faults Bubbles, inclusions, halo, stains - marks caused by

contaminants/foreign bodies in the substrate or poor quality control of
the environment.

Linear faults

Scratches, marks — marks caused by contaminants during the

manufacturing process or mechanical damage.

Tong marks Marks/indentations caused by support for vertical toughening (this
process is not commonly used for commercial applications, therefore
the impact of this is not considered in this study).

Roller wave Surface distortion due to the flatness due to the glass being in contact

with rollers during tempering (due to the horizontal tempering and

commonly used for commercial applications).
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Marks caused by contaminants on the rollers during the tempering

process. May be referred to as white haze.

Edge visual distortion due to the tempering process.

Cracks/creases caused by damage to the interlayer material and poor

lamination process.

Visual distortion due to the tempering process and is not classed as a

defect as it is inherent. Sometimes referred to as leopard spots.

Visual distortion due to deflection and atmospheric differences.

Oily distortion effect due to the ‘interference’ effects of light
wavelengths. This is not considered a defect but is inherent to good

quality glass used in IGUs.

Affects an IGU when the panes come into contact due to deflection or

atmospheric conditions.

patchy inconsistent colouring due to poor application or damage to the

coating after application.

Table 2.2: Summary of visual/optical faults and attributes.

The following are examples of glass defects/attributes:

Figure 2.20: Bubbles in glass due to poor Figure 2.21: Scratches in glass.
lamination. (Ramboll 2013) (Glassworks, 2015)
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Figure 2.22: Contamination of rollers causes Figure 2.23: Edge lift. (Ramboll 2013)
marks on the glass - white haze. (Ramboll 2013)

i oo
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Figure 2.24: Roller wave distortion. (Ramboll, Figure 2.25: Lensing effect due to roller wave
2013) and multilayer glass lamination. (Ramboll,
2013)

Figure 2.26: Pillowing causes distortion in the Figure 2.27: Anisotropy or leopard spots.

highly reflective glass. (Eclat Digital Recherche, 2015)

The following section describes the different glass types and the associated visual/optical
faults and attributes for each.

Neesha Gopal Page | 37


http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCPXnpd6v9sYCFYqP2wod6wUEYw&url=http://www.eclat-digital.com/category/applications/&ei=GY2zVbX3Ooqf7gbri5CYBg&bvm=bv.98717601,d.d24&psig=AFQjCNEFXW15DrcoW2OJydxNDv4cj-T7jA&ust=1437916815450364

The consequences of panelisation on visual inconsistency of curved glazed fagades

2.7.2 Annealed Glass

"glass that has been subjected to controlled cooling to reduce the presence of residual
stresses in the glass thus allowing easy cutting. It is ordinary glass which includes float
glass, sheet glass, patterned glass and wired glass and is independent of the glass
composition.” (BS 952-1:1995) This is glass with no further treatment to enhance its
mechanical or thermal strength properties.

e The glass is cooled slowly in a controlled manner to minimise the stresses internally
and the surfaces are not put into compression. Therefore it does not have enhanced
mechanical or thermal strength.

e Limitations to the use of annealed glass may be due to susceptibility to thermal
shock (breakage due to thermal differences across the pane).

o When annealed glass breaks, it forms larges shards which are dangerous and

therefore it is not considered to be a safety glass.

2.7.21 Potential visual/optical defects of annealed glass
The following are noted in BS EN 572-1:2012 and BS EN 572-1:2012:
e spot faults (bubbles, stones, etc.);
o linear/extended faults (scuff marks, scratches, lines, deposits, impressions, etc.)
pattern faults;
e wire faults;
e surface distortion;

e lack of surface homogeneity.

2.7.3 Tempered Glass
The glass is heated to 630-640°C and then cooled rapidly on both sides in a strictly

controlled manner known as quenching. As the external surface cools quickly, the inner
core contracts during cooling whilst still in a viscous state; this forces the surface into
compression and therefore gives the tempered glass material greater strength than
annealed glass. Tempered glass is classified as heat strengthened or fully toughened. The
glass is more commonly tempered horizontally and is passed through the process on a
series of rollers as illustrated in figure 2.28. The process for producing tempered glass
gives rise to certain visual defects and effects. These are noted in the following section and

in the relevant codes which are provided in more detail in Appendix B.
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|Seamers

|Washer

Tempering
Oven

Figure 2.28: The tempering process. (Construction Specifier, 2015)

2.7.31

2.7.3.2

Heat strengthened glass
Heat Strengthened glass. The glass is rapidly cooled, but not as rapidly as for fully
toughened glass. This glass has greater mechanical and thermal strength than
annealed glass, but not as great as fully toughened glass.
Its greater thermal strength allows it to be used where there may be a risk of
breakage due to thermal stress.
When heat strengthened glass breaks, it forms larges shards which are dangerous

and therefore it is not considered to be a safety glass.

Toughened glass

Toughened (fully tempered). Once heated the glass has to be quenched in a matter
of seconds to achieve the surface compression in order for it to meet the criteria for
fully toughened glass. The quenching time for fully toughened glass is shorter than
that for heat strengthened glass and therefore it has more compressive stress in its
surface and has a higher mechanical and thermal strength.

Its greater thermal strength allows it to be used where there may be a risk of
breakage due to thermal stress.

When thermally fully toughened glass breaks, it forms small fragments and is
therefore considered to be a safety glass. However, as it breaks it will no longer stay
in place and will not provide a barrier if used in a monolithic application. A further
characteristic is the thermally toughening process may promote nickel sulfide

inclusions which can enlarge over time and cause the glass to spontaneously
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explode. A further procedure of heat soak testing can be carried out to accelerate
this process and cause the glass with the inclusions to break by subjecting the glass
to a heating, holding and cooling phase. The glass breaks during the procedure and
avoids it being installed on the building.

e Chemical toughening is a process also used for toughening glass, but is not
included in this study. Chemically toughened glass does not meet the requirements
to be considered a safety glass.

2.7.3.3 Potential visual/optical defects of tempered glass
The following are noted in BS EN 1863-1:2011 and BS EN 12150-1: 2000:
e roller wave;
e roller pick up;
e edge lift;
e tong marks;
e overall bow;

e anisotropy.

2.8 Glass Strength

The potential defects noted in annealed and tempered glass are varied. Annealed glass will
have inherent defects in its surface. Those which are easily detectable with the eye will
generally render the glass defective. However there are invisible flaws in the surface that
will affect the strength of the glass and will cause it to fail if concentrated stress is applied.
These flaws are known as Griffith flaws as identified by A.A. Griffiths in 1921. These are
flaws which are further exacerbated by microscopic defects such as vents, shells and
cracks. The flaws will cause failure under tensile stress. However, these can be resisted if
the glass surface is put into compression. This is the principle used for heat strengthened
and fully toughened glass. Design criteria must accommodate impact loads, thermal and

bending stresses. The glass choice will be influenced by these performances.

The value of the characteristic bending strength f.g,kk or mechanical strength of the

glasses considered are as follows:

Annealed 45N/mm? (BS EN 572-1:2012, section 6.2);
Heat strengthened 70N/mm? (BS EN 1863-1:2011, section 9.4, table 8);
Fully toughened 120N/mm? (BS EN 12150-1:2000, section 9.4, table 6).

Certain bending methods require glass that can resist greater stresses than annealed
glass. The process for strengthening the glass will affect the visual characteristics of the

glass with attributes such as roller wave and anisotropy and have an increased cost
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compared to annealed glass. Annealed glass may be more visually desirable, however, it is
not always possible to employ due to its lower mechanical and thermal performance
compared to tempered glass.

2.9 Enhanced Glass Processes

The base material whether annealed, heat strengthened, fully toughened or heat soaked
fully toughened glass can be further processed to provide additional characteristics. This
may include: introducing a coating to enhance solar/thermal properties; laminating to
improve safety/strength, enhance acoustic performance or alter the visual appearance by
introducing a different material in the interlayer or constructing an IGU for improved

performance.

2.9.1 Coated Glass

o Coatings applied to improve thermal performance and enhance U values to provide
better insulation are referred to as low e coatings. Coatings to mitigate solar gain
through a glazed fagade by reducing the g value are known as solar control
coatings.

e The coatings may be termed organic/inorganic and defined as soft or hard
(pyrolytic) coatings which are determined by their chemical characteristics and
application method. Certain coatings deteriorate when exposed to atmospheric
conditions and therefore they need to be encapsulated within a laminate or an IGU.
Generally only hard or pyrolytic coatings can be applied on monolithic glass.

e The coatings may affect the visual appearance of the glass. Solar control coatings
tend to have a colour effect on the glass. They may also limit further processes
being carried out on the glass once the coating is applied, such as fritting, silicone
application and hot bending.

o If glass coating is to be subsequently heated/tempered, then the appropriate coating
must be used. Soft coatings if temperable should not come into contact with
rollers/moulds . Hard coatings are more durable to tempering and can be placed
face down on rollers/moulds (Wassink, H. (pers.comm.) 31% August 2015).

2911 Potential visual/optical defects of coated glass
BS EN 1096-1:2012 notes appearance defects that may be due to the glass substrate or
due to the coating:

e Uniformity defects and stains;

e spots/pinholes;

e scratches and clusters.
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2.9.2

2.9.21

Laminated Glass

This process introduces an interlayer which is used to bond the glass plies together.
The interlayers may vary, but the most common used for enabling the glass to be a
safety glass is polyvinylbutyral (PVB). Other materials include EVA (ethylene and
vinyl acetate), SGP (SentryGlas ®) and also resins. These different interlayers have
particular properties some with enhanced thermal and mechanical strength.
Laminated glass is considered a safety glass as it will bond the glass to the
interlayer and the glass will stay in place once broken if captured by the
support/framing. It is used for overhead applications as it aids keeping the glass in
place during post breakage failure. The interlayer material chosen has to consider
its application in respect of temperature. Generally PVB will become soft and fail
above 55°C as the shear modulus decreases with increase in temperature therefore
making it difficult to use in hot climates. SGP also softens above 55°C, however it
can withstand greater heat before failure. EVA can also withstand higher
temperatures up to 70 °C, however it fails more dramatically than PVB.

The type of glass used in the build-up will also affect the post breakage failure. If 2
plies of fully toughened are used and both break, this will quite rapidly slump and fall
from its support. 2 heat strengthened or annealed will stay in place longer as the

breakage patterns do not align.

Potential visual/optical defects of laminated glass

BS EN 12543-6:2011 notes appearance defects that may be due to the lamination process:

293

Spot defects including bubbles, foreign bodies and opaque spots;
Linear defects including scratches or grazes and foreign bodies;
Other defects including vents, interlayer defects of creasing, shrinkage and

streaking.

IGU

This is a sealed unit consisting of at least 2 panes of glass with a moisture free
cavity that is filled with air or gas. The space is formed by introducing a spacer bar
at the edge. This is then hermetically sealed to prevent moisture entering the cavity
and prevent the escape of the dry air or gas from the cavity. The gap is kept dry with
the use of a desiccant within the spacer bar. The units may typically be double
glazed or triple glazed.

The IGU provides improved performance of the glazing. This includes thermal

performance and acoustic performance and provides protection to glass coatings
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that cannot be exposed to atmospheric conditions. It encapsulate infills such as
materials for visual enhancement, aerogels or vacuum insulation etc.

o The safety of the glass for an IGU is dependent on the glass types used and these
are subject to the breakage characteristics noted in annealed, heat-strengthened,
heat soaked thermally toughened and laminated glass.

2.9.3.1 Potential visual/optical defects of insulated glass units

BS EN 1279-1: 2004 notes appearance defects/attributes of insulating glass units:
¢ Newton’s rings;
o Brewster’s fringes;
e pillowing;

e external condensation.

2.9.4 Flat Glass Types Summary

Glass types used as the basis for the different types of bending have potential visual/optical
defects as summarised in this section. These flat glass types if viewed simultaneously can
potentially have visual inconsistency between types. The methods of hot and cold bending
of the base glass as described in the following section can have additional effects on the
visual/optical quality.

2.10 Hot Bending Glass

The base glass is heated to between 540-600°C so that the material loses any stress in its
surface (if heat strengthened or fully toughened glass is used as the base glass, this reverts
to annealed glass). The glass is curved using machinery which will roll/guide the glass into
a regular form such as a radial or conical curvature or it is slumped by gravity into a mould
to produce a free-form shape. The hot bending method for the curvature will determine

whether the newly formed glass can be tempered or not.

2.10.1 Hot Bending (Radial/Conical)

e This process provides a regular curve based on a radius.
e The glass is heated and when malleable rollers form the curvature by gravity or by
pressure. Once the curvature is achieved, the glass can be tempered by the rapid

cooling of both surfaces and can be heat strengthened or fully toughened.
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Figure 2.29: Radial curved hot bending Figure 2.30: Radial curved hot bending equipment

equipment allows glass to be tempered. allows glass to be tempered.
(Glass machinery China, 2015) (Xinglass, 2015)
21011 Considerations and attributes of tempered hot bent radial glass

The glass can be a regular shape to a single radius — certain processors produce
conical glass also.

The glass thickness can vary but is limited to certain thicknesses to achieve the
tempering in a controlled manner. Above 12mm thickness is problematic (Tarrus, J.
(pers.comm.) 27th July 2015).

If laminated, it is preferred that the panes are the same thickness.

Hard coatings can go on either side — the coating manufacturer should be
consulted.

A flat zone of approximately 100mm at the edge is a feature of this process and
should be considered in the panelisation. (Figuerola, F. (pers.comm.) 27th July
2015).

Edge working cannot take place once the glass is tempered.

This process is not used for producing radial formed annealed glass as the glass

would take too long to cool on the rollers.

2.10.1.2 Visuall/optical defects of tempered hot bent radial glass due to bending

process
The base glass will be subject to the visual defects noted for each type.
Roller wave and edge lift due to the bending method.
If the glass is laminated it will be subject to bubbles and delamination.
Laminated glass with roller wave could have lensing effects which cause
visual/optical distortion in the glass.

Coated glass may experience discolouration depending on the coating used.
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2.10.2 Hot Bending (Free Form — Slumped)

The glass is heated to above the weakening point and then cooled slowly in order
that the glass is annealed to avoid any compression in the surfaces.
This uses gravity to slump form the shape on to a steel mesh mould which has a

ceramic mat on the surface in order to maintain a smooth surface.

2.10.21 Considerations and attributes of annealed free form hot bent glass

The glass can be a simple shape or be a freeform organic complex shape.

The glass thickness can vary. Varying thicknesses can be laminated together.

The visual optical quality is better than radially formed hot bent glass as there are
no inherent stresses in the glass surfaces or roller wave. However, the smoothness
of the mould surface must be maintained.

Often this method is used for bespoke and unique projects. The requirement for
one-off moulds makes this method costly and time consuming. Costs may be up to
3,000 Euros for a single mould and each panel may take over 16 hours to produce
(Diller, N. (pers.comm.) 1st July 2015).

Process of hot bending on a mould with a steel mesh and ceramic blanket prevents
panels being toughened through the quenching process as both surfaces cannot be
rapidly cooled at the same time. If toughened glass is used as the initial material,
the process of heating it relaxes the compression in the surfaces so it becomes
annealed.

Any coatings on the glass may distort. Generally only hard coatings are bent with
this method. The coating will be affected differently if mould side up or mould side
down. The manufacturer must be consulted before coatings are bent with this
method.

Edge working can take place after the glass is curved.

2.10.2.2 Visuall/optical defects of annealed free form hot bent glass due to

bending process
The base glass will be subject to the visual defects noted for each type.
If the glass is laminated it will be subject to bubbles and delamination.
Inconsistencies in the glass surface due to mould marks.

Coated glass may have discolouration depending on the coating used.
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Figure 2.31: BBC W1 — Breathing sculpture (whitbybird
2006).

This glass was produced using a mould and was therefore

annealed. Fagade Contractor was Tuchschmid.

2.11 Cold Bending Glass

This process bends the glass at ambient or low temperatures. The base glass tends to be
heat strengthened or fully toughened as the bending processes are likely to induce stresses

into the glass which need to be accommodated.

2.11.1 Cold Bending Forced

The glass is either cold bent to a mould or profile as illustrated in figure 2.32 and then fixed
by mechanical means such as with a pressure plate or bonded with structural silicone. The
latter method puts stress into the silicone and this has to be designed and calculated
accordingly to meet the shear stresses induced.

If the bending is carried out off-site at the fabricator, this will be a unitised system.

Figure 2.32: One point of the panel
is move out of plane to create a
curved surface. (Neugebauer, J.
2014 p68)
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Unitised panels may also be bent into shape on site as shown in figure 2.34.

sHHS ’
- i
Figure 2.33: The Gehry designed IAC Building Figure 2.34: Installing the panels for the
New York, USA. (Permasteelisagroup, 2015) IAC Building New York, USA.
(enr construction, 2015)
211141 Considerations and attributes of cold bent forced glass

e The glass has good visual quality compared to hot bent radial glass.

e The glass will be subject to stress when bent and laminated glass must take
account of this.

e The spacer of an IGU has to accommodate the stress due to bending.

o Annealed glass is not used due to the enhanced strength required for this process
due to stresses induced in the glass.

[ ==

Figure 2.35: Sample testing cold bent glass for
the Opus. (Ramboll, 2008)

The test illustrated in figure 2.35 was a good example of how the colour of the flat and the
bent glass are visually consistent after bending.

211.1.2 Visual/optical defects of cold bent forced glass due to bending process
e The base glass will be subject to the visual defects noted for each type.
e The glass is likely to be heat strengthened or fully toughened and may have roller
wave and edge lift due to the tempering process of the base glass.
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e |f the glass is laminated it will be subject to bubbles and delamination.

e Laminated glass with roller wave could have lensing effects which cause visual
distortion in the glass and this may be exacerbated by the bent form.

e Dishing or creasing of the glass due to over bending.

o Failure of the IGU due to overstressing of the spacer.

2.11.2 Cold Bending Laminated

¢ Another method is to load the glass as laminated sheets and then place it in the
autoclave heated to approximately 150 °C. When removed, the glass has laminated
into the cold bent form. 2 step cold bending is the process involving the laminated
glass being elastically bent on a jig and the placed in an autoclave. When released,
the shape is maintained by the interlayer. (Fildhuth, T et al. 2014).

e Research was being carried out as to the efficiency of the types of interlayers in
respect of preventing springback over time. (Fildhuth, T et al. 2014)

Figure 2.36: Strasbourg Station by Seele.

(Open Buildings, 2015)

Example of cold bent single glazing with good

visual consistency.

2.11.21 Considerations and attributes of cold bent forced glass
e The glass has good visual quality compared to hot bent radial glass. Figure 2.36
illustrates good visual consistency of the glass.

e The glass may be subject to springback which could impact design life.

2.11.2.2 Visual/optical defects of cold bent laminated glass
e The base glass will be subject to the visual defects noted for each type.
e The glass is likely to be heat strengthened or fully toughened and may have roller
wave and edge lift due to the tempering process of the base glass.
e The glass is laminated and will be subject to bubbles and delamination.
e Laminated glass with roller wave could have lensing effects which cause distortion

in the glass and this may be exacerbated by the bent form.
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2.12 Summary of Potential Visual/Optical Defects/Attributes for Glass Build-Ups

The following table summarised defects particular for each flat and bent glass type,

identified whether the type can be considered a safety glass and notes any further

attributes. Glass types not applicable to a bending method are noted.

Table 2.3: Table of visual manifestations and attributes for glass build ups

Key:
PANE

A mono
Alam
HS mono
HS lam
FT mono
FT lam

= annealed monolithic.

= annealed laminated.

= heat strengthened monolithic.

= heat strengthened laminated.

= fully toughened monolithic.

= fully toughened laminated.

POTENTIAL VISUAL DEFECTS/ATTRIBUTES

Visual defects:

Tempering defects:

Coating defects:

Laminated defects:

Multi-layer defects:

spots, scratches.

roller wave, edge lift, anisotropy.

Soft/hard coating visual irregularity due to poor application.
bubbles, delamination.

lens effects.

IGU defects: pillowing, Newton’s rings, Brewster’s fringes.
MARKERS
° denotes NOT applicable to glass type.
X denotes applicable to glass type.
GLASS PANE POTENTIAL VISUAL NOTES
PANEL DEFECTS/ATTRIBUTES
2 & & —~
S|l2 |8 |8 =
S |55 |22 |e|3
T |2|° |8 |8 |8 |c
El o | | |Z | o E
(S a £ = ) &
0 =)
s |2 |8 |8 |2]2Q|8
FLAT A mono X ) X ° ° X | NO
GLASS A lam X | e [ X | X | e | X |YES
HS mono X X . ° X | NO
HS lam X X | X | X | X | YES
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GLASS PANE POTENTIAL VISUAL NOTES
PANEL DEFECTS/ATTRIBUTES
2 & 2 =
3o |8 |8 =
9 |% |90 |B | =
5 (218123 2|t
@ e |lo | B C':{ g <
TlElElE|z|5 |8
© = ) “
()]
s|(e|S8|S |22 |8
FT mono X X X ° ° X | YES
FT lam X | X | X | X | X | X |YES
COLD BENT | A mono o Method not applicable
SINGLE A lam o Method not applicable
POINT
FORCED HSmono | x | X | X | o | ¢ | X | NO
HS lam X | X | X | X | X | X | YES
FT mono X X X ° ) X | YES
FT lam X | X | X | X | X | X | YES
COLD BENT | A mono o Method not applicable.
LAMINATED i
Bending process does
Alam X ¢ X X ¢ X | YES not affect coatings.
HS mono R Method not applicable.
Bending process does
HS lam X X X X X X | YES not affect coatings.
ET mono R Method not applicable.
Bending process does
FT lam X X X X X X | YES not affect coatings.
HOT BENT | A mono R Method not applicable.
RADIAL

A lam Method not applicable.

Bending process can
affect coatings-subject to
which face applied.

HS mono X X X ° ° X NO

Bending process can
affect coatings-subject to
which face applied.

HS lam X X X X X X | YES

Bending process can
affect coatings-subject to
which face applied.

FT mono X X X L . X | YES

Bending process can
affect coatings-subject to
which face applied.

FT lam X X X | X X X | YES
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GLASS PANE POTENTIAL VISUAL NOTES
PANEL DEFECTS/ATTRIBUTES
2 & 2 =
|2 |38 |2 =
) 7] o | @ | @ =
S 212122 28
© g |- |3 C':{ g o]
[ a | S | & |Z o 2
2 |E|B|E |5 | |2
[}
s | |8 |8 |2 |2 |8
HOT BENT Bending process can
A mono X | ¢ ¢ * | X | NO | otoct coatings-subject to
SLUMPED which face applied.
Bending process can
Alam X | ° | X | | X |YES| et coatings-subject to
which face applied.
HS mono o Method not applicable.
HS lam o Method not applicable.
ET mono o Method not applicable.
ET lam o Method not applicable.

2.13 Standards/Guidance for Curved Glass Buildings

This section assessed the relevance of the UK and European standards/guidance for flat
and curved glass generally referred to in UK specification for visual/optical requirements
and visual assessment. The purpose of the review was to identify if there were applicable
criteria available and whether there were inconsistencies and omissions. Initial discussion
with those involved in the specification, procurement and construction of buildings
suggested there was lack of information/guidance available for specification and visual

assessment of curved glass.

2.13.1 Identifying Requirement for Improved Specification
The following parties contacted initially agreed that improved information and better

understanding of curved glass specification and design would be welcomed. Details of

those consulted are provided in the reference section:

Designers / Consultants:
e Carpenter Lowings, Flanagan Lawrence, Rogers Stirk Harbour + Partners,
Interface Fagade Engineering, Meinhardt Facade Technology.
Facade contractors / Glass processors:

¢ Interpane, Saint Gobain, Seele, Finiglas, Schueco.
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Main contractors:

e Sir Robert McAlpine, Mace, Brookfield Multiplex, Lend Lease, Skanska.

This was acknowledged by the survey participants as a majority of the participants

agreed there were inadequate standards/guidance:

Question 3 of the survey:
Do you think there are adequate standards and guidance for the specification and visual
assessment of bent glass?

Answer Choices Responses
Ves 4.84% 3
Ma 80.65% 50
Daon't know 14.52% 4
Total 62

Figure 2.37: Survey results Question 3

Answered: B2 Skipped: 2

Yes [ No [ Don't know

Figure 2.38: Pie chart results of survey Question 3.

Additional comments to question reaffirnmed the perceived lack of guidance available. |
don't consider that Standards are adequate for any type of glass” (ANON, 14" June
2015). “Some standards and guidelines are available however more clarity and
reconciliation required” (ANON,15™ June 2015) “are there any for the visual
assessment?” (ANON, 15" June 2015).
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2.14 Current Standards/Guidance Referred for Specification

The survey was used to confirm which flat and bent glass standards/guidance are used

by the industry for the specification and visual acceptance criteria for bent glass.

Question 4 of the survey:

Have you used any of the following standards/guidance for the specification and visual

acceptance criteria for bent glass?

Answer Choices
BS EN Standards for basic soda lime silicate glass - standards for flat / processed glass
BS EN Standards for insulating glass units
ASTM C1464 Standard Specification for Bent Glass: 2011
BS 150 11485 Glass in Building - Curved glass
GGF Manual Section 4 Curved Glass: 2011
BF-Bullatin 008/201 1 Guidalines for thermally-curved glass in the building industry
CWCT TM 35
Hadamar D8/02 Guidelines Lo Assess Lhe Visible Qualily of Glass in Buildings

Mone
Total Respondents: 61

Figure 2.39: Survey results Question 4.

anaswered: 81  SKipped: 3

100%%

BO5G

G0

o 0%

200

0%
BS EM BS EN ASTM BS GGF
Standar Standar C1464 150 Marnual
ds for ds for Standar 11485 Section
basi... insu... d... Glass i...

M.

Figure 2.40: Graph results of survey Question 4.
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The survey confirmed the participants use flat glass standards/guidance for specification
of bent glass and therefore indicating a lack of bent glass references. Additional
comments reaffirmed the limitations of the current standards for visual assessment, “Have
previously specified criteria according Hadamar, but with distance according to BF-
Bulletin 009. GGF Section 4 is incomplete. BS ISO 11485 and ASTM offer very limited
guidance.” (ANON, 23" July 2015).

2.14.1 Standards and Guidance Reviewed

The following table lists the standards and guidance reviewed for this study and the

relevance to glass types identified for use in curved glass buildings

Table 2.4: Table of relevance of standards/guidance for different glass types.

Key:
MARKERS
° denotes no relevance to glass type

XX denotes standard specific to glass type

X denotes standard with reference to glass type

STANDARD/GUIDANCE | GLASS TYPE

< & |8 |2 |§ |§ |»

T 3 g k2 S 3 0
BS EN 572-1:2012 XX . XX . . ° °
BS EN 572-2:2012 XX ° XX . ° . °
BS 952-1:1995 X . X X X X o
BS 952-2:1980 X X X . ° ° °
BS EN 14179-1:2005 XX . . XX ° ° °
BS EN 12150-1:2000 XX . . XX ° ° °
BS EN 1863-1:2011 XX ° ° XX ° . °
BS EN 12543-1:2011 X ° ° . X ° °
BS EN 12543-6:2011 XX ° . ° XX ° °
BS EN 1096-1:2012 XX . ° ° ° XX °
BS EN 1279-1:2004 XX XX . ° . ° XX
BS ISO 11485-1: 2011 ° XX XX XX XX XX XX
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STANDARD/GUIDANCE | GLASS TYPE
©
o % § % 9

o S e £ E 2 >

m 3 g k2 8 3 0
BS ISO 11485-2:2011 [ XX XX XX XX X XX
BS ISO 11485 3 2014 ° X ° X X ° °
ASTM C1464-06 (2011) ° XX X X X L o
BF Bulletin 009/2011 ) XX X X X [ X
GGF Part 1:2011 ° XX X X X J o
GGF Part 2:2011 ° X X . . ° °
GGF Part 3:2011 ° X ) X X ° °
HADAMAR 2009 XX ° XX XX XX X XX
CWCT TN 35 XX . X X X X X

2.14.2 Relevance of Standards and Guidance Reviewed for Curved Glass
Buildings

The following section summarises that the review identified there are limited
standards/guidance that relate to the visual/optical quality of curved glass and often these
reverted to flat glass standards for visual quality criteria. The review also highlighted that
the key acceptance criteria for visual quality is a subjective parameter which is not objective
or measurable. How therefore can visual quality be assessed against a standard or
industry accepted benchmark?

It was evident during the research of this section that the detailed review of the standards
was expansive and had limited relevance to the visual quality or comparison of different

bent glass types. Therefore the detailed review is provided in Appendix B.

The following table lists the standards and guidance reviewed for this study and identifies
relevance to curved glass and summarises inconsistencies and omissions for

specification and visual assessment.
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Table 2.5: Summary of key inconsistencies/omissions noted in Standards and Guidance

Float glass standards

Glass in building — basic soda
lime silicate glass products.
Part 1: Definitions and
general physical and
mechanical properties. BSI.

No reference to curved glass.

Glass in building — basic soda
lime silicate glass products.
Part 2: Float glass. BSI.

No reference to curved glass.

Not possible to use the viewing
methodology for optical quality (zebra

board) for curved glass.

Additional flat glass standards

Glass for glazing — Part 1:

Classification. BSI.

No reference to curved glass.

Glass for glazing — Part 2:
Terminology for work on

glass. BSI.

Mentions some distortion may occur in
coated glass if bent. No measurable

criteria given.

Tempered glass standards — heat strengthened / fully toughened

Glass in building — Heat
strengthened soda lime
silicate glass. Part 1:
Definitions and classification.
BSI.

No reference to curved glass.

Glass in building — Thermally
toughened soda lime silicate
safety glass. Part 1:
Definitions and classification.
BSI.

No reference to curved glass.

Glass in building — Heat
soaked thermally toughened
soda lime silicate safety
glass. Part 1: Definitions

and classification. BSI.

No reference to curved glass.
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Laminated glass standards

Glass in building —
Laminated glass and
laminated safety glass. Part
1: Definitions and description
of component parts (ISO
12543-1:2011) BSI.

No reference to curved glass.

Glass in building —
Laminated glass and
laminated safety glass. Part

6: Appearance. BSI.

No reference to curved glass.

2m viewing criteria — conflicts with other

standards.

Notes disturbing visible defects should be
marked — this is subjective and not

measurable.

Coated glass standards

Glass in Building — Coated
glass Part 1: Definitions and

classification. BSI.

No reference to curved glass.

States defects should not be visually
disturbing, — this is subjective and not

measurable.

3m viewing criteria — conflicts with other

standards.

Insulating glass standards

Glass in Building — Insulating
glass units Part 1:
generalities, dimensional
tolerances and rules for the

system description. BSI.

No reference to curved glass.

Refers to single glass for visual quality.

Curved glass standards

Glass in building. Curved
glass. Part 1. Terminology
and definitions. BSI.

Makes no reference to visual assessment.

Glass in building. Curved
glass. Part 2: Quality

Less onerous dimensional tolerances of

IGU compared to flat panels.
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requirements. BSI.

3m viewing criteria — conflicts with other
standards.
View vertically — this may not be the final

position for the actual project and could
look different in position.

Glass in building. Curved
glass. Part 3. Requirements
for curved tempered and
curved laminated safety

glass. BSI.

Makes no reference to visual assessment.

Standard Specification for
Bent Glass: C1464 — 06
(Reapproved 2011)

Reverts to flat glass standards for visual

defects.

2m viewing criteria — conflicts with other
standards. View vertically — this may not
be the final position for the actual project

and could look different in position.

Curved glass guidance

Guidelines for thermally-
curved glass in the building

industry.

Reverts to flat glass standards as a base

due to lack of curved glass standards.

3m viewing criteria inside to out — conflicts

with other standards.

Generalities — Definitions,
Terminology, Properties and
Basis of Measurement and
Test. GGF.

Notes curved glass will be of lower quality
than the base glass and that the reflection
will highlight surface distortion. Also

laminating the glass will exacerbate this.

3m and normal to the area observed
viewing criteria — conflicts with other
standards. May not be possible to view to

the normal.

Curved annealed glass.
GGF.

Reverts to Part 1 for visual and optical

quality.

Curved thermally treated

glasses. GGF.

Notes curved glass will be of lower quality

than the base glass and that the reflection
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STANDARDS/GUIDANCE Inconsistencies/omissions and notes

for specification of curved glass

will highlight surface distortion. Also body
tinting coating or enamelling can

exacerbate this.

3m and normal to the area observed
viewing criteria — conflicts with other
standards. May not be possible to view to

the normal.

Reverts to flat glass standard for body

faults.
Visual assessment guidance
HADAMAR 2009 Guideline to Assess the No reference to curved glass
Visible Quality of Glass in 1m viewing criteria inside to out — conflicts
Buildings. with other standards.
CWCT Technical Assessing the appearance of | Notes that generally visually assessment
Note No 35 glass. procedures are subjective.

Advises 3m viewing distance if any doubt

on distance.

2.15 Identifying the Parameters That Affect the Visual Quality of Curved Glass
Buildings
Using the information consolidated from the review of the potential defects/attributes, this
section summarises the parameters that were relevant to the visual consistency and
assessment of bent glass for the specification and production of curved glass fagades.
This summary was limited by lack of literature information found on this subject in the
desktop review. This was noted, “Furthermore, the quality features of flat and curved
glass can be significantly different and that there is an absence of product standards.”
(Schuler, C et al. 2012). The summary is based on: review of the standards/guidance and

glass production; the survey feedback and communication with industry. The aim was to:

e ldentify the visual/optical defects which are relevant to the different glass/bending
types and that cause inconsistencies due to panelisation.

¢ Indicate which standards refer to visual defects and visual assessment

o Reaffirm that there is limited support from the standards/guidance for visual

consistency for curved glass buildings.
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For this study the following relevant specification parameters affecting visual

consistency were identified:

e Visual and optical/attributes for the particular glass types,
o Roller wave.
o Laminated glass lensing effects.
o Coating colour variation.
e Tolerances for glass production.
o Shape accuracy between panels.
o Inconsistent reflection patterns.
¢ Visual acceptance measurement/criteria.
o Distance for assessment.
o Appropriate assessment position.
o Assessment criteria.
The relevance of the standards/guidance to these key parameters is summarised in the
following sections. The detailed review of the standards is in Appendix B.

2.15.1 Optical/Visual Defects — Defining and Evaluating
Optical/visual defects were noted in the standards/guidance.
BS EN 572-1:2012 provides a definition of optical and visual defects: Clause 6.5.1

Optical, optical quality faults are generally due to “distortion of the surface and lack of

homogeneity” and these should use visual observation methods for evaluation.

Clause 6.5.2 Appearance, states “The visual quality can be affected by the presence of
spot faults (bubbles, stones, etc.) linear/extended faults (scuff marks, scratches, lines,

deposits, impressions, etc.) pattern faults and wire faults.

Spot faults are evaluated by specifying numbers and dimensions.
Linear/extended faults are evaluated by visual observation.
Pattern faults are evaluated by measuring deviation.”

The distortion effects are a contributor to visual inconsistency. Spot and linear faults are
defects that are not relevant to visual consistency of panelisation. The following table

summarises the review of the standards in respect of visual/optical defects/attributes
Table 2.6: Table of standards/guidance reference to visual/optical defects/attributes.

Key:

| | Not relevant to visual inconsistency.
| | Contributor to visual inconsistency.
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MARKERS
e not referred in the standard/guidance.

X defect/attribute noted within standard/guidance.

Vents, interlayer defects
Coating colour variation

Tong marks
Roller wave
Roller pick up
Anisotropy

Bow, pillowing
Brewsters fringes
Newton rings

X | Spots faults
X | Linear: faults

b
b
°
°
°
°
°
°
°
°
°

o | o | o| o6| o| o | | | o | @ | o | Noreferenceto
visual defects.
o | o | o| o6| o| o | | | o | @ | o | Noreferenceto
visual defects.

o | o o | o | o | o o | o | o | @ e | No reference to
visual defects.

X|X|o|o|o|X| o| o| o| o | o |Doesnotallow
‘disturbing’ visual
defects. This is
subjective.
X|X|o|o|o|o| o| o| o| o | o |Doesnotallow
visually ‘disturbing’
defects. This is
subjective.

o | o o | o | 0o | o e | X | X | X | o | Reverts to the base
glass standards for
visual quality.

X | X| oe|o| o| o] o| o| o | o | o | Doesreferto optical
distortion due to the
bending process.
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STANDARD/ DEFECT/ATTRIBUTE FURTHER
GUIDANCE OBSERVATIONS
2] C
3] §e]
2 <
3 T
5 3 >
> (o)) 5
w2l ol o] 5|8 E|E| B3
2| 3| X| 3| x| o8| x>|3|wl £ 09
EBlT|leg|3|e|=|L|F|&|lc|o
9| 5| ol 5|5|g| 8|52 8|S
o ] c = = c 0 = > = @
Q| £ o [e) [©) @) c [®) = () o)
0| dJ|F+- | x|l x| > <| oo 2|0

BS ISO 11485 3 No reference to
2014 visual assessment.

Refers to flat and

x
°
°
°
°
°
°
°
°
°
°

ASTM C1464-06

(2011) laminated glass
standards for
blemishes.

BF Bulletin e | o | o | e | e| e | e | e | | o | o |Referstoflat glass

009/2011 standards and
Hadamar 2009 for
optical quality.

GGF Part X| X | e | o | o |X| o | o| e | o | o |Statesbentglass will

1:2011 be lower quality than
bent glass.

GGF Part o |  o| o | o | o| o| e| o| o| o | o | Referstopart 1.

2:2011

GGF Part o | o | o| o| o| o| o| | o | o | o | Notes bent glass will

3:2011 be lower quality than

flat glass. Refers to
575-2 for body faults.

HADAMAR2009 | X | X | ¢ | X | o [ X | X | X | o | e | X

CWCT TN 35 X | X|oe | X|eo|X| X | X|eo|eo | X

2.15.2 Tolerances - Defining and Evaluating

There were a number of tolerances referred in the standards/guidance that will influence
the visual quality. Inconsistent reflection is noted as an issue and the GGF document Part
1 reiterates that reflection will highlight surface distortion. Tolerances were reaffirmed by
industry specialists as a key contributor to visual quality (Figuerola, F. and Tarrus, J.
(pers.comm.) 27" July 2015 and Arbés, F. (pers.comm.) 28th July 2015).

The following table summarises the review of the standards in respect of these

tolerances.
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Table 2.7: table of standards/guidance reference to tolerances effecting visual quality.

Key:
| | not relevant to visual inconsistency.
| | contributor to visual inconsistency.

MARKERS
e not referred in the standard/guidance.

X noted within standard/guidance.
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X
X
°
.
°
°
°

X X X| X X | X | X | Thickness tolerances refers
back to flat glass standards.

[ ] [ ] [ ] [} [ ] [} [}

X X ° X e | X | ® | Thickness tolerances refers
back to flat glass standards.

X X ° o * X | X

X ° X| X [ X | X | °®
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2.15.3 Measurement/Assessment Criteria

Certain standards provided guidance for measurement and assessment of visual/optical
defects and for dimensional tolerance criteria. These can be used for specification and
guality control. However, Table 2.3, Table of standards/guidance reviewed and relevance
to glass types indicates, a number of different standards overlap for a glass type and
these may conflict if the visual acceptance measurement criteria are not aligned.

The following table indicates key items identified in the standards for assessment of
visual/optical quality and dimensional tolerances and highlighted the lack of coherency in

the standards/guidance where relevant.

Table 2.8:Summary of standards for assessment of visual/optical quality and dimensional

tolerances

Optical faults: 6.5.1: ‘main faults that can | 6.5.1: ‘optical quality shall
affect the visual quality are distortion of be evaluated by means of
the surface and lack of homogeneity in a visual observation

the body of the glass’. method’.
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Zebra board methodology for assessing
optical quality.

Spot fault measurement.

2m.

2.2.1: ‘there is always some distortion of
vision and reflection.’

No reference.

7.1 * Some types of annealed glass may
exhibit changed characteristics in the
process of bending (eg. Shade in some

coloured glasses).’

No reference.

6.3.1 ‘By the very nature of the
toughening process, it is not possible to
obtain a product as flat as annealed

glass’.

Measurement for bow, roller wave, edge
lift, local distortion. Refers to anisotropy

as an effect.

No reference.

6.3.1 ‘By the very nature of the
toughening process, it is not possible to
obtain a product as flat as annealed
glass’.

Measurement for bow

Roller wave noted, but no measurement,

rollerpick up. Refers to anisotropy.

No reference.

8.3.1 ‘By the very nature of the
toughening process, it is not possible to
obtain a product as flat as annealed

glass’.
Measurement for bow
Roller wave noted, but no measurement.

Refers to anisotropy.

No reference.

No reference

No reference.

Limiting criteria for all spot and linear
defects.

2m perpendicular to the
glass.
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Notes does not allow disturbing visual

defects. Criteria is subjective.

Observation guidance detection of

defects.

Limiting criteria for spot and linear

defects.

Table 1 notes that defects should not be

‘visually disturbing’ Criteria is subjective.

Minimum distance 3m.

Refers to the single glazing standards for

optical and visual requirements.

Refers to glass deflection due to
temperature and barometric differences

but no acceptance criteria.

No reference.

Definitions of defects and dimensional

terms given.

No reference.

Measurement for shape accuracy, edge
straightness deviation, cross curve
deviation, twist deviation.

3m in a vertical position.

No reference.

No reference.

Measurement for dimensional tolerances
shape accuracy, twist and cross-bend.

Visual inspection for blemishes.

2min a vertical position.

Refers to Hadamar 2009

Notes reflectance of curved glass
influences transparency and optical

quality.

3m looking from the inside
to the outside.

Measurement for dimensional tolerances
shape accuracy, edge straightness, side

straightness, cross deviation and twist.

6.1 Any bending process will inevitably
result in a product whose optical quality
is lower than that of the glass from which

it was produced’.

3m and be normal (90
degrees) to the area being

observed.
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Refers back to the different glass types

for assessment of visual defects.

Refers to Part 1.

Criteria for dimensional tolerances.

No reference.

Measurement of dimensional tolerances
refers to GGF Part 1.

8.1 Any bending process will inevitably
result in a product whose optical quality
is lower than that of the glass from which

it was produced’.

8.1.2 The pane will be deemed
acceptable if there is no significant
distortion of the image in transmission’.

This is subjective.

3m and be normal (90
degrees) to the area being
observed.

Visual/optical defect limitations.

1m from the inside to the

outside.

Summarises the different standards and

guidance.

Suggests 3m if no criteria

given.

2.15.4 Summary of Review of Glass Standards/Guidance for Curved Glass

Buildings

The review highlighted the following key issues:

guality/consistency of bent glass.

Comparing the flat glass material standards highlighted the lack of consistency for
assessing visual defects. A detailed study of this has been carried out “Improved
Methodology for Visual Assessment of Glass” I’Anson. Z (2011).

There are defects noted that are not relevant to visual consistency of curved glass

Standards did not provide clear guidance on achieving or assessing the visual

There are limited standards for hot bent glass and none specific to the process of
cold bent glass (although testing standards are available).
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e The bent glass standards provided limited advice for visual quality and often
reverted to the flat glass standards for guidance, which have been identified as
inconsistent or cannot be applied practicably.

e There are overlaps of criteria between standards that conflict.

e There was no guidance found for assessing visual quality between the different
bending types.

An example of conflicts is the reference back to flat glass standards for bent glass. It is
not possible to apply the same measuring criteria for visual defects and assessment as
bent glass is not viewed in the same way. For example the zebra board methodology in
BS 572-2: 2012 for assessing optical quality could not practicably be applied to bent glass
as due to the curvature the glass would never be possible to be viewed without distortion
of the zebra marks. Refer to Appendix B for the methodology. Subsequently there is
incoherence for assessing the visual and performance criteria for the different types of
glass applied to curved glass buildings.

2.16 Further Statutory Requirements and Guidance Influencing Glass Type
The specification of the glass will be influenced by further performance parameters.
These will impact the choice of glass type and in the case of bending, the methods

possible to achieve the curvature required.

2.16.1 Safety and Strength

If the glass is in an overhead position, then post breakage failure/safety glass
requirements will necessitate the glass to be laminated in order that it stays in place when
any or all plies are broken. Further guidance can be sought in the CWCT Technical
Notes: TN 66, 67, 68 and 92.

Glass has to accommodate loads including, barrier, wind and snow loads. These will
determine the glass thicknesses or whether glass with enhanced strength should be

used, such as tempered or chemically toughened.

The type of fixing system will also influence and point fixed systems require tempered

glass or chemically toughened glass.

2.16.2 Thermal/Solar Requirements

U and g value requirements influence the glass build up. To meet the required U value for
a commercial building an IGU will be required. The glass may be subject to thermal stress
and therefore a tempered glass may be required. This will negate the use of annealed hot

bent slump formed glass.
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The g value required may necessitate coatings and these can distort if subjected to hot
bending processes. Often the colour of the coating will be different when hot bent
compared to flat glass application.

2.16.3 Acoustic Requirements

Acoustic criteria influence on the glass build up may require acoustic PVB or for the units
to be triple glazed. This adds a further complication to the dimensional tolerances of a

curved glass unit.

Lamination of tempered and curved glass may also lead to visual distortion due to lensing
effects.

2.17 Summary of Visual Consistency Limitations Due to Deficiencies of
Standards/Guidance for Curved Glass Buildings

The standards and guidance review identified that information available to determine
visual and optical quality was very limited and that measurement/assessment techniques

are deficient.

It was identified in the curved glass standards/guidance that that the limitations on
dimensions and geometry twist for example provided a basis for controlling the deviation
between panels and as such may assist in controlling the visual quality between adjacent
panels, which is highlighted due to the reflection given.

It is not possible with the current standards and guidance to identify the key acceptance
criteria for the different types of bent glass or their relationship to flat glass.

In summary:

e The production of flat glass and the enhanced processes affect visual
characteristics.

e To achieve the building form different types of bending method may be required
for the panelisation and each differ in performance and visual attributes.

e The visual characteristics vary between flat, cold bent and hot bent glass.

e The consequence of panelisation using several types is visual inconsistency is
more likely.

e There is very limited written guidance or industry standards to address the
production and quality of curved glass or how to measure visual assessment.

e Visual acceptance criteria is subjective and not measurable.

e There is no guidance on managing the potential visual inconsistencies between

different types.
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o Different glass types are required to meet building performance — strength thermal
acoustic requirements etc. This will impact the types possible to use.

e Good production methods and controlling the tolerances of the material assist
visual quality.

e The reflection properties of glass highlight visual inconsistency issues.

Having identified the limitations within the standards/guidance for visual defects/attributes
and visual inconsistency of curved glazed facades, understanding what these
manifestations were and how they impact the design process and the bending

procurement choice was a key part of the study.
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3 CONSEQUENCES OF PANELISATION — EXAMPLES AND CASE STUDIES

3.1 Challenge to Achieve Visual Consistency

The purpose of this chapter was to illustrate the inconsistencies in curved glass facades

using:

o Examples of visual manifestations from built examples illustrating:
o Hot bent defects/attributes due to the glass type/bending method.
o Cold bent defects/attributes due to the glass type/bending method.
e Case studies for hot and cold bent projects illustrating:
o The challenge of rationalising the number of panel types to meet the
curved geometry.
o The impact of fixing methodology.
o How performance criteria can impact the glass types and bending method
choice.
o How the panelisation might be rationalised and the effect on the overall
building form.
o The importance of sampling, benchmarking and quality control during
production.

3.2 Examples of Hot and Cold Bent Defects/Attributes Causing Visual
Inconsistency

Visually inconsistent glazed facades can have adjacent panels which appear
incongruous. A key issue identified during the study was the impact of inconsistent
reflections caused by defects to the glass or excessive tolerances. “Consistent reflection
is the key.” (Arbés, F. (pers.comm.) 28" July 2015). Reflectivity and subsequent

perceived distortion is a subjective parameter that is not possible to measure.

Figure 3.1: Curved glass adjacent to flat glass, = Figure 3.2: Curved glass, Gresham Street, London

Aldersgate, London — visually similar. — visual distortion in adjacent curved panels.
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The potential issues were acknowledged by the participants of the survey.

3.3  Summary of Potential Defects in Hot Bent glass

These key visual issues for hot bent glass were identified for the pilot survey from early

consultation with designers and producers. They were included in the survey so the

extent of each could be assessed in respect of the visual quality of curved glass

buildings.

Question 5 of the survey:

HOT BENT GLASS. Have you experienced poor visual quality of curved glass used in

buildings due to any of the following for hot bent glass? (Please tick all that apply)

Answer Cholces
Wisual inconsistency of flat glass adjacent to hot bent glass
Wisual inconsistency of cold bent glass adjacent to hot bent glass
Poar visual quality due to soft coatings on hot bent glass
Poor visual quality due to hard coatings on hot bent glass
Excessive roller wave on regular radialiconical formed hot bent glass
Poor visual gquality due to distortion in laminated hot bent glass
Have not naticed poor visual quality in hot bent glass

Have no experience of hot bent glass

Tetal Respondents: 61

Figure 3.3: Survey results Question 5.

Answered: 61 Skipped

100%:
A5
G0
40%
20%:
0%
Visual Visual Poor Poor
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Figure 3.4: Graph results of survey Question 5.
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Additional participant comments highlighted certain additional parameters to influence
visual consistency, “The bend radius has a big influence on the final appearance of the
glass and on the coating selection”. (ANON., 15" July 2015).

The participants confirmed key issues of flat glass adjacent to hot bent glass and
excessive roller wave. The following are examples of some of these manifestations.
Visual inconsistency of flat glass adjacent to hot bent glass

Figure 3.5: Flat glass adjacent to radial formed

curved tempered glass.

The flat glass appears consistent, whereas the

curved glass indicates roller wave.

Poor visual quality due to different coatings on hot bent glass

Figure 3.6: Coating inconsistency between the curved and flat glass. (MFT, 2015)

The fagade contractor proposed different low e soft coatings for the flat and the curved glass

with the intention that they would match.
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The following images illustrate that the visual appearance between flat and bent glass can
be different depending on the light and reflection. The subject on London Wall, London is
hot bent radial glass adjacent to flat glass. The appearance is less consistent on a bright

day.

Figure 3.7: Colour appears more Figure 3.8: Colour appears Figure 3.9: Colour appears

consistent on a dull day. inconsistent on a bright day.  inconsistent on a bright day.

Poor visual quality due to hard coatings on hot bent glass

Figure 3.10: Slump formed hot bent glass Figure 3.11: Slump formed hot bent glass
Coating air side caused colour distortion Coating mould side caused colour distortion.
(Ramboll, 2009). (Ramboll, 2009).
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The glass can display distortions due to roller wave and pillowing effects and these are
very visible on brighter days

Figure 3.12: Distortions in the radial bent Figure 3.13: Distortions in the radial bent glass.

glass.

Figure 3.14: Excessive edge distortion due to Figure 3.15: Excessive edge distortion due to the

the radial formed process. radial formed process.

Poor visual quality due to inherent attributes of tempering

Figure 3.16: Anisotropy viewed due to Figure 3.17: Anisotropy viewed due to tempering.

tempering.
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3.4  Summary of Potential Defects in Cold Bent glass

These key visual issues for cold bent glass were identified for the pilot from early
consultation with designers and producers. They were included in the survey so the
extent of each could be assessed in respect of the visual quality of curved glass

buildings.

Question 6 of the survey:
Have you experienced poor visual quality of curved glass used in buildings due to any of

the following for cold bent glass?

Answer Choices Responses
isual inconsistency of flat glass adjacent to cold bent glass 18.97% "
isual inconsistency of hot bent glass adjacent to cold bent glass 15.52% 3
Poor visual quality due to coatings on cold bent glass 6.90% 4
Excassive rollar wave of cold bent tempared glass 6.90% 4
Poar visual quality due to distorfion in laminated cold bent glass 16.07% Ly
Have nol noliced poor visual guality in cold benl glass used an a projecl 17.24% 10
Have no experlence of cold bent glass s1.72% 30
Total Respondents: 58
Figure 3.18: Survey results Question 6.
Aanswered; 58 Skipped; b
100%
0%
G0%
40%
b -
0%
Visual Visual Poaor Excessive Poor Have not Have no
inconsist Incensist visual resller visual noticed experlenc
ency of ency of quality wiave of guality poor e of cold
flat... hot be... due to... cold b... due to... visual... bent...

Figure 3.19: Graph results of survey Question 6.
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Additional participant comments highlighted certain additional parameters to influence
visual consistency, “The appearance is highly dependent of how much the glass is cold
bent”. (ANON., 15" July 2015).

The participants indicated there was less experience of the cold bent formed glass. The
key issue raised was visual inconsistency of laminated cold bent glass. The following are

examples of some of these manifestations.

Excessive roller wave of cold bent tempered glass and poor visual quality due to
distortion in laminated cold bent glass

Figure 3.20: Anon project: Excessive roller wave in  Figure 3.21: Anon project: Subsequent
tempered cold bent glass. multilayer lens effect due to lamination

and roller wave.

3.5 Limitations Due to Visual Inconsistency of Bent Glass

The examples illustrate some of the potential inconsistencies that occur in bent glass. It
has been identified that these are attributed to certain glass types and particular bending
methods. The limitation therefore is if these are used simultaneously on a building there is
potential for visual mismatch. The categorisation of the panelisation is therefore a key

contributor to identifying potential visual inconsistencies.

3.6 Case Study 1: NHHQ — Example of Panelisation
This office project in Abu Dhabi designed by Zaha Hadid Architects is an example

illustrating the potential complexity of the panelisation. The facade engineer was Ramboll.

The freeform design was based on a general concept of a double skin facade with an
outer curved single glazed skin and inner facetted double glazed skin. This was to allow a
majority of the bent glass to be single glazed which would be more cost effective than
curving double glazed units. However, there were areas of the facade which would not

have been practical to adopt a double skin solution and these were proposed to be a

Neesha Gopal Page | 77



The consequences of panelisation on visual inconsistency of curved glazed facades

curved double glazed single skin. The areas affected were the triple height top level and
the podium level.

Although the project was not completed, it can be used as an example to highlight some
of the potential visual and specification issues for the different build ups which have been
identified in the previous chapter. A limitation to the study was a request by Zaha Hadid
Architects that certain material was not published due to the confidentiality of the project.

Identification of the panelisation can be carried out in a number of ways depending on the
parameters used to analyse the curvature. The panel categories diagram by Ramboll in
figure 3.22 identifying the curvature is simplistic as it does not identify where the different

types of cold and hot bent curvature may occur within these bending types.

Panel Categores

Figure 3.22: NHHQ - indicative panelisation.

Grey — flat glass.

Red — single curved (cold bent/hot bent to include radial).
Green — double curved (hot bent slumped).

(Ramboll 2009)

Additional studies were carried out by others and the following images illustrate options
for the panelisation at design stage and the impacts on the visual consistency.
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- - -
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Figure 3.23: Interpretation examples of varying panelisation. National Holdings Headquarters
Building, Abu Dhabi. (Stanford Graphics, 2015)

Although these images have limitations as they are virtual and do not depict the particular
visual characteristics of the glass types, they do highlight the issue of the number of types
that can be applied simultaneously to a single fagade. The right hand images illustrated
that through changing the panelisation, it is possible to reduce the number of bent glass
types but this has an effect on the smoothness of the fagade and visual consistency of

the facade.

The image on the left achieved a smoother facade but required a greater range of glass
types flat and bent and consequently adjacent panels may have different visual attributes.
The right hand image used more of the same type, but compromised the smoothness as
the modelled reflection is more facetted, which will also give an inconsistency. This
emphasises the issue of how can a homogenous curved glass facade be achieved when
a number of different glass types and bending methods are proposed for a total facade

solution.

The study also illustrated how complex the panelisation categorisation can be and these
may be bent in different ways with different glass types to achieve the geometry.
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Panel types

plane [ | [ torus
cylinder || [l cubic
paraboloid | | [} custom

mm 1T [T [ [
molds | - | 263 | 236 | 265 | 551 | 196
panels |1164|3680| 603 | 526 | 1096 196

Figure 3.24: NHHQ panelisation interpretation and types identified. (Stanford graphics, 2015)

Using the geometry classifications above identified by the modeller the following potential
glass build ups and bending methods possible were identified. The purpose was to
illustrate how open the specification could be if based on panel geometry classification
alone.

Table 3.1: Geometry definitions and potential bending types.

Key:

AN annealed glass.

HS heat strengthened glass.
FT fully toughened glass.
mon monolithic pane.

lam laminated pane.

° not feasible.

Flat Cold bent Cold bent

forced laminated | radial slumped

Hot bent Hot bent

AN mono/lam ° ° ° °
HS mono/lam
FT mono/lam
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Cold bent Cold bent | Hot bent

Hot bent

forced laminated | radial slumped
° HS mono/lam | AN lam HS mono/lam | AN mono/lam
FT mono/lam | HS lam FT mono/lam
FT lam
° ° ° ) AN mono/lam
° ° AN lam HS mono/lam | AN mono/lam
HS lam FT mono/lam
FT lam
° ° AN lam ) AN mono/lam
HS lam
FT lam
° ° ° HS mono/lam | AN mono/lam

FT mono/lam

° ° ° ° AN mono/lam

° ° ° ° AN mono/lam

This example highlighted that a large number of glass type/bending methods can achieve
the curvature geometry of the facade glazing. This potential ambiguity highlights the need
to understand the visual attributes for each type, so that the specification can be used to
identify which key visual parameters are important for a particular project and achieve the
best visual consistency based on the key project drivers of cost, quality and programme.

3.6.1 Effect of Fixing Methodology

The method of fixing the glass also has to be considered as different systems will provide
support in different ways that will influence the visual characteristics. For example point
fixing compared to a continuously fully supported fixing system. The latter provides more
consistent visual quality due to the continuous support method. In particular for the cold
bent forced method as acknowledged by N. Diller (Diller, N. (pers.comm.) 1st July 2015).
This was considered for the case study and a fully supported solution proposed for the

Neesha Gopal Page | 81



The consequences of panelisation on visual inconsistency of curved glazed facades

project as there was concern of potential pillowing of the glass between the point

supports.

Figure 3.25: NHHQ fixing method — point fixed. Figure 3.26: NHHQ fixing method —
(Ramboll, 2009) continuously. (Ramboll, 2009)

3.6.2  Effect of Performance Requirements

The choice of glass type is influenced by performance requirements. For the case study
20% of the panels were identified as freeform bent to meet the geometry and would
therefore be annealed glass. An example of performance limitation imposed on the
bending types was due to the climate as the facade would be susceptible to thermal
stress and this risk had to be assessed. The options were to repanelise to allow for
toughened glass bent solutions, or carry out extensive thermal stress analysis to assess
the risk.

Another example was that the inclined geometry of the fagade would require post
breakage failure safety measures both for the internal and external pane. The panes
would need to be laminated. Additionally they might have to be tempered due to risk of
thermal stress. This build-up of tempered double laminate has potential for visual

distortion due to lensing effects.

3.6.3 Consequence of the Panelisation Categorisation

Potentially panels could be adjacent that are annealed or tempered and also laminated.
The different visual attributes for these could be significantly different with roller wave,
visual lensing and coating distortion effects between the panels for example.

The panelisation identified can render a specification open to interpretation and
subsequently provide a visual consistency risk to the client. To understand how the
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finished building may look each of these types needs to be identified and its visual
attributes known. The specification needs to be clear to identify to the facade contractor
and glass processor what visual attributes are acceptable for the entirety of the facade.

3.7 Case Study 2: The Opus — Example of Rationalisation

This office building in Dubai was designed by Zaha Hadid Architects. Ramboll were the
facade engineer for the project. A similar panelisation study was carried out for the
categorisation of the panel types as for case study 1. These studies are not permitted for
publication. However, this case study, illustrates a further stage of panelisation

rationalisation carried out by a specialist fagade contractor.

The project was reviewed with several specialist contractors for the tender. Part of the
tender process was to analyse the panelisation and identify value engineering potential.
The contractors identified the hot bent slump formed panels as a high cost and the risk of
potential failure of annealed glass due to thermal stress. One contractor sought to
minimise the application of the slump formed type through the re-panelisation of the
facade to increase the number of forced cold bent panels. Figure 3.27 illustrates the
original panelisation identified by the architect and which was analysed by the fagade
contractor. Figure 3.28 is the proposal by the facade contractor with the amended
geometry panelisation and the subsequent impact on the overall form. By doing this, the
facade contractor could offer a cost and programme saving to the client, which were key
drivers for this particular project.

Figure 3.27: ZHA geometry and panelisation of  Figure 3.28: Facade Contractor proposed

the Opus. (Ramboll, 2009) rationalisation of the panel geometry to

minimise hot bent glass. (Ramboll, 2009)
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Subsequently the project has been redesigned to be an office and hotel and is under
construction. Unfortunately, there is no information available of the panelisation outcome

for the final design illustrated below.

Figure 3.29: current image of the Opus office
and hotel project. (Architect daily, 2015)

3.8 Case Study 3: Anon — Example of Importance of Visual Assessment Criteria
The purpose of this case study is to illustrate the importance of identifying the visual
assessment criteria and benchmarking the acceptance quality. The fagade engineer was
Ramboll.

This project is confidential. It was a mixed use building with retail, office and residential
units. The project included a mixture of curved glass both hot bent radial and also cold
bent forced. The visual quality was a problem for the upper residential floors using the
cold bent forced method. This method was proposed as it is cost effective and tempered
glass was required for strength due to potential impact loads from the building

maintenance unit (BMU).

Figure 3.30: Anon project — partial image of the upper storeys. (Ramboll, 2013)
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It was identified that as the view became more oblique there was significant visual

distortion.

Figure 3.31: Anon project — view perpendicular. Figure 3.32: Anon project — view becoming
(Ramboll, 2013) oblique. (Ramboll, 2013)

Figure 3.33: Anon project — view at extreme Figure 3.34: Anon project — the phenomena
angle. (Ramboll, 2013) was recurring. (Ramboll, 2013)

The level of distortion was unexpected and mitigation measures were introduced for the
replacement panels. It was identified that the due to the use of tempered glass and
lamination, the glass was subject to a multilayer lensing effect as both panes were
laminated for the DGU.

M’/LJ — T TTTTT T T Figure 3.35: Waves in
- poy. tempered laminated glass —
matching.

Figure 3.36: Waves in

tempered laminated glass —

mismatch creating lenses.

The mitigation measures adopted were to reduce the tolerance of the roller wave and to
ensure each panel was viewed in its final position prior to leaving the factory.
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Figure 3.37: Anon project — A typical pane Figure 3.38: Anon project — A typical pane found
found to have excessive roller wave distortion.  to be visually acceptable. (Ramboll, 2013)
(Ramboll, 2013)

This viewing criteria of inspecting the panel in its proposed position was not identified in
the standards/guidance considered in the study. Generally viewing is advised with panels
vertical and the observer perpendicular. Detail is summarised in table 2.7. This
demonstrates the inadequacy of current standards/guidance for the specification of visual
consistency of curved glass.

3.9 Summary of Visual Consistency Issues due to Panelisation

Key issues identified:

o Panelisation categorisation can encompass different glass bending methods and
different glass types to meet the same geometry.

o Different glass and bending types have particular visual/optical defects and
attributes.

e Annealed and tempered glasses may potentially fulfil the requirements and
depending on how the final procurement of the panels is decided, then there is
potential for these to be adjacent although they have different visual
characteristics:

o Annealed glass tends to have least visual distortion.

o Tempered glass may have roller wave and inherent attributes such as
anisotropy.

o Laminated glass can have multi-layering lens effects especially if
tempered.

o Same coatings applied to flat and curved glass are not visually consistent
particularly if tempered.

o The performance specification can provide the subcontractor with a number of

options to achieve the geometry required.
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o Clear visual assessment and acceptance criteria are needed in the specification.

3.10 The Way Forward

The issues identified illustrate the importance of establishing the key criteria and project
drivers applicable to each unique project and ensure that the specification embraces the
requirements. The impact of these criteria and drivers can be assessed in a road
map/guide to inform the specification.
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4 PRELIMINARY ROAD MAP FOR IMPROVING VISUAL CONSISTENCY OF
CURVED GLASS FACADES

This dissertation has illustrated that there is potential for poor visual consistency of
curved glass buildings. This section aimed to provide a methodology that could be used

to assist the decision making process for choice of panelisation and improve the
specification of curved glass facades by identifying the risks. This was considered by:

e Summarising the bending types — pros, cons and characteristics that were
appraised during the study.
e ldentifying decision making influences for glass types and panelisation.

e Using examples for a preliminary design roadmap for curved glass fagcades.

4.1 Design Considerations for Types of Bending — Pros, Cons and Attributes

The different glass types and methods of bending and their potential visual
defects/attributes identified during this study are summarised as pros and cons in the

table below and were used to support the preparation of the preliminary roadmap.

Table 4.1: Summary of key design and production parameters for curved glazed facades — pros

and cons.
GEOMETRY
Hot Bending Cold Bending
PROS PROS
Better suited for radial or complex free form Most appropriate solution for single point bent
geometry. when 1 corner is forced.
May be used for 2 point bending — larger radii.
CONS CONS
More visual/optical distortion if radially bent. If bending using laminated method, some spring
Roller wave and roller pick up. back may occur over time.
PRODUCTION
Hot Bending Cold Bending
PROS PROS
Radial hot bent uses tempering ovens that are Forced bent requires engineering capability, but
also used for flat tempered glass. Process is not specialist glass equipment for
fast. manufacturing
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CONS

Slump formed requires specialist engineering

experience for production.
Special moulds are required.

Radial bending has most wastage of all types.
(Diller, N. (pers.comm.) 1% July 2015).

CONS

Laminated cold bent requires engineering
capability and autoclave for manufacturing.

APPEARANCE
Hot Bending Cold Bending
PROS PROS

Slump formed gives the best visual consistency
(Figuerola, F. (pers.comm) 27th July 2015).and
(Diller, N. (pers.comm.) 1% July 2015).

Forced bent — minimal distortions — subject to

those of flat glass.

Laminated — minimal distortions due to bending

process.

CONS

Radial hot bent is subject to roller wave and

anisotropy.

Slump formed may be subject to warp distortion

due to reflection and mould marks.

CONS

Over bending of forced cold bent will cause a

ridge or dish to form

Subject to roller wave if tempered glass used.

Lensing affect if then laminated.

COATINGS

Hot Bending

Cold Bending

PROS
Forced cold bent does not affect coatings.

Laminated bent is unlikely to affect coatings —

prototypes may be advised.

CONS

Radial and slump formed bending will require
testing of coatings. Coatings need to be
temperable. Colour may be affected and not

look the same as flat glass.

STRENGTH
Hot Bending Cold Bending
PROS PROS

Radial formed can be tempered and laminated

and therefore in either case is a safety glass

Forced cold bent is usually heat strengthened or

fully toughened to accommodate the bending
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Radial or slump formed glass does not does not

undergo continuous stress.

stresses.

Can be laminated as heat strengthened or

monolithic fully toughened to be safety glass.

Laminated cold bent can use tempered glass. It
can also be achieved using annealed glass and

therefore deemed a safety glass.

CONS

Slump formed is annealed. It can be laminated
to be a safety glass. Thermal stress can be an

issue.
Slump formed cannot be tempered. Can be
chemically toughened although if monolithic is

not classified a safety glass due to breakage

CONS

Forced bending causes continuous stress in the

glass.

Radial — can be fully supported or point fixed.

pattern.

SUPPORT MECHANISM
Hot Bending Cold Bending
PROS PROS

Laminated cold bent can be fully supported or

Point fixing for radial formed, requires holes to

be pre-drilled prior to tempering.

Slump formed generally requires to be fully
supported as annealed. Cannot be point fixed
due to stresses. (unless chemically
toughened, but then needs to be laminated if

to be safety glass).

Silicone bonding is possible for radial and point fixed.
slump formed.
CONS CONS

Forced bending - fully supported edge preferred
as point fixing may lead to pillowing along the
edge. Silicone bonding — will be subject to
stresses. Mechanical fixing recommended.
(Diller, N. (pers.comm.) 1% July 2015).

SITE CONSIDERATIONS - PREFABRICATION OR ON-SITE INSTALLATION

Hot Bending

Cold Bending

PROS

Radial and free form can be installed in an off-

site prefabricated unitised systems.

Radial and free form can be installed into stick

system.

PROS

Forced bent and laminated can be installed in off-

site prefabricated unitised systems.
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CONS

Forced bent not practical for a site stick system.

Radial formed is less expensive than slump
formed. Cost of production of radial is not
much more than flat tempered glass (Diller, N.

(pers.comm.) 1* July 2015).

COST
Hot Bending Cold Bending
PROS PROS

Forced bent is least expensive of the cold

bending methods.

CONS
Wastage of radial formed glass adds cost.

Slump formed is the most expensive due to

CONS

Laminated cold bent is more expensive than

radial formed hot bent or forced cold bent

Radial bending has similar production time as
tempered flat glass as it is an automated

process.

cost of the mould and production time. Mould | Methods.
may cost several thousand euros.
PROGRAMME
Hot Bending Cold Bending
PROS PROS

Forced bent can be an efficient process

especially if the bending takes place on site.

CONS

Slump formed takes the most time and this is
protracted if there is lack of repetition as

individual moulds have to be produced.

Programme is influenced by need for
prototype testing for hot bent radial and slump

formed glass.

Prototyping required if coatings are used

CONS

Programme is influenced by need for prototype

testing for forced cold bent glass.

Laminated bending is influenced by time required
in the autoclave. If there is a lot of repetition then

same jig set up can be used.

4.2

Influences on Choosing Panelisation and Glass Types

Each project will have different design, quality and programme drivers and these

influence the bending method decision. The importance of these influences for glass

types and panelisation was appraised using the survey. This considered the preferred

methods of mitigating potential visual inconsistency.
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Question 7 of the survey proposed mitigation measures for the visual inconsistency of
bent glass:

If you were concerned about the possible visual distortion when using bent glass how
would you rate your preference for each of the following possible mitigation measures.
(Please give your level of preference for each of the items)

Least Meutral Most Total Weighted
preferred preferred Average
Re-panelise so all the glass is tiangulated and flat 47.37%  38.60% 14,04%
27 2z B 57 1.67
Re-panelise so all the glass is curved by the same method 3.51% 31.58% 64.91%
2 18 v a7 2.61
Keep the panslisation similar but optimise to reduce number of different T02% 42.11% 50.88%
types 4 24 28 57 2.44
Lower the glass reflactivity 8.93% 57.14% 33.93%
2 32 149 26 2289
Elch or fril the glass 46.43% 44.64% 8.93%
26 25 5 56 1.63

Figure 4.1: Survey results Question 7.

Answered: 59 Skipped: 5

100%
8%
B0%s
40%
20%
0%
Re-panelise Re-panelise Keap the Lower the Etch or frit
so all the so all the panelisation glass the glass
glass is glass is aimilar but reflectivity
triangulat... curved by ... optimise t...
Least preferred [ Meutral Muost prefemed

Figure 4.2: Graph results of survey Question 7.

Additional comments from participants provided some further suggestions for
improvements. “Option 5; It would be preferential to apply a opaque interlayer as opposed
to surface treatments to the glass. An Etch or Frit application to the glass surface will
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reduce the stress capacity of the glass, and in turn limit how much the etch/frit glass can
be bent by compared to clear glass.” (ANON., 15" June 2015) and “Consider the best
worldwide suppliers of hot curved glass and see/obtain samples; if they can't satisfy the
Architect's objectives, use facetted glass.” (ANON., 14™ June 2015).

The survey highlighted that it was preferred to review the panelisation in order to
maximise the same bending method and next best option was to reduce the number of
bending types through rationalisation/optimisation, although this may not provide the
exact architectural outcome desired as illustrated in case study 2.

4.3 Design/Cost/Programme Drivers for Decision Making of Panelisation/Glass
Types

The key project drivers were posed to the survey participants in order to establish the
importance of cost, quality and programme project drivers.

Question 8 of the survey appraised the importance of these constraints.
For the following panelisation criteria for the design, specification and procurement of a
project with bent glass please rate your level of importance to each of the criteria. (Please

rate each of the items).

Least important Meutral Most important Total Weighted Average
Fanelisation should be most cost effective solubion 5.08% 49 15% 45 T6%
3 29 7 59 24
Fanelisation should provide best visual consistency 1.75% 22.81% T75.44%
1 13 43 a7 274

FPanelisation should be optimised to speed programme 22.81% 56.14% 21.05%
13 32 12

Figure 4.3: Survey results Question 8.
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Answered: 59 Skipped: 5
100%
B0%
G0%
40%
b .
0%
Panelisation should Panelisation should Panelisation should
be most cost provide best visual be optimised to speed
effective solution consistency programime
Leasl impartant [ Meulral Mozl imporlant

Figure 4.4: Graph results of survey Question 8.

The results highlighted how important the achievement of best visual consistency was to
those participating. This supports the case for improved specification and production
methods.

44  The Assessment Parameters Considered for the Preliminary Roadmap

The purpose of this section was to:

e Test preliminary decision making parameters for procuring a curved glass building
that assist with the choice of glass types and bending methods. This required
assessment of:

o Key project drivers — which is the most important?
o Panelisation — what is key parameter for categorisation?
o Project performance — what parameters are project specific requirements?

e Develop a preliminary road map methodology that outlines the decision making

processes and test using hypothetical examples.
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4.5 Testing the Decision Making Parameters

45.1 Key Project Drivers

Identify the most important key driver for the project — visual consistency/quality, cost and

programme.
Is the visual
COI\\I/éISSU'IAELNCY consistency Bending and glass
IQUALITY low or high type options
priority?
What is the
budget - low or Bending and glass
high budget type options
allowed?

Is the facade

on the critical Bending and glass
SROE R path and type options
priority?

Figure 4.5: Identifying the key drivers.

The key drivers needed to be considered with the panelisation requirements and how
they may impact on the decisions of the glass and bending types.

45.2 Key Parameters for Panelisation Categorisation

The following hypothetical examples were a basis for the design roadmap and illustrate
the possible decision making routes for achieving a curved facade. To limit the iterations
the project drivers of visual quality, cost and programme were tested against the key

design parameters with most importance identified by the survey in Q.7. These were:
e Re-panelise so all the glass is curved by the same method.
o Optimising single type bending.
o Keep the panelisation similar but optimise to reduce number of different types.

o Rationalising bending types.
o Considering types with similar visual attributes.

In order to rate the outcome of each example, the defects and attributes of the types were

marked with negative or positive traits for visual quality/consistency.
Key:
X negative trait for visual quality/consistency

V] positive trait for visual quality/consistency

Neesha Gopal Page | 95



The consequences of panelisation on visual inconsistency of curved glazed facades

Design limitation
SINGLE BENDING TYPE

key project driver
VISUAL QUALITY

Figure 4.6: Panelisation categorisation — single bending type with visual quality considered.

Low

importance

FACETTED HOT BENT
FLAT RADIAL
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impact/alter radii will
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form and architectural
visual design form

intent

=t X Visual
Facade will inconsistency
appear x risk of roller
stepped. wave, edge
Good visual :;If;\:'zller

ist
REESES enC)@ direction. x

High
importance
TRIANGULATED Hal E=hi
FLAT SLUMP
FORMED
% 5 OR /

« Wil Will meet
impact/alter architectural
architectural form and
form and design intent.

visual design

intent. x

* Good visual

consistency

Good visual
quality and
consistenc
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Figure 4.7: Panelisation categorisation — single bending type with cost considered.

Design limitation
SINGLE BENDING TYPE

key project driver
COST

Low Budget High Budget
FACETTED HOT BENT COLD BENT COLD BENT HquangT
FLAT RADIAL FORCED
LAMINATED FORMED
;l I; OR { I; OR -\l I/- % I; OR <| |7
« Wil - Limited by = Can meet » Can meet + Wil meet
impact/alter radii will architectural architectural architectural
architectural impact/alter form for gentle form for gentle form and
form and architectural curvature @ curvature @ design intent
ivrl?:nail 9es1%y form &K * Visual + Visual + Good visual
+ Visual inconsistency inconsistency quality and
Facade will inconsistency risk of roller risk of roller consistency@
appear x risk of roller wave, edge lift, wave, edge lift,
stepped. wave, edge delamination, delamination, 3¢
B VETE gft rc;lller wave lensing effects lensing effects
consistency@| rection. X
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Figure 4.8: Panelisation categorisation — single bending type with programme considered.

Design limitation
SINGLE BENDING TYPE

key project driver
PROGRAMME

No

programme
constraints

design intent

Good visual
quality and
consistency.

HgIUBrﬁT COLD BENT
FORMED LAMINATED
N /7 OR <I I/_

« Wil meet Can meet
architectural architectural
form and

form for gentle

curvature. @

Visual
inconsistency
risk - roller
wave and roller
wave and
lensing effects

Fast
programme
FACETTED HOT BENT
FLAT RADIAL
N /  OR % I;
wil - Limited by
impact/alter radii will
architectural impact/alter

form and visual
design intent ¢

Facade will .

appear
stepped. X

Good visual
consistency.

architectural
form ) 4

Visual
inconsistency
risk of roller
wave, edge
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direction. x
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Figure 4.9: Panelisation categorisation — rationalise bending types for similar attributes with visual

quality considered.

Design limitation
RATIONALISE BENDING
TYPES FOR SIMILAR
ATTRIBUTES

key project driver
VISUAL QUALITY

importance

Low

High

importance

HOT BENT + COLD BENT ELAT + HOT BENT
RADIAL FORCED SLUMP FORMED

Limliltecli by » Forgentle . Wil *  Will meet

rad|| will curvgture has impact/alter architectural

impact/alter 2= [T A architectural design intent

architectural architectural form and e |
+ Good visua

form p 4 form @ visual design quality and

Visual + Visual intent b 4 consistency.

inconsistency inconsistency . Good visual

risk of roller risk of roller consistency@

wave, edge wave, edge lift,

lift, roller wave delamination,x

direction. x lensing effects
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Figure 4.10: Panelisation categorisation — rationalise bending types for similar attributes with cost

considered.
Design limitation
RATIONALISE BENDING
TYPES FOR SIMILAR
ATTRIBUTES
key project driver
COST
Low Budget High Budget
HOT BENT + COLD BENT TRIANGULATED + HOT BENT
RADIAL FORCED FLAT SLUMP FORMED
* Limited by + Can meet . Wil * Wil meet
radii will architectural impact/alter architectural
impact/alter form for gentle architectural design intent
architectural curvature. @ fqrm and | . Good visual
form X » Visual visual design quality and
+ Visual inconsistency intent. X consistency. @
inconsistency risk of roller « Good visual
risk of roller wave, edge lift, consistency@
wave, edge delaminationx
lift, roller wave lensing effects
direction. ¢
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Figure 4.11: Panelisation categorisation — rationalise bending types for similar attributes with
programme considered.

Design limitation
RATIONALISE BENDING
TYPES FOR SIMILAR
ATTRIBUTES

key project driver
PROGRAMME

No
programme Fast
constraints programme

HOT BENT TRIANGULATED HOT BENT FLAT
SLUMP FORMED + FLAT RADIAL +
+ Wil meet « Wil Limited by . Wil
architectural impact/alter radii will impact/alter
design intent architectural impact/alter =
* Good visual fqrm 2 . ?c)r::nrj'|tecturxall fqrm Ele :
quality and w;sual design visual design
consistency. ntent. Visual Intent P-4
« Good visual inconsistency B
consistencyKP risk of roller consistency(@
wave, edge
lift, roller wave
direction. x

45.3 Summary of Panelisation Categorisation and Limitations

The examples illustrated that there are a large number of iterations that could be
identified. Their limitation is that these have not been tested on tangible or current
projects. However for the purposes of the study, these examples were used as a basis for

developing the preliminary design roadmap.
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4.6 Developing the Preliminary Design Roadmap for Improved Specification

The following preliminary road map was based on a typical design process flow and

identified the key decision criteria that need to be considered during the stages.

Figure 4.12: Preliminary road map parameters.

2
VISUAL QUALITY l—l DEFINE
DEFINE KEY o AGREE VISUAL DESIRED
PROJECT CcOST ASPIRATIONS PANELISATION
DRIVER or CRITERIA CRITERIA
PROGRAMME

;
IDENTIFY STRENGTH peep—
GLASS/BENDING & MAXIMISE SINGLE
TYPES TO MEET THERMAL ';'f,g‘éﬁgg TYPE BENDING
THE SPECIFIC e or
PERFORMANCE AcousTiC PERFO;:":.‘;‘;:IE ALLOW MULTIPLE
CRITERIA e TYPE BENDING
SAFETY
HOT BENT
radial E
slumped VISUAL
APPRAISE el RATIONALISE QUALITY
VISUAL Co]!")[r’cBeE"T PANELISATION FOR -
ATTRIBUTES laminated TYPES WITH SIMILAR cosT
FOR EACH OF aminate ATTRIBUTES or
THE TYPES FLAT PROGRAMME
flat/facetted/
triangulated
SAMPLES El
APPRAISE VISUAL or DEFINE REVIEW VISUAL
ATTRIBUTES FOR TESTING eI ATTRIBUTES
EACH OF THE TYPES or T F?ﬁEE#;IEgF
PROTOTYPES

v
REVIEW DESIGN AGAINST

AGREE FINAL DESIGN INTENT AND DESIGN
PANELISATION PERFORMANCE COMPLETE
REQUIREMENTS

4.6.1 Hypothetical Examples of the Preliminary Roadmap

For the purpose of this study hypothetical examples were used to test the preliminary
roadmap. These used different project driver limitations to illustrate how the roadmap may
be used as a guide for the choice of glass/bending types and highlight points during the

process to appraise the visual requirements.
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Figure 4.13: Roadmap example — visual quality is a key panelisation driver.
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QUALITY
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DRIVER CRITERIA
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SAFETY: overhead glazing identified =
laminated
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available. Can be laminated.
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54
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Slumped: Glass is annealed but can |5_
be laminated for strength
and safety. Limited VISUAL RATIONALISE
coatings available. QUALITY PANELISATION FOR TYPES
FLAT WITH SIMILAR ATTRIBUTES
Flat Glass can be tempered,
coated and laminated
REVIEW VISUAL E SAMPLES: required
ATTRIBUTES FOR DEFINE and
EACH OF THE ACCEPTANCE TESTING: required for coatings
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PROTOTYPES:required

<

@
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Figure 4.14: Roadmap example — limited budget is a key panelisation driver.
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Figure 4.15: Roadmap example — fast programme constraint is a key panelisation driver.
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4.7 Caveats and Limitations of the Preliminary Design Roadmap

The preliminary design road map illustrated the decision making process for key project
drivers and how these will affect choices during the design process for a curved glazed
facade. The examples identified that there could be different glass/bending types applied
to meet the specific project requirements and this was dependent on the level of

importance of key parameters/drivers.

However a limitation of the road map is that it has not been tested on current or tangible
projects. It would need to be validated to be introduced as an acceptable methodology in

the industry and it would also require support of recognised standards/guidance

This reaffirms the need for the identification of methods for improving specification for

visual/optical quality of curved glass buildings.
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5 OUTCOME OF THE STUDY AND FUTURE DEVELOPMENTS
The outcome of the study provided the following:

¢ Identified limitations that influenced the study.

e Appraised the key objectives met and whom they might benefit.

Future developments are considered by:

e Appraising the potential future improvements to curved glass specification and
production based on the knowledge gained through the desk study, survey and
industry feedback.

5.1.1 Limitations to the Study

The following were key limitation factors encountered during the study:

e The confidentiality of the design, glass, facade and construction industry.

e The number and diversity of the glass and facade standards/guidance available
for review.

e The subjective nature of visual/optical quality and assessment.

e The lack of benchmarking for projects as each project is unique.

An obstacle in understanding the issues with glass production and bending methods was
the censored nature of the industry, namely the confidentiality of the facade, glass and

construction industry.

e Glass processors have patented and individual processes and methods which are
not documented for scrutiny.

e Facade contractors are disinclined to share knowledge of their bespoke designs in
case this information becomes beneficial to their competitors.

e Main contractors rarely share the real costs of the project so the impact of cost for

different fagade options is hard to evaluate.

There is a large amount of information available for specification for glass used in
buildings. There are standards produced in various regions around the world. For the
purpose of this study, the standards and guidance reviewed were limited to those used

for UK and Europe. Even when limited, there were a great number to review.

A key parameter that limited the study is the subjective nature of visual assessment,
which cannot be objectively measured. The standards have subjective acceptance

criteria. BS EN 572-2 advises that using the zebra board method for assessing optical
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quality that the acceptance criteria is measured as “the angle a at which there is no
disturbing distortion”. BS EN 12543-6:2011 states “Any visible defects that are disturbing
shall be marked.” These criteria are not quantifiable measures.

A further limitation was that each project designed is unigue and the design
intent/aspirations and key project parameters — quality, cost and programme vary, SO

benchmarking was not possible to determine for the purpose of this study.

5.2  Objectives Summary and Who May Benefit

The objectives with the input from the desk study and survey aimed to provide greater
understanding of specifying and producing curved glass facades. This knowledge gained
in respect of the design and procurement process could benefit those involved. The key

objectives considered and those parties that may potentially benefit are summarised

below:

Table 5.1: Objectives outcome summary and potential beneficiaries.

Objective Who may Outcome of the study and When they may
benefit potential benefit benefit
Assessment of Designers/ Identified: specification conflicts and [Design and
current standards/ omissions — highlighted potential for |specification
Consultants
guidance for the improved specification and visual stage.
specification/ visual assessment criteria in documents.
assessment of flat . .
Benefit: Improve specification and
and bent glass. .
less cause for dispute.
Study assessed: Glass Identified: need for clearer Specification
Do they relate and processors/ specification and visual assessment |compliance at
assist or have Facade criteria in documents. tender and
omissions and contractors . S completion.
Benefit: clearer specification and
conflict? .
less cause for dispute.
Main Identified: need for clearer Specification
contractor/ specification and visual assessment |compliance at
Client criteria in documents tender and
. . completion.
Benefit: less cause for dispute and P
cost uncertainty
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Objective

Who may
benefit

Designers/

Consultants

Outcome of the study and

potential benefit

Identified: The potential issues of
glass processes and bending types

and associated risks.

Benefit: more practical specification

and improved visual consistency.

When they may
benefit

Design and
specification stage
and completion.

Clients

Identified: need to highlight impact

on visual outcome of the project.

Project brief and

tender stage and

Benefit: Inform client brief and cost completion.
plan.
Designers/ Identified: Example methodology to  |Design,

Consultants

assist decision making process
during design development stages.

Benefit: Better informed design and

risks identified.

specification and
procurement stage

Client/

Identified: Stages that require input

and design decisions.

Tender and

completion stage.

Main
Contractor Benefit: Better informed of design

decisions
Glass Identified: Stages that require input  [Specification
processors/ and procurement decisions. compliance at
Facade . . . completion stage.

¢ Benefit: Clearer visual requirements P 9

contractors .

from design team
Designers/ Identified: Current specification and |Design,

Consultants

visual issue concerns. Potential

specification and

specification parameters that could procurement
be improved. stage.
Benefit: Improved specification and
enhanced visual quality/consistency
of curved glass buildings.
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Objective

Who may
benefit

Client

Outcome of the study and

potential benefit

Identified: Visual issue concerns and

potential improvements needed.

Benefit: enhanced visual
quality/consistency of curved glass
and less cost uncertainty.

When they may
benefit

Design brief and

completion stage.

Main
Contractor

Identified: Procurement and visual
issue concerns. Potential

improvements needed.

Benefit: Less quality risk during

procurement and more cost certainty.

Tender and

completion stage.

Glass
processors/
Facade

contractors

Identified: Key issues and risk items
that give concern of visual
inconsistency gives opportunity for

R&D to improve quality.

Benefit: Improved specification of
visual requirements. Improved
product quality and opportunity to

increase curved glass production.

Specification
compliance at

completion stage.

5.3

Identifying the Key Specification Iltems Important for Visual Quality

Using the knowledge gained by the study and the feedback from the survey future
improvements for the specification and production of curved glass buildings can be
considered.

The survey provided feedback from the participants identifying the importance of key
specification parameters that can influence the quality and attributes of hot and cold bent
glass. These items for review were identified during initial consultation with consultants

and industry.

Question 9 for hot bent glass:
HOT BENT GLASS - To optimise the visual quality of hot bent glass how would you rate
the importance of each of the following items. (Please rate all items)
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Least (na MNeutral {no Most Do not Taotal Weighted
important lakbel) label) Important  know Average
Test sample all curved glass types to achieve 1.72% 1.72% 12.07% 12.07% T0.60% 1.72%
benchmark samples 1 1 ) i 41 1 58 4.51
Wiew samplas in orientation for the project 1.72% 0.00% 12.07% 22.41% 60.34% 3.45%
1 0 T 13 35 2 88 445
Quality check all flat glass before it is curved. 11.86% 6.78% AT 6% 23.73% B.4T% 1.69%
r 4 28 14 2 1 09 3.10
Spedly hard coalings instead of soll coalings lor ol 3.39% 6.7TB% 33.90% 28.81% 15.25% 11.86%
bent glass 2 4 20 17 a 7 54 3.52
Use a glass bending processor with ined and tested 1.69% | 0.00% 6.78% 11.86% 79.66% 0.00%
EXpEriEnce 1 il i T 47 o 59 4,68
Tighten roller wave values in the specificatian for 5.08% B.47% 30.51% 27.12% 22.03% 6.78%
hat bent monolithic / laminated glass 3 5 18 16 13 4 59 3.58

Figure 5.1: Survey results Question 9.

Answered: 58 Skipped: §

100%:
80%
B60%
40%
20% I
i il .= I i i
0%
Test WView Quiality Specify Use a Tighten
sample all samples in check all hard glass roller wave
curved orientation flat glass coatings bending values in
glass ty... for the... before i... instead ... processo.,, the...
Leazt impaortant [ (no label) MNeutral B (nolabely [l Mostimportant
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Figure 5.2: Graph results of survey Question 9.

Participants additional comments reaffirmed the complexity of the specification for
coatings “Preferably avoid using any coatings at all! (so clear or body tinted glass only....if
possible). With any hot bend glass, due to manufacture the variation in surface tension
from glass to glass will be much more variable than in comparison to the variation
observed with flat glass. If the hot bend glass also features a coating, then a much more

pronounced variation in visible anistrophy from glass to glass should be expected! To
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avoid any potential wildly varying anistrophy effects, omit coatings altogether if possible!”

(ANON., 15" June 2015).

The survey highlighted the importance given by the participants of sampling and using an

experienced glass bending processor for the production of hot bent glass.

Question 10 for cold bent glass:

COLD BENT GLASS - To optimise the visual quality of cold bent glass how would you

rate the importance of each of the following items. (Please rate all items)

Least (ne Neutral  (ho Maost Do not Tatal  Welighted
impartamt label) label) impartant know Average
Test sampla all curved glass types to achieve 0.00% 1.79% 14.29% B.93% 60.71% 14.29%
benchmark samples 0 1 8 5 34 8 56 4.50
View samples in afentation for the project 0.00% 0.00% BI7T% | 21.05% 52.63% @ 17.54%
0 a 5 12 30 0 57 .53
Quality check all flat glass before it is curved 7.14% 1.79% | 28.57% | 32.14% 16.07%  14,29%
4 1 16 18 a 8 56 3.56
Specify hard coatings instead of soft ceatings for 1.75% | 10.53% 31.58% | 22.81% 5.26% | 28.07%
cold bent glass 1 [} 18 13 3 16 57 .27
Use a glass bending processor | confractor with 3.51% 1.75% T.02% 19.30% 54.309% 14.04%
Iried and lasled axpariance 2 1 4 11 k3 B 57 4.39
Tighten roller wave values in the specification for T.02% 7.02% 22.81% 21.05% 21.05% 21.05%
cold bent menolithiclaminated glass 4 4 13 12 12 12 57 3.53
Figure 5.3: Survey results Question 10.
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Figure 5.4: Graph results of survey Question 10.
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Participants comments included the issue of life expectancy “My answers above assume
that the cold bent glass is heat treated. The biggest issue with cold bent glass is the effect
of cold bending on life expectancy.” (ANON., 14™ July 2015). This is a key design
parameter that will impact the specification and further research for this was indicated
(Fildhuth, T et al. 2014) for the efficiency of the types of interlayers in respect of
preventing springback over time. Potential improvements were also noted using new
production methods, “for the cold bend laminated glass thin glass is used and hence it
can be done on the new Lisec air-bed system (no roller wave)” (ANON., 15" June 2015).

The survey highlighted the importance given by the participants of sampling and using an
experienced glass bending processor/contractor for the production of cold bent glass.

5.3.1  Survey Results Summary of Key Items for Optimising Visual Quality

The following table summarised the results of those items identified by the participants in
guestion 9 and 10 as key criteria for optimising hot and cold bent glass. The figures
shown are the sum of the percentages added above the neutral position. The figures are

not weighted.

Table 5.2: Survey results summary of key criteria for optimising visual quality.

Note: Figures are rounded to the nearest whole humber:

GLASS TYPE
HOT bent glass COLD bent glass
KEY CRITERIA % agreed (above neutral) % agreed (above neutral).
Sampling to achieve a
83% 70%
benchmark
Viewing the samples in the
: _ : 83% 74%
orientation for the project
Quality check of the flat
: 32% 48%
glass before bending
Specify hard coatings
: PECY g 44% 28%
instead of soft coatings
Use a processor with tried
_ 92% 74%
and tested experience
Tighten roller wave
49% 42%
tolerances

These items assisted with the identification of potential clarifications/improvements for the

future specification and procurement of curved glass buildings.
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54 Proposals for Future Improvements for the Quality of Curved Glass Facades
Using the knowledge gained from the study and the feedback from the survey, potential
improvements to the specification of and visual quality of curved glass buildings were

identified; These are summarised as follows:

e Improve standards/guidance.

e Ensure sampling and viewing in finished position.

o Agree tolerances and acceptance criteria early in the design stage.

e Improve production methods of hot bent glass.

o Improve durability and colour consistency of temperable coatings.

¢ Investigate bending methods used by other industries.

¢ Research new materials such as thin glasses that are being developed.

¢ Consider mathematical approach to resolving inconsistency issues.

The survey provided feedback to potential improvements. Input for these items was given
from initial early consultation with industry:

Question 11:

To improve the specification and production of bent glass please rate each of the

following items for its level of importance to you. (please rate all items)

Least (] {no (ho Most Do not Total Weighted
impertant  label) label) label) important  know Average

Improve current standards for material specification 157T% T A14% 23.21% 33.93% 26.79% 5.36%

2 4 13 19 15 3 56 .77
Prowvide further standards and guidance for the 0.00% 0.00% 14.29% 42.86% 35.71% T.14%
specificaton and visual guality of HOT bent glass 0 [} 8 24 20 4 56 4.23
Provide further standards and guidance for the 0.00% 0.00% 19.30% 29.82% 36.84% 14.04%
specification and visual quality of COLD bent glass o ] 1 17 ¥al & 57 4.
Agree tolerances early on in the design for the 0.00% 0.00% 1.75% 28.07% 68.42% 1.75%
specification of bent glass 0 [u] | 16 K1) 1 57 4 BB
Develop improved methedology for visual acceptance 0.00% 1.75% 8.77% 31.58% 56.14% 1.75%
criteria in the specification for bent glass a 1 5 18 32 1 av 4.45
Reduce the external reflectance of HOT bent glass 0.00% 12.50% 46.43% 28.5T% 5.36% T.14%

) T 268 16 3 4 b 3.29
Reduce the external reflectance of COLD bent glass 1.82% 12.73% 41.82% 23.64% 5.45% 14.55%

1 F 23 13 3 8 93 321
Improwve production metheds for HOT bent radial and 3157T% 1.79% 19.64% 39.20% 26.79% 8.93%
conlcal glass 2 1 11 22 15 5 o6 3.92
Develop production methads to improve tolerances 0.00% 351% 15.79% 45.61% 35.09% 0.00%
in HOT bent formed glass ] 9 i o} 20 4] 57 412
Develop production methods to improve tolerances 3.51% 5.26% 19.30% 40.35% 19.30% 12.28%
I COLD bent formed glass 2 11 23 11 T 57 .76
Develop alternative methods for HOT bent slump formad 3151% 3.51% 21.05% 38.60% 26.32% T.02%
glass to allow thermal toughening 2 2 12 22 ki a7
Develop maore coatings that can be HOT bent and 1.79% 5.36% 8.93% 4d.64% 39.29% 0.00%
rhaintaln visual consislancy 1 3 25 22 0 56 4.14
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Improve methods for producing HOT bent glass by 1.79% 7.14% 8.93% | 41.07% 39.29% 1.79%
investigating methods used in other industries such as 1 4 5 23 22 1 56 4.1
the autamative industry

Investigate possibilities of bending using different glass 5.36% T.1d4% 2B.5T% I7.50% 5.36% 16.07%
materials such as thin sheet fused glass 3 4 16 21 3 9 56 3.36

Figure 5.5: Survey results Question 11.
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Figure 5.6: Graph results of survey Question 11.

The additional comments from participants included potential innovations in production.
“Tempering Ovens where the glass goes through on a perforate conveyor belt as
opposed to a series of rollers, or goes through vertically as opposed to horizontally could
be further investigated as a way of reducing distortion.” (ANON., 15" June 2015).

The table below summarised the survey results. The figures are simplified into the %
below the mid neutral position, those that were neutral and those above the mid neutral

position. These figures are not weighted:
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Table 5.3: Survey results summary of key criteria for improving specification and production of

curved glass buildings.

Note: Figures are rounded to the nearest whole number;

% below the | % at the mid | % above the
mid neutral neutral mid neutral
position. position position.
(item (item not (item
considered considered considered
of lesser of lesser or of higher
importance.) | higher importance.)
importance)
11% 23% 61%
0% 14% 79%
0% 19% 67%
0% 2% 96%
2% 9% 88%
13% 46% 34%
15% 42% 29%
5% 20% 66%
4% 16% 81%
9% 19% 60%
7% 21% 65%
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% below the | % atthe mid | % above the
mid neutral neutral mid neutral
position. position position.
(item (item not (item
considered considered considered
of lesser of lesser or of higher
importance.) | higher importance.)
importance)

7% 9% 84%

9% 9% 80%

13% 29% 43%

55 Items for the Future Improvement of the Quality of Curved Glass Buildings.

This section provides further information for the proposed items identified for

improvement and how they might be implemented.

5.,5.1 Improve Standards/Guidance.

The study identified inconsistencies and omissions in the standards and guidance for the
specification and visual assessment of curved glass buildings. Potential improvements:

¢ An update of the standards and guidance to resolve inconsistencies.

o Assess bent glass production in order to inform bent glass standards.

e Provide guidance for use of different glass types simultaneously for curved glass
buildings.

5.5.2  Ensure Sampling and Viewing in Finished Position
The survey patrticipants and case study 3 highlighted the need for sampling and for

viewing samples in the finished position. This could be implemented:

o For designers and specifiers — include in the specification.
e Standards and guidance when updated to include requirement.

e Processors include in their quality plan.
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5.5.3 Agree Tolerances and Acceptance Criteria Early in the Design Stage

This was identified as a key visual quality parameter by the survey participants and
reaffirmed when discussing with a glass processor (Figuerola, F. (pers.comm.) 27th July
2015) and specialist facade contractor (Arbés, F. (pers. comm.) 28th July 2015). Potential

improvements:

¢ An update of the standards and guidance to include consistent tolerances.

¢ Remove subjective reference in current standards. “Disturbing” visual defects as
noted in BS EN 12543-6:2011 are not measurable.

e Standards to advise of practical viewing criteria for different bent glass types.

¢ Develop methods to assess visual quality that are measurable and objective.

5.5.4 Consider Reflection Criteria for Curved Glass

The study identified that reflection effects have an impact on the visual appearance of the

curved glass and high reflection will highlight distortions present.

Figure 5.7: Slump formed samples

with and without frit.

The fritted sample displays less

reflection than the clear sample.

Image taken at Cricursa July 2015.

This was reaffirmed by a specialist fagade contractor (Arbéds, F. (pers. comm.) 28th July

2015). Potential investigations:

e Consider effect of frit/finishes to glass surface to reduce the reflection.

¢ Review and develop anti-reflective temperable coatings to reduce reflection.

5.5.4.1 Improve Production Methods of Hot Bent Glass

The study identified that hot bent radial glass compared to other methods tends to have
more visual distortion due to the processes it undergoes. This was reaffirmed by a
specialist facade contractor (Diller, N. (pers.comm.) 1st July 2015) and facade
designer/supplier (Hoenicke, G. (pers.comm.) 22 April 2015). Potential improvements to

the process:

Neesha Gopal Page | 118



The consequences of panelisation on visual inconsistency of curved glazed facades

e Improve current radial process to reduce roller wave.

o Develop new methods for tempering hot bent glass for the slumping method.

e Develop the state of the art air cushion system that allows the tempering of thin
glass without touching rollers to be used for curved glass application. This process
improves visual quality “Roller waves cannot be created as the surfaces of the
glass sheets are not being touched in the LISEC tempering process.” (LISEC,
2015)

5.5.4.2 Improve Durability and Colour Consistency of Temperable Coatings
The study and survey confirmed that there is an issue with colour consistency of

temperable glass coatings for curved glass buildings.

The following examples illustrated the issue of colour inconsistency of hard coatings.

Figure 5.8: Slump formed and flat glass sample
— coating air side. (Ramboll 2009)

Figure 5.9: Slump formed and flat glass sample
— coating mould side and discoloured (Ramboll
2009)

Figure 5.10: Slump formed and flat glass
sample — coating air side but distorted.
(Ramboll 2009)
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This illustrated that the behaviour of coatings is unpredictable and sampling and testing is
vital. Soft coatings are further limited as they cannot be in contact with the rollers or
moulds.

Coatings are increasingly providing more of a challenge as there is requirement to
increase their performance. This was reaffirmed by a specialist glass processor (Tarrus,
J. (pers.comm.) 27" July 2015). Potential improvements:

e Test and develop new coatings that are temperable.
e Glass suppliers/processors processors could provide sample swatch/examples of

current coatings in use so visual differences are illustrated.

5.5.5 Investigate Bending Methods Used By Other Industries

The survey reaffirmed that the building industry should investigate bending methods used

by other industries. Potential investigations:

o Consider the automotive industry processes and if these can be adapted for cost
effective implementation in the fagcade industry.

e Review marine glass manufacture for implementation in the building industry.

5.5.6 Research New Materials Such As Thin Glasses That Are Being Developed.

The feedback from the survey reaffirmed that new products should be investigated.

Potential investigations:

e Thin glass is being developed. Several papers have been presented to the fagade
industry and identified that, “The application of thin glass requires further research
and development.” (SPISS, H. 2015) and “The application of thin glass has the
potential to improve the overall perception of glass and the glass industry.”
(SPISS, H. 2015).

5.5.7 Mathematical Approach to Resolving the Issue of Visual Inconsistency.

“Mathematics leads design” (Arbés, F. (pers.comm.) 28" July 2015).

o The increased of use of software and 3d analysis was reaffirmed during the visit to
Bellapart. The use of mathematical equations as a key design tool was
emphasised and that architecture can be translated into a mathematical form
(Arbos, F. (pers.comm.) 28" July 2015).

e Mathematics is a key design tool that could be further investigated, using the

limitations of algorithms to optimise visual consistency.
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5.6 Progressing Future Improvements.

The study and the findings of the survey have identified potential proposals that could
improve the specification, visual assessment criteria and final quality of curved glazed

facades.

These proposals would benefit from input from all parties involved in the design and
procurement process: designers/specifiers; consultants; suppliers/manufacturers; facade

and main contractors and clients.

In order to progress the propsals further extensive research, development and funding by
the industry would be required. However, the benefits to projects of improved
specification and quality with reduced procurement risk and fewer disputes during the

process would be of assistance to all parties involved.
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Tanno, S. 2015. Project Director, seele GmbH UK Branch, Unit A33, Jack's Place 6
Corbet Place, London E1 6NN, UK.

Wachsmann, A. 2015. Sales manager bent glass, FINIGLAS Veredelungs GmbH,
Wierlings Hook 5, 48249 Dilmen Netherlands.

Hoenicke, G. 2015. Director Consulting International Projects, Schiico International KG,
KarolinenstraRe 1-15, 33609 Bielefeld, Germany.

Main contractors:

Aspinall, C. 2015. Director, Sir Robert McAlpine Ltd, Yorkshire House, Graosvenor
Crescent, London SW1X 7EP, UK.

Sedge P. 2015 Facades Operations Director, Mace Group, 155 Moorgate, London, EC2M
6XB, UK.

McShane, E. 2015. Head of Facades, Brookfield Multiplex Construction Europe Ltd,
London Wall Place Project Office, 17 St. Helen's Place, London, EC3A 6DG, UK.

Pasetto, S. 2015. Facade Technical Director, Skanska Building - London & South East,
120 Aldersgate Street, London. EC1A 4JQ, UK.

Downes, J. 2015. Head of Facades — Europe, Lend Lease, 2nd Floor, 20 Triton Street,
Regent's Place, London, NW1 3BF, UK.
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6.5 QUESTIONNAIRE PARTICIPANTS

Architects

Walters, A. Associate, Head of Design, Workplace Solutions, CAPITA, 65 Gresham
Street, London EC2V 7NQ, UK.

Kang, D. Architect, 10 Aldersgate Street, London, EC1A 4HJ, UK.
Bulley, D. Architect, AECOM, MidCity Place, 71 High Holborn, London, WC1V 6QS, UK.
Evans, D. Director, Lynch Architects, 1 Amwell St, London EC1R 1UL, UK.

Fairley, G. Project Architect, Adamson Associates (International) Limited, 6th Floor, One
Canada Square, Canary Wharf, London,E14 5AB, UK.

Bagley, M. Director, EPR Architects, 30 Millbank, London, SW1P 4DU, UK.

Nichols A. Architect, CBRE, St Martins Court, 10 Paternoster Row, London EC4M 7HP,
UK.

Griffiths, P. Project Director, Scott Brownrigg, 77 Endell Street, London, WC2H 9DZ, UK.

Elsted, S. Constructing Architect, Henning Larsen Architects, Vesterbrogade 76, 1620

Kgbenhavn, Denmark.

Sanni, T. Design Group Nigeria Ltd, Architects and Urban Designers, 11, Ajasa Street,

Onikan, Lagos, Nigeria.

Facade Consultants

Wagner, A. Senior Fagade Engineer, Meinhardt Fagade Technology, Gold & Diamond
Park, Building 4, Unit 130, Sheikh Zayed Rd, Dubai, 282478 Middle East.

Beer, B. Technical Director, Meinhardt Fagade Technology, Gold & Diamond Park,
Building 4, Unit 130, Sheikh Zayed Rd, Dubai, 282478 Middle East.

Paul G. Regional Director, Meinhardt Facade Technology, Gold & Diamond Park,
Building 4, Unit 130, Sheikh Zayed Rd, Dubai, 282478 Middle East.

Li, S. Associate Director, Meinhardt Fagcade Technology, 6/F Block 3A, Tianhua
Information Technology Park, No0.299, Longcao Rd, Xuhui District, Shanghai, 200235
PRC.
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Moisan, T. Facade Engineer, Meinhardt Facade Technology, 10 Aldersgate Street,
London, EC1A 4HJ, UK.

Gopal, N. Regional Director, Meinhardt Facade Technology, 10 Aldersgate Street,
London, EC1A 4HJ, UK.

Soebroto, T. Associate Director, Meinhardt Facade Technology, 168 Jalan Bukit Merah,
#05-01 Surbana One, 150168 Singapore.

Atkinson, C. Director, Mott McDonald, 10 Fleet Place, London, EC4AM 7RB, UK.

Watabiki, D. Associate Director, Wintech Limited — Head Office, Wednesfield, Wintech
House, 280 Woodend Road, Wednesfield, Wolverhampton, WV11 1YD, UK.

Witek, G. (formerly) Ramboll Fagade Engineering.

Dr. Wolmuth, W. Fagade specialist, Independent Building Technology Ltd, 22 Kingsdown
Avenue, London W13 9PT, UK.

Meletiou, K. MSC Fagade Engineering Student.
Rice, K. President, RFR Group, Paris, 4 rue d'Enghien, 75010 Paris, France

Gray L. Facade Engineer, Cladtech.Associates, Fowler Ave, Farnborough, Hampshire
GU14 7JP, UK.

Cunningham, N. Facade Consultant. Flynn Engineers, Canada.

Ryan, P. Director, Patrick Ryan Associates, 56-58 High Street, Ewell, Epsom, Surrey,
KT17 1RW, UK.

Edwards, Z. Senior Facade Engineer, Thornton Tomasetti Exmouth House, 3rd Floor
3-11 Pine St. London, EC1R 0JH, UK.

Facade Contractors

Becker, A. FKN HOLDING GmbH & Co. KG, Kirchensaller Stral3e 36, 74632 Neuenstein,

Germany

Field, B. Director, Dane Architecural Systems Ltd, Viking Works, Hamsterley, Newcastle
upon Tyne, NE17 7SY, UK.

Neesha Gopal Page | 129


mailto:Billy.Field@danearchitectural

The consequences of panelisation on visual inconsistency of curved glazed fagades

Alexander, C. Design Manager, Permasteelisa Hong Kong Ltd, 28/F, 625 King's Road,
North Point, Hong Kong

Eggen, D. Project Manager, Scheldebouw B.V. Beitel 80, 6422 PB Heerlen, The

Netherlands

Sheppard, D. Pre-Construction Manager, Structal (UK) Ltd, Fountain House, Great
Cornbow, Halesowen, West Midlands, B63 3BL

Birrell, D. Design Leader, Glassolutions, Unit 3 & 4 Northpoint Busness Park, Horton Rd,
West Drayton UB7 8EQ

Van Leersum, |. Sales Manager, Scheldebouw B.V. Beitel 80, 6422 PB Heerlen, The
Netherlands

Zottini, |. Sales Manager, Permasteelisa (UK) Ltd, 7th Floor, Fountain House, 130
Fenchurch Street, London EC3M 5DJ, UK.

Santos, M. Martifer, Zona Industrial, Apartado 17, 3684-001 Oliveira de Frades.

Hart, M. Operations Manager, MERO-SCHMIDLIN (UK) PLC, Marlin, 459 London Road,
Camberley,Surrey, GU15 3JA, UK.

Schindler, M. Director, Schindler Fenster + Fassaden GmbH, MauthstralRe 15, 93426
Roding, Germany

Calvert, N. Business Development Manager, EAG, English Architectural Glazing Limited,
Chiswick Avenue, Mildenhall, Suffolk, IP28 7AY, UK.

Luessi, W. Director, Tuchschmid Constructa AG, Langdorfstrasse 26, CH-8501

Frauenfeld, Switzerland.

Facade and Glass Suppliers/Processors

Kearns, D. Director Facade Design & Supply, Glass Solutions Saint Gobain,
Herald Way, Coventry CV3 2ZG, UK.

Fitzgerald, D. National Architectural Manager, Metal Construction Division, Schueco UK
Limited, Whitehall Avenue, Kingston, Milton Keynes MK10 OAL, UK.

Rosa, E. Interpane Glas Industrie AG, Headquarters, Lauenforde, Germany.
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Hoenicke, G. 2015. Director Consulting International Projects, Schiico International KG,
Karolinenstral3e 1-15, 33609 Bielefeld, Germany.

Henk.W, international Business Manager, Interpane Glas Industrie AG, Headquarters,

Lauenférde, Germany.

Friend, L. Specification Manager, Hueck UK Ltd, Vienna House, International Square,
Birmingham Intern. Park, Starley Way, Solihull, B37 7GN, UK.

Brown, M. Sales Manager - Technical Glass Solutions, SCHOTT UK Ltd, Drummond
Road, ST16 3EL Stafford, UK.

Scheurer, R. Sedak, Einsteinring 1, 86368 Gersthofen, Germany

Tanno, S. Director Pre-Construction Services, Schiico International KG, Karolinenstraf3e
1-15, 33609 Bielefeld, Germany.

Main Contractors

Thompson, A. Design Manager, John Sisk & Son Ltd, 1 Curo Park, Frogmore, St Albans,
Hertfordshire, AL2 2DD, UK.

Woods, A. Director, Glassolutions, Unit 3 & 4 Northpoint Busness Park, Horton Rd, West
Drayton UB7 8EQ, UK.

Aspinall, C. Director, Sir Robert McAlpine Ltd, Yorkshire House, Grosvenor Crescent,
London SW1X 7EP, UK.

McShane, E. Head of Facades, Brookfield Multiplex Construction Europe Ltd, London
Wall Place Project Office, 17 St. Helen's Place, London, EC3A 6DG, UK.

Bouvier, G. External Envelope Manager, Bouygues UK, Bancroft Rd, London, E1 4NS,
UK.

Bachmann, |. Facade Manager, Brookfield Multiplex Construction Europe Ltd, 80
Charlotte Street Project Office, Asta House,1st Floor, 65 Whitfield Street, Fitzrovia,
London, W1T 4HE, UK.

Downes, J. Head of Facades — Europe, Lend Lease, 2nd Floor, 20 Triton Street, Regent's
Place, London, NW1 3BF.

Ward, K. Design Manager, Skanska, 120 Aldersgate Street, London. EC1A 4JQ, UK.
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Mazareanu, O. Facade Manager, Mace Group, 155 Moorgate, London, EC2M 6XB, UK.

Sedge P. 2015 Facades Operations Director, Mace Group, 155 Moorgate, London, EC2M
6XB, UK.

Rollenhagen, Anke. Facade manager, Sir Robert McAlpine Ltd, Yorkshire House,
Grosvenor Crescent, London, SW1X 7EP, UK.

Pasetto, S. 2015. Fagade Technical Director, Skanska Building - London & South East,
120 Aldersgate Street, London. EC1A 4JQ, UK.

Developer Clients

Pullan, C. Senior Technical Manager, St James Group Limited, Marlborough House , 298
Regents Park Road, Finchley, N3 2UA, UK.

Parker, E. Architect/ Design & Project Manager, St James Group Limited, Marlborough
House , 298 Regents Park Road, Finchley, N3 2UA, UK.

Young, J. Facade Manager, Mount Anvil, 140 Aldersgate Street, London, EC1A 4HY, UK.

6.6 MEETINGS AND FACTORY VISITS

(Hoenicke, G. (pers.comm.) 22 April 2015)

HOENICKE, G. Director Consulting International Projects, Schiico International KG,
KarolinenstraRe 1-15, 33609 Bielefeld, Germany. (formerly of Seele)

Schiico International — facade supplier. Meeting at MFT office 22™ April 2015.

Seele — specialist fagade contractor with experience of hot and cold bent projects.

(Diller, N. (pers.comm.) 1st July 2015).

DILLER, N. Managing Director, Seele, Gutenbergstralle 19, 86368 Gersthofen, Germany.
(formerly Managing Director of Sedak)

Seele — specialist fagade contractor with experience of hot and cold bent projects.

Sedak — specialist glass processor producing hot bent and cold bent glass.

Factory visit to Cricursa — specialist glass processor producing hot bent glass.
(Figuerola, F. (pers.comm.) 27th July 2015).
FIGUEROLA, F. CEO, Cricursa, Poligon Industrial Coll de la Manya, Calle Cami de Can

Ferran, s/n, 08403 Granollers, Barcelona, Barcelona, Spain
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(Tarrus, J. (pers.comm.) 27th July 2015).
TARRUS, J. Marketing Director, Cricursa, Poligon Industrial Coll de la Manya, Calle Cami
de Can Ferran, s/n, 08403 Granollers, Barcelona, Barcelona, Spain.

Factory visit to Bellapart — specialist facade contractor with experience of hot and cold
bent projects.

(Arbds, F. (pers.comm.) 28th July 2015).
ARBOS, F. President, Bellapart Group, Ctra. Parcel.laria 32 - 17178 Les Preses, Spain.

Neesha Gopal Page | 133



The consequences of panelisation on visual inconsistency of curved glazed facades

7 APPENDICES

7.1  APPENDIX A - SURVEY AND RESPONSES
The following is a copy of the pilot survey with initial questions followed by the results for

each question and additional comments provided by the participants.

QUESTION 1:

Question format for Q 1.

Experience of bent glass

1. Please indicate awareness / type of experience with the following types of bent glass (please tick all
those that apply)

Aware of but not Designed / Commissionad Unaware of this
usad spacified Producad fardarad method of bending

Cold bent glass -
formed by forced
bending either on or off
site and restrained by a
support member

Cold bent glass -
formed by bending due
to applied pressura and
then laminated in an
autoclave

Hot bant glass - formed
with machinery to

give regular geometry
as a cylinder / radial /
conical

Hot bent glass - formed
on a mould - slump
formed - free form /
organic geometry

Other (please specify)
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Responses for Q 1.

Aware De=signed Produced Commissioned Unaware Total
of but ) lordered of this Respondents
not specified method
used of
bending

Cold bent glass 43.55% 32.26% 14.52% 12.90% 12.90%

- formed by 27 20 2] 2 2 62
forced bending

ether on or off

site and

restrained by a

support

mermker

Cold bert glass 50.52% 19.67% 13.11% 11.48% 22.95%

- formed by K 12 g 7 14 &1
bending due to

applied

pressure and

then laminated

in an autoclave

Het bert glass 18.33% 46.67% 20.00% 33.33% 6.6T%

- formed with 11 28 12 20 4 60
machinery to

give regular

geometry as a

cylinder /raclial

/ conical

Hot bert glass 40.32% 33.87% 11.29% 22.58% 6.45%

- farmed on a 25 21 ¥ 14 4 62
mould - slump

farmed - free

form | organic

geometry
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Graphic analysis for Q 1.

Answarad: 83 Skipped: 1

100%
B0
B0
40%%
b I I I II I I
N | | N | O | ™
0%
Cold bent glass Cold bent glass Haot bent glass Hot bent glass
= farmed by = farmed by = formed with = formed on a
forced bending bending due to machinery to mould - slump
elther on or ... applied press... give regular.,. formed - free...

Aware of but ot used [ Designed (specified 0 Produced
BB Commissicned fordered B Unaware of this method of bending

Additional comments from participants Q 1.

Other (please specify) Data
by process, also the channel glass belongs to bend ghags, but i not featured n this research, | assurme BMS2015 6:23 AM
| have been involved in projects invalving (&) (c) & (d) above but | have not been responsible for the BA402015 4:32 PM

design/specification or cormmissioningondenng

QUESTION 2:

Question format for Q 2.

Adequacy of standards / guidance

3. Do you think there are adequate standards and guidance for the specification and visual assessment
of bent glass?

O"r‘ee
ONU

(’_‘j Dan't know

Other (please specify)
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Responses for Q 2.

Answer Choices Responses
Ves 93.75% &0
Mo 3.13% 2
Do net know 343% 2
Total 64

Graphic analysis for Q 2.

Answered: 64 Skipped: 0

-"!"aa .Nn .Dunulkmw

Additional comments from participants Q 2.

Other (please specify) Date

Thare are no responses.
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QUESTION 3:

Question format for Q 3.

Standards / guidance used

4. Have you used any of the following standards/guidance for the specification and visual acceplance

criteria for bent glass? (Please tick all that apply)

BS EM Standards for basic soda lime silicate glass - standards for flat / processed glass

BS EM Standards for insulating glass units
ASTM C1464 Standard Specification for Bent Glass: 2011
BS 150 11485 Glass in Building - Curved glass

GGGF Manual Section 4 Curved Glass: 2011

BF-Bulletin 0032011 Guidelines for themmally-curved glass in the building industry

CWCT TM 35

Hadamar 06/09 Guidelines to Assess the Visible Quality of Glass in Buildings

Mone

Other (please specify)

Responses for Q 3.

Answer Choices Responses
Yes 4.54% 3
Ma B0.65% =0
Dorit know 14.52% 9
Total 62
Neesha Gopal Page | 138



The consequences of panelisation on visual inconsistency of curved glazed facades

Graphic analysis for Q 3.

Answered: 62 SkKipped: 2

Lo Yes @ No ) Don't know

Additional comments from participants Q 3.

Other (please specify) Date

Some standards and guidelines are available however mora clarily and reconciiation required G205 9:25 AM
are lhere any for the visual assessment? G205 6:25 AM
| don't consider that Standards are adeqguate for any type of glass B14/2015 4:34 FM
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QUESTION 4:

Question format for Q 4.

Standards / guidance used

4, Have you used any of the following standards/guidance for the specification and visual acceptance
criteria for bent glass? (Please tick all that apply)

BS EM Standards for basic seda lime silicate glass - standards for flat [ processed glass
BS EM Standards for insulating glass units

ASTM C1464 Standard Specification for Bent Glass: 2011

ES 150 11485 Glass in Building - Curved glass

GGF Manual Section 4 Curved Glass: 2011

BF-Bulletin 002011 Guidelines for thermally-curved glass in the building industry
CWCT TM 35

Hadamar 06/09 Guidelines to Assess the Visible Quality of Glass in Buildings

Mone

Other (please specify)

Responses for Q 4.

Answer Choices Responses
BS EN Standards for basic soda lime silicate glass - standards for flat / processed glass 52.46% 32
BS EN Standards for insulating glass units 52.46% 32
ASTM C1464 Standard Specification for Bent Glass: 2011 19.67% 12
BS ISO 11485 Glass in Building - Curved glass NA5% 19
GGF Manual Section 4 Curved Glass: 2011 23.59% 15
BF -Bulletin 009/2011 Guidelines for thermally-curved glass in the building industry 11.48% 7
CWCT TN 35 39.34% 24
Hadamar 06/09 Guidelines to Assess the Visible Quality of Glass in Buildings 55.74% 34
None 18.03% 11

Total Respondents: 61
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Graphic analysis for Q 4.
Answered: 81  Skipped: 3
100%
B

B

A0

N I...

0%
BSEN BS EN ASTM BS 150 BF-
Standar  Standar C1464 11485 Manual Bull
ds for ds for Standar Glass Saection atin
basl... Insu.... d... In... i, 008201
[

Additional comments from participants Q 4.

Other (please specify)

THEE

Hadamar Hone
0609

Guideli

MEsS ...

Date

Hawve previously specified criteria according Hadamar, but with distance according to BF-Bulletin 009, GGF Section TI232015 5:00 PM

4 ks Incomplete, BS 150 11485 and ASTM offer very limited guidance,

And client specified upfront agreed criteria

6152015 223 PM

German Guidlines for thermally-curved glass in the building industry GM52015 927 AM
Specific samplesiasts shall be carriad out with the supplyer GM52015 9:00 AM
| approach things differently - | advise Clisnts o use cerlain curved glass processons thal provide the best qualily BM42015 436 PM
available.
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QUESTION 5:

Question format for Q 5.

HOT BENT GLASS - issues

5. HOT BENT GLASS. Have you experienced poor visual quality of curved glass used in buildings due
to any of the following for hot bent glass? (Please tick all that apply)

Visual inconsistency of flat glass adjacent to hot bent glass

Visual inconsistency of cold bent glass adjacent to hot bent glass
Poor visual quality due to soft coatings on hot bent glass

Poor visual quality due to hard coatings on hot bant glass

Excessive roller wave on regular radial’conical formed hot bent glass
Poor visual quality due to distertion in laminated hot bent glass

Hawve not noticed poor visual quality in hot bent glass

Have no experience of hot bent glass

Other (please specify)

Responses for Q 5.

Answer Choices Responses
Visual inconsistency of flat glass adjacent to hot bent glass 51.38% 35
Visual inconsistency of cold bent glass adjacent to hot bent glass 16.39% 10
Poor visual quality due to soft coatings on hot bent glass 36.07% ==
Poor visual quality due to hard coatings on hot bent glass 22.95% 14
Excessive roller wave on regular radial/conical formed hot bent glass 52.46% 32
Poor visual quality due to distortion in laminated hot bent glass 49.18% 30
Have not noticed poor visual quality in hot bent glass 16.39% 10

9.84% 6

Have no experience of hot bent glass

Total Respondents: 61
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Graphic analysis for Q 5.
Answered: 61 Skipped: 3
100%
B0%
60%
40%
- - l . -
0%
Wisual Visual Poor Poor Excessiv Poor Have Have na
inconsis inconsis visual visual & roller wvisual niot axperien
temcy of tency of quality quality WAVE G quality noticed ce of
flat... cald.,. due L, due L., regul... due .., poar... hot b..,

Additional comments from participants Q 5.

Other (please specify) Doate

Visible block lines that make the form 611572015 5:31 PM
The bend radius has a big infleence on the Tnal appearance of the glass and on the coaling seleclion BME2015 9:08 AM
Cartain curved glass processors consistently produce hot curved glass with batter visual regularity than others 61472015 4:38 PM
Food for thoughl !

| theseght But | might be wrong that you can’t hot bend glass with soft coatings as the coatings melt and run to e BI3/2015 12:45 PM

curva also whan you hot band hard coatings the coatings change colour slightly which is one reason why coated
bent glass looks different to flat glass. Becauss of this the last time | used hot bent glass | just used a low & coating
s0 it wouldn't ook too different to the adjacent flat glass

Air bubbles in resin laminate BM32015 1211 PM
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QUESTION 6:

Question format for Q 6.

COLD BENT GLASS - issues

6. COLD BENT GLASS. Have you experienced poor visual quality of curved glass used in buildings

due to any of the following for cold bent glass? (Flease tick all that apply)
Visual inconsistency of flat glass adjacent to cold bent glass
Visual inconsistency of hot bent glass adjacent to cold bent glass
Poor visual quality due to coatings on cold bent glass
Excessive roller wave of cold bent tempered glass
Poor visual quality due to distortion in laminated cold bent glass
Have not noticed poor visual guality in cold bent glass used on a project

Have no experience of cold bent glass

Other (please specify)

Responses for Q 6.

Answer Choices Responses
Yisual inconsistency of flat glass adjacent to cold bent glass 18.97% 11
Yisual inconsistency of hot bent glass adjacent to cold bert glass 15.52% g
Poor visual guality due to coatings on cold bent glass 6.90% 4
Excessive roller wave of cold bent tempered glass 6.90% 4
Poor visual gualty due to distortion in laminated cold bent glass 18.97% 11
Have not noticed poor visual gquality in cold bert glass used on a project 17.24% 10
Have no experience of cold bent glass 51.72% 30
Total Respondents: 58
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Graphic analysis for Q 6.
Answered: 58 Skipped: &
100%
80%

60%

A0%

0%
= - Il

0%
Yisual Wisual Poor Excessive
inconsist inconsist visual roller
ency of ency af quality wave of
flat... hiot be... due to.. cold b...

Additional comments from participants Q 6.

Other [please specify)

The appearanca is highly dependent of how much the glass is cold bent

Hawe yet to have a project with cold bent glass completed.

Poor
wisual
quality
due to...

Hawe not
noticed

paar
wisual...

Have no
experienc
e of cold
bant...

Date
BMS2015 912 AM

Br4/2015 4:39 PM
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QUESTION 7:

Question format for Q 7.

Mitigation of visual inconsistencies

7. If you were concemed about the possible visual distortion when using bent glass how would you rate
your preference for each of the following possible mitigation measures. (Please give your level of

preference for each of the items)

Least preferred

Re-panelise 50 all the
glass is triangulated ': :l
and flat

Re-panelise so all the
glass is curved by the |
same mathod

Keep the panelisation
similar but optimise to _j
reduce number of

different types

Lower the glass ,:)
reflactivity

Etch or frit the glass i

Other (please spacify)

Responses for Q 7.

Re-panelise zo allthe glass is triangulated
and flat

Re-panelize zo allthe glass is curved by the
same method

Keep the panelisation similar but optimise to
reduce number of different types

Lower the glass reflectivity

Etch or frit the glass

Least
preferred

A1.3T%
27

3.51%

Meutral

Newutral

38.60%

22

31.58%
18

2.11%
24

5TA4%
32

A4.64%
23

Most
preferred

14.04%
a

64.91%

50.58%
29

33.93%

149

8.93%

Total

36

36

Most preferred

Weighted
Average

1.67

281

244

223

1.63

Neesha Gopal

Page | 146



The consequences of panelisation on visual inconsistency of curved glazed facades

Graphic analysis for Q 7.
Answered: 53 Skipped: 5
100%
BO%
0%
40%
N I I I
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Re-panelize Re-panelise Heep the Lower the Etch or frit
so all the 5o all the panelisation glass the glass
glass is glass is similar but reflectivity
triangulat... curved by ... optimise t..,

[ Leastprefesred g Noutral ) Most preforred

Additional comments from participants Q 7.

Other (please specify) Date

Specify the use of annealed glass and form on mould to minimise optical distortions 232015 5:00 PM
Remove the bent and face! glass panels BAS2015 Bdd AM
Option 5; It would be preferential to apply a8 opague interayer as opposed to surface treatments to the glass. An BAS2015 2:30 AM

Etch or Frit application to the glass surface will reduce the stress capacity of the glasa, and In turn limit bow much
the etchiirit glass can be bent by compared to cear glass,

Consider the best worldwide suppliers of hat curved glass and seefobtain samples; if they can't satisfy the 42015 4:42 PM
Archilecl's objectives, use facelled glass
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QUESTION 8:

Question format for Q 8.

Panelisation criteria

8. For the following panelisation criteria for the design, specification and procurement of a project with
bent glass please rate your level of importance to each of the criteria. (Please rate each of the items)

Least Imporiant Meutral Mot important
Panslisation should be . .
most cost effsctive () 9 @
solution
Panelisation should .
pravide best visual l(:_j L) CJ
consistency
Panelisation should be . -
optimised to speed (] ® @
programme
Responses for Q 8.
Least Heutral Most Total Weighted
important importamnt Average
Panelization should be most cost 5.08% 49.15% 45.T6%
effective solution 3 28 27 28 241
Panelization should provide best visual 1.75% 22.81% 75.44%
consistency 1 13 43 a7 274
Panelisation should be optimised to 22.81% 56.14% 21.05%
speed programme 13 32 12 57 1.98

Graphic analysis for Q 8.

Answered: 59 Skipped: &

100%

H80%

60%

40%

b .

0%

Panelisation should Panelisation should Panelisation should
be most cost provide best visual be optimised to speed
effective solution consistency programime
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QUESTION 9:

Question format for Q 9.

HOT BENT GLASS - Optimising visual quality

9, HOT BENT GLASS - To optimise the visual quality of hot bent glass how would you rate the
importance of each of the following items. (Please rate all items)

Least important MNeutral Mostimportant Do not know

Test sample all curved

glass types to achieve JT:I ':T:I O /::l O Hj:]
benchmark samples

View samples in

orientation for the 'f_:l Ii_:l I:_j /_:] O ’hj
praject

Quality check all flat

glass bafora it is ;:I ':j r_j /i:l l'tj Hjj
curved.

Specify hard coatings

instead of soft coatings {_:I I:_) |:—_] /_:] (_j f_:]
for hot bent glass

Use a glass bending

processor with tried and ';:':I 'f_j (_j /] (_:' ’H:'

tested experiance

Tighten roller wave
values in the

specification for :_:I I:_:I ':_j :‘J 'ﬁ Hj
hot bent monalithic /
laminated glass

Other (please specify)
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Responses for Q 9.

Test sample
all curved
glass types
to achieve
kenchmark
samples

Wiew
samples in
orientation
for the
project

Quality
check all flat
glass before
it is curved.

Specify
hard
coatings
instead of
soft
coatings for
hiet bert
glass

Use a glass
bending
processor
with triec
and tested
experience

Tighten
roller wave
values in the
specification
far hot bert
menolithic
laminated
glass

Least
importamt

1.72%
1

1.72%

11.86%

3.39%

1.69%

5.08%

(no
label)

1.72%

0.00%

6.78%

6.78%

0.00%

5.47%
3

Heutral

12.07%

T

12.07%

47.46%
28

33.90%
20

6.78%

30.51%
18

{no
label)

12.07%

7

22.M%
13

23.73%
14

28.81%
17

11.86%

2112%

16

Most
importamt

T70.69%
41

60.34%
35

8.47%

15.25%

g

79.66%

22.03%
13

Do not
know

1.72%

3.45%

1.69%

11.86%

0.00%

6.78%

Total

a8

a8

]

]

a9

]

Weighted
Average

4.5

4.45

310

352
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Graphic analysis for Q 9.
Answered: 53 Skipped: §
100%
0%
B0%
40%
- I III
M M L LSl
0%
Test View Quiality Specity Use a Tighten
sample all samples in check all hard glass roller wave
curved orientation flat glass coatings bending wvalues in
glass ty... for the... before i... instead ... Processo,., the...

Leastimportant [ (nc label) g Meutral g (no label) ) Most important

[3a nod krvow

Additional comments from participants Q 9.

Other (please specify) Date

Ruoller wave is very difficult to measure on bent glass. As such we would alsa recommend awoiding processes Tr232015 5:00 PM
where rollers are used (heat strengthened and tempered) whare possible,

The bend radius influences a lot the final appearance of the glass BMS2015 9212 AM

spacing/ Size of roller s depending on machiene and hence this is directly related to teh max size of glass panel BM152015 8:18 AM
tham can be curved. ...

Hot bend glass - if visual quality and consistency is the priority; 1. Use a configuration of annealed glass only_ 2. Ifa BMS2015 3:22 AM
configuration of annealed or annealed laminate is inadequate, use chemical ternpering methods as opposed to

oven lempering, 3. Preferably avold using any coatings at alll (so clear or body Unfed gkass onhy.. i possible). With

any hot bend glass, dee to manufacture the variation in surface tension from glass to glass will be much more

variable than in comparison to the varation observed with flat glass. If the hot bend glass also features a coating,

then a much more proncunced varation in visible anistrophy from glass to glass should be expected! To avold any

palential wildly vandng anistrophy effects, omit coatings altogether il possibiel

See earber answers: the most important factor s the glass processor used, G14/3015 d-44 P
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QUESTION 10:

Question format for Q 10.

COLD BENT GLASS - Optimising visual quality

10. COLD BENT GLASS - To optimise the visual guality of cold bent glass how would you rate the

importance of each of the following items. (Please rate all items)

Test sample all curved
olass types to achieve
banchmark samples

View samples in
orientation for the
project

Cruality check all flat
glass bafore it is
curved.

Specify hard coatings

instead of soft coatings

for cold bent glass

UUse a glass bending
processor | contractor
with tried and lested
experience

Tighten roller wave
values in the
specification for cold
bent
monglithiclaminated
olass

Other (please specify)

Least important

@)

Meutral

MMost important

Ty

Do not know
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Responses for Q 10.

Test sample all
curved glass types
to achieve
benchmark
samples

View samples in
orientation for the
project

Quality check all
flat glass before it
is curved.

Specify hard
coatings instead of
soft coatings for
cold bent glass

Use a glass
bending processor
I/ contractor with
tried and tested
experience

Tighten roller wave
values in the
specification for
cold bent
monolithiclaminated
glass

Least
important

0.00%
0

0.00%
0

114%
4

1.75%

3.51%

1.02%

(no
label)

1.79%
1

0.00%

1.79%

10.53%
6

1.75%

7.02%

Neutral

14.29%
8

8.771%

28.57%
16

31.58%
18

1.02%

22.81%
13

(no
label)

8.93%

21.05%
12

32.14%
18

22.81%
13

19.30%
"

21.05%

12

Most
important

60.71%
34

52.63%
30

16.07%

5.26%

54.39%
AN

21.05%

1‘3

Do not
know

14.29%
8

17.54%
10

14.29%

28.07%
16

14.04%
8

21.05%

12

Total

56

57

Weighted
Average

450

453

3.56

327

439

353
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Graphic analysis for Q 10.

Answered: 57 Skipped: ¥

100%
Bilr%
B0
40%
20% I I
0%
Test View Quality Specify Use a Tighten
sample all samples im check all hard glass raller wave
eurved arlentatian flat glass coatings bending values In
glass ty... for the... before i... instead ... Processo.., tha...
Laast imporiant B (no lakel) MNeutral B ino label) i ost important
Do not krcw

Additional comments from participants Q 10.

Other (please specify) Date

for the cold bend laminated glass thin glass is used and hence it can be done an the new Lisec air-bed system (no BASZ015 B:20 AM
roller wave)

Bend it as least as possibla! BMS2015 3:22 AM

My answers above assurme that the cold bent glass is heal treated. The biggest ssue with cold bemt glass is the BAA42015 4:47 PM
affect of cold banding on life expactancy.
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QUESTION 11:

Question format for Q 11.

Improving specification

11. To improve the specification and production of bent glass please rate each of the following iterms for

its level of importance to you. (please rate all items)

Improve current
standards for material
specification

Provide further
standards and guidance
for the specification and
visual quality

of HOT bent glass

Provide further
standards and guidance
for the specification and
visual guality of

COLD bent glass

Agree tolerances early
on in the design for the
spacification of bent
glass

Develop improved
methadolagy for visual
acceptance criteria in
the specification for
bent glass

Reduce the external
reflectance of HOT bent
glass

Reduce the external
reflectance of COLD
bent glass

Improve preduction
methods for HOT bent
radial and conical glass

Develop production
methods to improve
tolerances in HOT
bent formed glass

Develop production
methads o improve
tolarances

in COLD bent farmed
glass

Least important

®

@

)

(_J

O

Most important Do not know

@

@

L

L

/

()

P
LS

p—
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Least important Most important Do not know

Develop alternative

methads far HOT bent

slump formed glass to o 9 () ® (] )
allow thermal

toughening

Devalop more caalings
that can be HOT bent ™y =

] I |
and maintain visual o ::l '::l e /j] ,jl
consistancy

Improve methoeds for

producing HOT bent

glass by investigating e e
methods used In other et e .
industries such as the

automaotive industry

S
@
oo |
@)
@

Invesligale possibilities
of bending using

different glass materials \_/J J ':_) \,_,' K_) l\_)

such as thin sheet fused
glass

Other (please spacify)

Responses for Q 11.

Least (no (no (no Most Do not Total Weighted
important label) label) label) important know Average
Improve current 3.5T% TAL 23.211% 33.93% 26.79% 5.36%
standards for material 2 4 13 19 15 3 a6 397
specification
Provide further 0.00% 0.00% 14.29% 42.86% 35.M% TA4%
standards and 0 0 8 24 20 4 56 423
guidance for the
specification and
visual guality
of HOT hent glass
Provide further 0.00% 0.00% 19.30% 29.82% 36.84% 14.04%
standards and i i 11 17 21 2 57 4.20
guidance for the
specification and
visual guality of
COLD bert glass
Agree tolerances early 0.00% 0.00% 1.75% 28.07% 68.42% 1.75%
on in the design for the 0 0 1 16 39 1 ar 455
specification of bent
glass
Develop improved 0.00% 1.75% B.77% 3.58% 56.14% 1.75%
methodology for visual 0 1 3 18 32 1 ar 445

acceptance criteria in
the specification for
hent glass
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Least (no (no (no Most Do not Total Weighted
important label) label) label) important know Average
Reduce the external 0.00% 12.50% 46.43% 28.57T% 5.36% T.14%
reflectance of HOT 0 7 26 16 3 + 56 329
bent glass
Reduce the external 1.82% 12.73% 41.82% 23.64% 5.45% 14.55%
reflectance of COLD 1 7 23 13 3 ] 55 an
bent glass
Improve production 3.57T% 1.79% 19.64% 39.29% 26.79% 8.93%
methods for HOT bent 2 1 1 22 15 5 56 392
radial and conical
glass
Develop production 0.00% 3.51% 15.79% 45.61% 35.09% 0.00%
methods to improve 0 2 9 26 20 0 57 412
tolerances in HOT
bent formed glass
Develop production 3.51% 5.26% 19.30% 40.35% 19.30% 12.28%
methods to improve 2 3 1 23 1 7 57 376
tolerances
in COLD bent formed
glass
Develop atternative 3.51% 351% 21.05% 38.60% 26.32% 7.02%
methods for HOT bent 2 2 12 22 15 4 57 387
slump formed glass to
allow thermal
toughening
Develop more coatings 1.79% 5.36% 8.93% 44.64% 39.29% 0.00%
that can be HOT bent 1 3 5 25 22 0 56 414
and maintain visual
consistency
Improve methods for 1.79% T.14% 8.93% M.07% 39.29% 1.79%
producing HOT bent 1 4 5 2 22 1 56 411
glass by investigating
methods used in other
industries such as the
automotive industry
Investigate possibilties 5.36% T.14% 28.57% 37.50% 5.36% 16.07%
of bending using 3 4 16 2 3 =] 56 336

different glass
materials such as thin
sheet fused glass
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Graphic analysis for Q 11.

Answered: 537 Skipped:

100%
&0%
0%
40%
N j I i
. . I 1
0%
Impre Prowi Prowi Agree Devel Reduc Reduc Impro Devel Devel Devel Devel Impro Inves
Vi de de toler op 8 & wE o op op op vE tigat
curre furth furth ances impro the the  produ produ produ alter more metho e
nt.. @r.. @ar. ea. we. eaxter exter cb. et. ct. npa. co.. ds.  po.
na.. na..

Least important B (no labal) [ ina labal} B ino labal} ) Most important
Do not know

Additional comments from participants Q 11.

Other (please specify) Date

the bend glass in general is a local arca o & enlire project and hend il will bave Lo live with Leh reflectance of The BASEDIS 826 AM
'typical’ area. reducing the refleclance in the ME is even more imporinat due to the distortion due to pillowing on
the standard panel, therefore | wouldn't related solely to the bend glass.

Tempering Owens where the glass goes through on a perforate conveyor belt as opposed to a seres of rollers, or BMS2015 3:22 AM
goes through vertically as opposed to hosizontally could be further investigated as a way of reducing distortion.
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8 APPENDIX B — DETAILED STANDARDS/GUIDANCE REVIEW

A detailed review of the following standards was carried out. This was in order to appraise
the information available in respect of the visual defects/attributes and visual assessment
for curved glass buildings. Where applicable, figures/tables from the documents were
included to illustrate the limitation of information available and examples of

inconsistencies and omissions.
The review included flat and curved glass standards/guidance as follows:

BS EN 572-1:2012. Glass in building — basic soda lime silicate glass products. Part 1:
Definitions and general physical and mechanical properties. BSI Standards Publication.

BS EN 572-2:2012 Glass in building — basic soda lime silicate glass products. Part 2:
Float glass. BSI Standards Publication.

BS EN 12150-1:2000 Glass in building — Thermally toughened soda lime silicate safety
glass. Part 1: Definitions and classification. BSI Standards Publication.

BS EN 14179-1:2005 Glass in building — Heat soaked thermally toughened soda lime

silicate safety glass. Part 1: Definitions and classification. BSI Standards Publication.

BS EN 12543-1:2011 Glass in building — Laminated glass and laminated safety glass.
Part 1. DEFINITIONS AND DESCRIPTION OF COMPONENT PARTS (ISO 12543-
1:2011) BSI Standards Publication.

BS EN 12543-6:2011 Glass in building — Laminated glass and laminated safety glass.
Part 6: Appearance. BSI Standards Publication.

BS EN 1096-1:2012 Glass in Building — Coated glass Part 1: Definitions and

classification. BSI Standards Publication.

BS EN 1279-1:2004 Glass in Building — Insulating glass units Part 1: generalities,

dimensional tolerances and rules for the system description. BSI Standards Publication.

BS ISO 11485-1: 2011 — Glass in building. Curved glass. Part 1. Terminology and
definitions. BSI Standards Publication.

BS ISO 11485-2:2011 — Glass in building. Curved glass. Part 2: Quality requirements.
BSI Standards Publication.

BS I1SO 11485 3 2014 Glass in building. Curved glass. Part 3. Requirements for curved

tempered and curved laminated safety glass. BSI Standards Publication.

ASTM C1464-06:2011. Standard Specification for Bent Glass: C1464 — 06 (Reapproved
2011).
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Guidelines for thermally-curved glass in the building industry — BF Bulletin 009 / 2011.

Curved glass Part 1:2011 Generalities — Definitions, Terminology, Properties and Basis of
Measurement and Test. GGF.

Curved glass Part 2:2011 Curved annealed glass. GGF.
Curved glass Part 3:2011 Curved thermally treated glasses. GGF.
HADAMAR 2009 Guideline to Assess the Visible Quality of Glass in Buildings.

CWCT Technical Note No 35 Assessing the appearance of glass.

8.1 Flat Glass Standards

Annealed Glass

BS EN 572-1:2012. Glass in building — basic soda lime silicate glass products. Part
1: Definitions and general physical and mechanical properties. BSI Standards
Publication.

The standard covers all soda lime silicate products and advises that for fault descriptions
and quality limits for each particular type that the relevant Part is to be consulted.

Clause 6.5.1 Optical, highlights that the optical quality faults are generally due to
“distortion of the surface and lack of homogeneity” and these should use visual
observation methods for evaluation.

Clause 6.5.2 Appearance, states “The visual quality can be affected by the presence of
spot faults (bubbles, stones, etc.) linear/extended faults (scuff marks, scratches, lines,
deposits, impressions, etc.) pattern faults and wire faults.

Spot faults are evaluated by specifying numbers and dimensions.

Linear/extended faults are evaluated by visual observation.

Pattern faults are evaluated by measuring deviation.”

This standard relates to flat transparent float glass and makes no reference to curved
glass. However it is relevant to the base material used for the production of curved glass
— such as slump formed or cold bent annealed glass. It is also the basis for tempered,

laminated, coated glass and for glass used for an insulated glass unit.

BS EN 572-2:2012 Glass in building — basic soda lime silicate glass products. Part
2: Float glass. BSI Standards Publication.

The standard further defines the acceptance criteria for the faults in the glass.

Section 5 covers optical and visual faults.

Neesha Gopal Page | 160



The consequences of panelisation on visual inconsistency of curved glazed facades

Optical Faults

Clause 5.2.1 provides the methodology for using a zebra board for observing the glass for
optical quality. The glass piece 3210mm wide x 300-500mm is supported to allow rotation
around a vertical axis and viewed against the vertical zebra board which is 9m from the
observer with the glass piece at 4.5m from the board. The glass is rotated until an angle a
is found where the lines on the screen are no longer distorted and the angle is recorded.

45 m 45 m

Key

A screen

B glass sample
C  observer

Figure 2 — Plan view showing set up of zebra test

Figure B.1: Excerpt from BS EN 572-2:2012

The glass section is divided into 4 along the 3210mm width and the zones for distortion

are measured in d and D.

d =100

d =100

Figure 3 — Zones for the measurement of optical distortion

Figure B.2: Excerpt from BS EN 572-2 figure 3
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The acceptance criteria are such that the “the angle a at which there is no disturbing
distortion shall not be less than the appropriate critical viewing angle given in Table 4.”
The definition of disturbing however is a subjective criterion.

Table 4 — Critical viewing angles

Mominal glass thickness

mm

Angle « in zone D

degreas

Angle « in zone d

degrees

2

3 and greater

45
50

40
45

Figure B.3: Excerpt from BS EN 572-2 figure 3

Visual Faults — Spot Faults

The glass is held vertically and illuminated and the spot fault (including halo which is area
around the nucleus of the spot fault) is measured with a distortion gauge or with calipers.
The distortion gauge has black spots from 0.6mm to 9.0mm on a plastic transparent

sheet:

0.6 0.8 1.0

1.5 2.0 25 3.0 35
" e 0 0 0
9.0 8.0 7.0 6.0 2.0 4.0

Figure A.2 — Example of distortion gauge with printed black spots

Figure B.4: Excerpt from BS EN 572-2 Figure A.2 — with example of distortion gauge.

Clause 5.2.2.1 table 3 provides the limitations for spot faults.

Table 3 — Categories of spot faults

Dimensions in millimetres

Category Dimension of spot fault
A =06and=1.5
B =»15and =3.0
C =30and=9,0
D =00

Figure B.5: Excerpt from BS EN 572-2 Table 3
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The acceptance criterion given for jumbo glass is in table 5:

Table 5§ — Acceptance levels for spot faults in jumbo sizes

Category of fault Average per pane Maximum in any pane
A any number any number
B 3 5
c 0.6 1
D 0,05 1, but faults that cause breakage are not allowed
NOTE The word "average” s intended to indicate a cumulative average over at least 20 tons of glass.

Figure B.6: Excerpt from BS EN 572-2 Table 5

and for split sizes in table 6:

Table & — Acceptance levels for spot faults in split sizes

Category of fault Average per 20 m? Maximum in any pane
A any number any number
B 3 2
c 0.6 1
D 0,05 1, but faults that cause breakage are not allowed
NOTE The word "average” is intended to indicate a cumulative average over at least 20 t of glass

Figure B.7: Excerpt from BS EN 572-2 Table 5

For glass sizes above these, the acceptance criteria are to be agreed with the

manufacturer.

Visual Faults — Linear/extended Faults

For visual observation of linear/extended faults it states that the glass should be observed
from a distance of 2m in lighting conditions emulating diffuse light in front of a matt black
screen. The acceptance levels are related to at least 20 tons of glass and allowable

number is average of 0.05 faults for 20m? of glass.

This standard relates to flat transparent float glass and makes no reference to curved
glass. However it is relevant to the base material used for the production of curved glass
— such as slump formed or cold bent annealed glass. It is also the basis for tempered,

laminated, coated glass and for glass used for an insulated glass unit.

A further standard is currently in Draft form. Draft BS 1SO 16293-2 Glass in Building —
basic soda lime silicate products part 2: Float glass. Compared to BS 572-2, this draft
indicates some of the acceptance criteria for tolerances may be relaxed. For visual quality
it indicates to better quantify measurement of spot faults based on per m?. However, as
this is still draft, this study will reference BS 572-2 for optical and visual quality

assessment.
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Heat Strengthened Glass

BS EN 1863-1:2011 Glass in building — Heat strengthened soda lime silicate glass.

Part 1: Definitions and classification. BSI Standards Publication.

In respect of visual quality, 6.2.4 provides limiting criteria for vertical heat strengthening:
tong marks no more than 20mm in from the edge

T 2.

I

Key
1 deformation
2 upto20 mm
3  tong mark
4

100 mm radius maximum area of optical distortion
Figure 2 — Tong mark deformation

Figure B.8: Excerpt from BS EN 1863-1 Figure 2 — Tong mark deformation

The standard states, “By the very nature of the heat strengthening process, it is not
possible to obtain a product as flat as annealed glass.” Section 6.3.1 advises allowance
for local distortion should be made. This is measured as illustrated in Figure B.9 and
B.10.
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Dimension in millimetres

Key

1 B, or H, the side on which the tong marks occur
2 local distortion
3 heal strengthened glass

Figure 6 — Representation of local distortion

Figure B.9: Excerpt from BS EN 1863-1 Figure 6 — Representation of local deformation

Dimension in millimetres

2.
T |
17 L 300 N 3

Key

1 slraight edge
2 local distortion
3 heat strengthened glass

Figure 10 — Measurement of local distortion

Figure B.10: Excerpt from BS EN 1863-1 Figure 10 — Measurement of local deformation

The limitations for these effects are provided in section 6.3.7
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Table 6 — Maximum values of overall bow and local distortion for vertically heat strengthened glass

Maximum value for distortion

Glass Type Overall bow Local distortion
mimJm mim/ 300 mim
AllE 5.0 1.0

a Forenamelled glass which is not covered over the whole surface the manufacturer should be consulted

Figure B.11: Excerpt from BS EN 1863-1 Table 6 — Maximum values of overall bow and local

distortion for vertically heat strengthened glass

More relevant for heat strengthened glass is the horizontal process. The measurement

criteria and limitations for the distortions due to roller wave, overall bow and edge lift are

provided.

Roller wave measurement in section 6.3.3.4 states the glass to be measured at right

angles to the roller wave, to exclude the 150mm zone to the glass edge and that the

glass is to be laid flat to reduce any overall bow in the panel.

Key

1 straight edge
2 roller wave distortion
3 heat strengthened glass

Figure 8 — Measurement of roller wave distortion

Dimension in millimetres

Figure B.12: Excerpt from BS EN 1863-1 Figure 8 — Measurement of roller wave distortion.

Section 6.3.6 then provides the limitations allowable for these effects.
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Table 4 — Maximum values of overall bow and roller wave distortion for horizontally heat

strengthened glass

Maximum value for distortion

Glass Type Overall bow Roller Wave
mmJrm mim

Uncoated float glass in accordance with 3.0 03

EM 572-1 and EM 572-2

Others 3 4.0 0.5

Dependant upon the wave length of the roller wave an appropriate length of gauge has to be used,

a For enamelled glass which Is not covered over the whole surface the manufacturer should be consulted.

Figure B.13: Excerpt from BS EN 1863-1 Table 4 Maximum values of overall bow and roller wave

distortion for horizontally heat strengthened glass

For edge lift measurement in section 6.3.4, the glass is placed flat with the edge

overhanging by 50-100mm.

1 ,
= |
/9{/ oy
I;:I- j 101
L. 51

Key

1 straight edge

2 edge lift

3 heat strengthened glass
4 flat support

Figure 9 — Measurement of edge lift

Dimensions in millimetres

Figure B.14: Excerpt from BS EN 1863-1 Figure 9 — Measurement of edge lift
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Table 5 — Maximum values for edge lift for horizontal heat strengthening

Type of glass Thickness of glass Maximum values
mm mm
Uncoated float glass in accordance with 3 0.5
EMN 572-1 and EMN 572-2
4105 0.4
61012 0,3
Others @ all 0.5

Dependant upon the wave length of the roller wave an appropriate length of gauge has to be used.

a For enamelled glass which is not covered over the whole surface the manufacturer should be consulted.

Figure B.15: Excerpt from BS EN 1863-1 Table 5 Maximum values for edge lift for horizontally heat

strengthened glass

The standard identifies optical distortion and describes the effects in section 9. In 9.1, It
describes tong marks as a result of vertical toughening and roller wave as a result of
horizontal toughening and also roller pick up for glass over 8mm using the horizontal
process. Clause 9.2 describes anisotropy and states that it is a visible effect and not a
defect. The standard does not provide observation criteria.

This standard relates to flat transparent heat strengthened glass. It make a single
reference in terms and definitions to curvature in clause 3.1 “ curved heat strengthened
soda lime silicate glass heat strengthened soda lime silicate glass which has been

deliberately given a specific profile during manufacture.”

Fully Toughened Glass

BS EN 12150-1:2000 Glass in building — Thermally toughened soda lime silicate

safety glass. Part 1: Definitions and classification. BSI Standards Publication.

This standard is similar to BS EN 1863 - 1:2011 for overall bow and vertical toughening
visual criteria and acknowledges that fully toughened glass will not be as flat as annealed
glass. However, it does not include measurement and limitations of roller wave or edge
lift.

The standard identifies optical distortion and describes the effects in section 9. In 9.1, It
describes tong marks as a result of vertical toughening and ‘roller wave’ as a distortion in
the surface as a result of horizontal toughening and also ‘roller pick-up’ for glass over
8mm using the horizontal process. 9.2 describes anisotropy and states that it is a visible

effect and not a defect. It does not provide observation criteria.

This standard relates to flat transparent thermally toughened soda lime silicate safety

glass. It makes reference to curvature in Annex B (informative).
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“Curved thermally toughened soda lime silicate safety glass

Curved (in the UK also called bent) thermally toughened soda lime silicate glass has
been deliberately given a specific profile during the course of manufacture. It is not
included in this standard since there is insufficient data available to standardize the
product. However, the information given in this standard on thickness, edge work and

fragmentation is also applicable to curved thermally toughened soda lime silicate glass.”

BS EN 14179-1:2005 Glass in building — Heat soaked thermally toughened soda
lime silicate safety glass. Part 1: Definitions and classification. BSI Standards

Publication.

The standard identifies optical distortion and describes the effects in section 1. In 11.1, It
describes tong marks as a result of vertical toughening and ‘roller wave’ as a distortion in
the surface as a result of horizontal toughening and also ‘roller pick-up’ for glass over
8mm using the horizontal process. Clause 11.2 describes anisotropy and states that it is
a visible effect and not a defect. It does not provide observation criteria.

This standard relates to flat transparent heat soaked thermally toughened soda lime
silicate safety glass. It makes reference to curvature in Annex B (informative)

“Curved heat soaked thermally toughened soda lime silicate safety glass

Curved (in the UK also called bent) heat soaked thermally toughened soda lime silicate
glass has been deliberately given a specific profile during the course of manufacture. Itis
not included in this European Standard since there is insufficient data available to
standardise the product. However, the information given in this European Standard on
thickness, edge work and fragmentation is also applicable to curved heat soaked

thermally toughened soda lime silicate glass.

The information on the heat soak process cycle is also applicable. However, extreme

care should be taken to ensure that the curved shape does not interfere with the airflow.”

Laminated Glass

BS EN 12543-1:2011 Glass in building — Laminated glass and laminated safety
glass. Part 1. Definitions and description of component parts (ISO 12543-1:2011)
BSI Standards Publication.

This standard relates to flat transparent laminated glass and laminated safety glass. It
makes a single reference in definitions and description of component parts to curvature in

clause 2.9 “curved laminated glass” laminated glass in which the constituent glass
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panes and plastic glazing sheet material have been deliberately shaped by forming or

bending prior to laminating”

This would therefore imply that it was not applicable to forced cold bending in an

autoclave.

BS EN 12543-6:2011 Glass in building — Laminated glass and laminated safety
glass. Part 6: Appearance. BSI Standards Publication.

This standard identifies the optical defect and fault criteria for flat transparent laminated

glass and laminated safety glass. It makes no reference to curved glass.

It advises that observation should be from a distance of 2m and the observer should be
perpendicular to the glass. Section 4 states “Any visible defects that are disturbing shall
be marked.” This is a subjective criterion. Defects are identified. Spot defects — including
bubbles, foreign bodies and opaque spots. Linear defects — including scratches or grazes
and foreign bodies. Other defects including vents, interlayer defects of creasing,
shrinkage and streaking. The acceptance criteria does not allow any vents which are
cracks which run into the glass from an edge, no interlayer defects — creases and streaks
are allowed in the vision area. Spot defects over 3mm are not allowed. Acceptance

criteria are summarised

Table 1 — Permissible spot defects in the vision area

Size of defect

d 05<d=<1,0 1,0<d=3,0
mm
Size of pane
A for all sizes 4<1 1<d<2 2<4<8 A=8
m2
2 panes 1 2 1/m2 1,2/m2
no limitation; 5 5
Number or density of 3 panes however, no 2 3 1.5/m 1.8/m
permissible defects 4 panes accumulation 3 4 2/m2 2 4/m2
of defects '
=5 panes 4 5 2,5/m2 3/m2

NOTE An accumulation of defects occurs if four or more defects are at a distance of <200 mm from each other. This distance is
reduced to 180 mm for laminated glass consisting of three panes, to 150 mm for laminated glass consisting of four panes and to
100 mm for laminated glass consisting of five or more panes.

The number of permissible defects in Table 1 shall be increased by one for each individual interlayer which is
thicker than 2 mm.

Figure B.16: Excerpt from BS EN ISO 12543-6:2011. Table 1 — Permissible spot defects in the

vision area.
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The acceptance criteria for linear defects are given.

Table 2 — Number of permissible defects in the vision area

Area of pane

Number of permissible defects

m?2 >30 mm in length?

<5 not allowed
Sto 8 1

>8 2

a

Linear defects less than 30 mm in length are allowed.

Figure B.17: Excerpt from BS EN ISO 12543-6:2011. Table 2 — number of permissible defects in

the vision area.

Coated Glass

BS EN 1096-1:2012 Glass in Building — Coated glass Part 1: Definitions and

classification. BSI Standards Publication.

Section 8 includes appearance defects. These may be due to the glass substrate and

these are covered by the appropriate substrate standard or they may be due to the

coating.

The standard advises a minimum 3m distance to observe the coated glass either in the

factory or on site and illuminated with an artificial sky or by daylight without direct sunlight.

It also advises of the maximum angle for the examination not to exceed 30 degrees and

the examination should not exceed 20 seconds. Clause 8.2 refers to uniformity defects

and stains and uses the criteria of failure as visually disturbing, which is a subjective

criterion.

Table 1 in section 8.4 summarises the acceptance criteria
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Table 1 — Acceptance criteria for coated glass defects

ACCEPTANCE CRITERIA
INDIVIDUAL PANE

DEFECT TYPES
PANE/PANE

UNIFORMITY/STAIN

PUNCTUAL

Spots/Pinholes;
>3 mm

>2 mm and <3 mm

Allowed as long as not
visually disturbing

Allowed as long as not visually disturbing

Not applicable

MAIN AREA

EDGE AREA

Not allowed

Allowed if not more

Not allowed

Allowed if not more than

than 1/m2 1/m2
Clusters; Not allowed Allowed as long as not in
area of through vision
Scratches;
>75mm Not allowed Allowed as long as they are
separated by = 50 mm
<75 mm Allowed as long as Allowed as long as local

local density is not
visually disturbing

density is not visually
disturbing

Figure B.18: Excerpt from BS EN 1096-1:2012. Table 1 — Acceptance criteria for coated glass

defects.
This standard makes no reference to curved glass

Insulating glass units

BS EN 1279-1:2004 Glass in Building — Insulating glass units Part 1: generalities,
dimensional tolerances and rules for the system description. BSI Standards

Publication.

This standard makes a reference to curvature in section 4.6

“Curved insulating glass units

Units with a bending radius greater than 1 metre comply with this standard without having
to undergo the additional tests on curved test pieces.

Units with a bending radius equal or less than 1 metre comply with this standard if in
addition curved test pieces with the same or similar smaller bending radius meet the
moisture penetration requirements of EN 1279-2. The test specimens should be curved

with the curving axis parallel with the longest side.”

This standard reverts to the European Standards for the optical and quality criteria for the
glass making up the unit. In addition it identifies defects that may be noted in the
insulated glass unit in Annex C (informative). Those particular to insulated glass units are
noted in C.1 Interference colouration which include Brewster's fringes when lines are

identified due to the decomposition of the light spectrum, and are considered as inherent
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to the unit and not a failure. Newton rings occur when the glass is nearly touching or is
touching and is a failure. Other optical effects include pillowing which is due to
temperature and barometric pressure variations. Other effects may be external
condensation and also colour of the glass due to the thicker make-up of the glass in the

unit.

8.2 Bent Glass Standards

The following bent glass standards are those identified as more commonly considered

within UK and Europe in reference to specification of curved glass.

BS ISO 11485-1: 2011 — Glass in building. Curved glass. Part 1. Terminology and

definitions. BSI Standards Publication.

This standard provides a description of the terminology for curved glass. This standard is
for hot bent glass types.

Clause 2.1 defines

“curved glass

bent glass (US)

sheet of annealed glass curved by a heating process”

Reference within the document for concave is the hollow of the glass and convex is the
bulge of the glass.

This includes the types of curved glass: annealed; tempered; heat soaked tempered; heat
strengthened; laminated; insulating glass unit.

The standard describes the measurement terminology for the different geometries. It also
introduces additional deviation criteria compared to flat glass — 2.37, edge straightness
deviation warp and 2.38 twist deviation.

In respect of visual quality, it references:

2.39 optical distortion; due to the bending processes

2.40 displacement in laminated glass or IGUs.

2.41 cold crack

2.42 pock marks

2.43 ring marks

2.44 tong marks

It provides detailed information on terms and dimensions for curvature and this is

illustrated.

Neesha Gopal Page | 173



The consequences of panelisation on visual inconsistency of curved glazed facades

———
- -
IJ -
//f “‘\.
IJ \\
- \
- \
2 \
\
& t |
1
F A
-
-
¥ s -
. & -
P
/ -7
T R -2 )2
/a ’
|

b)
Key
1 bulge outer face (convex)
2 hollow inner face (concave)

Figure 1 — Examples of terms and dimensions

Figure B.19: Excerpt from BS ISO 11485-1:2011. Figure 1 — Examples of terms and dimensions.

Key
1 convex part
2 concave part

Figure 2 — Thicknesses and radius of an insulating glass

Figure B.20: Excerpt from BS ISO 11485-1:2011. Figure 2 — Thicknesses and radius of an

insulating glass.
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Key (noted) from BS ISO 11485-1:2011

= Angle — angular measurement of a segment of a curve in degrees
Ri = inner radius — radius of concave face
Re = outer radius — radius of convex face
A = arc — length of the curved portion. An arc is described as either interior arc (Aj) or
exterior arc (Ae).
Ca = chord of the arc — line segment that connects end points of an arc. A chord is
described as either an interior chord (Caj) or an exterior chord (Cae). The interior
chord (Caj) corresponds to the interior arc (Aj) and the exterior chord (Cge) corresponds
to the exterior arc (Ae).
F =rise depth — segment between the middle of the arc of the circle and the middle of
the chord that subtends the arc
G = girth — distance around the concave or convex surface measured perpendicular to
the height including any flats
Cg = chord of the girth — line segment that connects end points of a girth
Pr = depth — maximal distance between the upper part of the girth (G) and the
corresponding chord (C()
L = length — dimension of the straight edge of the curved glass
B = flat — flat segments forming a part of curved glass
T = thickness — nominal thickness of the final product. In a curved insulating glass, the
thickness is the sum of the thicknesses of the inner glass (Tj), the gas space (Ta) and the

outer glass (Te).

This standard is useful in providing a means to identify dimensioning and geometry.

The Bibliography refers to:

[1] ISO 11485-2, Glass in building — Curved glass — Part 2: Quality requirements (Part 3:
Requirements for curved tempered and curved laminated safety glass is not mentioned
as this was published in 2014)

[2] ISO 12543 (all parts), Glass in building — laminated glass and laminated safety glass.
[3] ASTM C1464-06, Standard Specification for Bent Glass

BS ISO 11485-2:2011 - Glass in building. Curved glass. Part 2: Quality

requirements. BSI Standards Publication.

This standard gives detailed information for quality requirements. It notes some key

tolerance criteria. This has an impact on the visual quality as if these are exceeded; they
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may be seen as distortion due to the reflectivity of the glass. The standard provides test
methodology for the measurement of the tolerances. The accuracy of these
measurements may be difficult to achieve depending on the geometry. Clause 4.1
explains tolerances. However, it refers to ISO 16293 (all parts) which are still in draft. It
does note that “minor changes to glass thickness may occur due to stretching during

forming and/or shaping.”

Tolerances on the shape are given:

a) b)
Figure 1 — Tolerances on shape accuracy, girth and length

Figure B.21: Excerpt from BS 1SO 11485-2:2011. Figure 1 — Tolerances on shape accuracy, girth
and length.

The standard advises in section 5.1 that the sample is measured for shape accuracy

“using a gauge or 1:1 scale template.” This is not illustrated. The limitations are provided.

Table 2 — Tolerances on the shape accuracy, girth and length

Tolerance
Thickness < 10 mm Thickness = 10 mm
APpE 23T 12r
AG £ 2 mmim + 3 mmim
AL + 2 mmim + 3 mmim

8 Measured perpandicularly to the glass.

Figure B.22: Excerpt from BS 1SO 11485-2:2011. Table 2 — Tolerances on the shape accuracy,

girth and length.

Key (noted) from BS ISO 11485-2:2011

®PC = tolerance on the shape accuracy;

®G= is the tolerance on the overall girth

®L= is the tolerance on length.
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T = nominal thickness of the final product when the curved glass type is curved
annealed glass, curvedtempered glass, curved tempered heat-soaked glass or curved

laminated glass, or the thickness of the glass components when assembled into a curved
insulating glass.

Section 4.3 encompasses edge straightness deviation, noted as ®RB. Method of

measurement is advised in section 5.2 using a ruler with 0.1mm intervals and illustrated.

\
4-'-"'_"'
2 L%
LI
Va2
o
Key
1 straightedge or a piece of thin and strong string can be used
2 glass concave surface or convex surface
/ 1 1
2 2
Example of arc shape Example of S-shape
Key
1 glass edge
2 ruler

Figure 8 — Measurement of edge straightness deviation

Figure B.23: Excerpt from BS ISO 11485-2:2011. Figure 8 — Measurement of edge straightness
deviation.

This is limited to “* ®RB <3 mm/m or 2 mm, whichever is greater.” It is also illustrated as
follows:

Figure 2 — Example of edge straightness deviation

Figure B.24: Excerpt from BS ISO 11485-2:2011. Figure 2 — Example of edge straightness
deviation.
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Maximum cross curve deviation is limited not to exceed 4mm.

Maximum twist deviation noted as V is measured as illustrated below.

\

N s

Figure 3 — Twist deviation

Figure B.25: Excerpt from BS 1SO 11485-2:2011. Figure 3 — Twist deviation.

This is limited in Table 3

Table 3 — Maximum tolerances for twist deviation

Length {mm) Twist deviation (mm)
L=1200 Ve d
1200 =L <1500 V<&
1500<L=2000 V<6
2000<L=2400 VT
L=2400 V<8

Figure B.26: Excerpt from BS ISO 11485-2:2011. Table 3 — Maximum tolerances for twist

deviation.

The section 4.6 on appearance advises that test method 5.5 be used which states
inspection of the glass be in the vertical position and be from 3m distance in daylight

without direct sunlight. Defects to be measured with a ruler with 0.5mm intervals.

The acceptance criteria are provided in table 4.
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Table 4 — Appearance acceptability

Type of defect Acceptability
cracking (cold crack) MNone
Covered edge: Mo chipping of a width or length more than the nominal thickness
chipping of the glass.
Exposed edge: No chipping that hinders serviceability.
In cases where the nominal thickness of glass is 6 mm or less, tong marks shall
only be allowed within 8 mm of the glass edge, as shown in Figure 4.
tong marks . . .
In cases where the nominal thickness is over 6 mm, tong marks shall be allowed
within the thickness of the glass + 2,0 mm, as shown in Figure 4.
Type of defect Acceptability
pock marks Pock marks shall not exceed 2,0 mm in diameter,
In cases where the finished glass will be installed into a frame that conceals the
edge(s), ring marks can be present inboard of the edge(s). In cases where the
ring marks glass edge(s) are exposed in their final installation, ring marks inboard of the
glass edge(s) are acceptable to the extent of glass thickness + 2,0 mm from the
edge, only at the discretion of the concerned parties.

Figure B.27: Excerpt from BS ISO 11485-2:2011. Table 4 — Appearance acceptability

3
U
2
H\"‘-\.
™1
Key

1 nominal thickness & mm or less
2 Bmm max
3 tong marks

e B

Kay

1 nominal thickness over § mm

2 nominal thickness + 2 mm max.
3 tong marks

Figure 4 — Tong marks

Figure B.28: Excerpt from BS ISO 11485-2:2011. Tong marks for curved glass

It is more stringent than BS EN 1863-1:2011 and BS 12150-1:2000 for tong marks which

allows these within 20mm. If curved glass made from flat glass has tong marks within the

allowable tolerances, these may exceed those stated in the curved glass standard.

Clause 4.7 illustrates the maximum displacement for curved laminated glass. This is less

stringent than flat laminated for panes with a dimension greater than 4000mm. The flat
glass standard BS EN ISO 12543-5:2011 allows maximum 6mm if L or H are greater than
4000mm. The curved glass standard BS 1SO 11485-2:2011 gives a general figure of

2mm/m for glass with L or G greater than 1000mm.
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Clause 4.8 provides guidance on dimensional tolerances of curved insulating glass. The
clause refers to ISO 16293 (all parts) — however, these are not yet published, so a
comparison can be made with the flat insulating glass units BS EN 1279-1:2004. The
curved glass standard is less onerous than the flat glass. It allows “The tolerance on the
total thickness shall equal the sum of the tolerances on the components (see applicable

standards) increased by 3mm.”

A tolerance on shape accuracy is provided which is an additional requirement compared
to flat insulating glass units and is illustrated:

Figure 6 — Shape accuracy

Figure B.29: Excerpt from BS ISO 11485-2:2011. Figure 6 — Shape accuracy

This provides guidance on the tolerance of shape accuracy as:

“APC = APC1+APC2+2mm

where

APC1 is the tolerance on the curvature of the first component of the curved insulating
glass;

+APC2 is the tolerance on the curvature of the second component of the curved
insulating glass with

APC1 and APC2 in accordance with limits given in Table 2.

NOTE The thickness deviation of curved insulating glass is partly the consequence

of the tolerance on shape accuracy.”

Clause 4.8.3 provides guidance on the maximum edge displacement of curved insulating
glass. This is not provided in the flat glass standard BS EN 1279-1:2004.
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Figure 7 — Displacement for curved insulating glass

Figure B.30: Excerpt from BS I1SO 11485-2:2011. Figure 7 — Displacement for curving insulating

glass

Table 6 — Maximum displacement of curved insulating glass

LorG Maximum displacement
LorG<1000mm d2 <3 mm
LorG=>1000mm d> <3 mm/m

Figure B.31: Excerpt from BS ISO 11485-2:2011. Table 6 — Maximum displacement for curving

insulating glass.

Section 5 provides guidance for test methods — generally the measurement of the
deviations for curved glass. There is — no equivalent in BS EN 1279-1:2004 for flat IGUs.

Overall this standard provides guidance for tolerances and dimensioning that will impact

the quality of the final panels. However, it is limited in giving guidance on visual quality.

BS ISO 11485 3 2014 Glass in building. Curved glass. Part 3. Requirements for curved

tempered and curved laminated safety glass. BSI Standards Publication

This standard provides criteria for the curved tempered and laminated safety glass.

There is limited information on laminated curved safety glass in section 4.2 which also
refers to ISO 11485-1. It also states that laminated curved glass can be formed from
annealed, heat strengthened and tempered glass (also chemically toughened — not
covered in this study).

Section 5 provides fragmentation test guidance. The comparison with the flat glass
standard BS EN 12150-1-2000 for minimum values from the particle, identifies that BS
ISO 11485-3: 2014 for glass with nominal thickness of 3mm is more stringent with a value
of 270 compared to 135 for flat glass for the equivalent test are. Above 3mm values are

equivalent.
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Clause 6.2 states that the mechanical strength measurement for curved glass has no

standardised methodology of evaluation of measurement.

Clause 8.1 states that the impact performance for accidental human impact for curved
tempered safety glass does not have an ISO standard for testing and therefore advises

that national standards be applied until a standard is agreed.
This makes no reference to visual assessment.

ASTM C1464-06:2011. Standard Specification for Bent Glass: C1464 - 06
(Reapproved 2011).

This standard has limitations for shape tolerances — height, girth, shape accuracy. It also
limits size of pock marks and ring marks. It does not note number of allowable defects,
but refers back to the flat and laminated glass standards for blemishes. It does have
limits for crossbend and twist deviation. In respect of diagrams and methodology, it is less
detailed than BS ISO 11485-1:2011 and 11485-2: 2011. For the purposes of this study,
the associated ASTMs are not reviewed and therefore this standard has limited value in

the assessment of visual quality.

8.3 Bent Glass Guidance

Guidelines for thermally-curved glass in the building industry — BF Bulletin 009 /
2011.

This German guidance document was produced by Bundesverband Flaschglas e. V. The
participating firms include many of the European glass processors. This collaboration

took place as industry had identified a lack of guidelines for the thermally curved glass.

The guidelines explain that the intention is to give designers, planners and contractor
some direction in the use, specification and panelisation of thermally curved glass from
the design stage through to construction including transportation and installation. It also
states the intention to provide guidance for the visual assessment. It does advise that the
glass manufacturer should be contacted regarding queries that are beyond the
guidelines.

Section 3 provides a summary of the manufacture of hot bent glass both roller formed
tempered and slumped annealed. This section also raises the overall performance of the
glass needs to be considered, coatings, the base glass specification and the experience

of the bending processors are paramount to the success.

It points out that for more complex geometry, the panels are likely to be annealed

slumped formed. If these are then needed to form laminates for safety it is highlighted
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that these may have lower tolerances than plies made from tempered curved glass as the

annealed slumping is formed by individual panes.

The guidelines do refer to Construction Regulations in Section 4. It generally advises on
the process for meeting German requirements and reference is made to TRVL and TRAV
Although these are German based, it does note that thermally curved glass is a “non-
regulated building product.” This section also points out that for curved glass the TRLV
requirements for permissible bending stress or the advice for dimensioning of curved
units cannot be met. It also states that the TRAV impact resistance proofs in Table 2

cannot be met.

The guidance summarises the glass products that may be used for curved glass. With a
lack of curved glass standards, this section specifically states that the flat glass standards
are used as a base and these are supplemented with information relevant to curved
glass. As a European document, the referred standards are based on The European
Product Standard EN and the German DIN standards. There are also some references to
certain Annexes relating to curved glass. The following are some of the key points noted:

Curved annealed glass — this refers only to EN 572-2 and gives no further information on

effect of curvature on the product.

Curved thermally toughened safety glass — refers to EN 12150-1 and references back to
Annex B of the standard “Curved thermally-toughened soda lime silicate safety glass is a
glass to which a fixed shape has been given in the course of the production process. It
does not form part of the object of the present Product Standard, since the available data
are not sufficient for standardisation. Notwithstanding this fact, the information contained
in the present Product Standard relative to thicknesses, edgework and fracture patterns

can also be applied to curved thermally-toughened soda lime silicate safety glass.”

Curved heat-strengthened glass — refers to EN 1863 and references back to Annex B of
the standard “Curved heat-strengthened soda lime glass is a glass to which a fixed shape
has been given in the course of the production process. It does not form part of the object
of the present Product Standard, since the available data are not sufficient for
standardization. Notwithstanding this fact, the information contained in the present
Product Standard relative to thicknesses, edgework and fracture patterns can also be

applied to curved heat-strengthened soda lime glass.”
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Curved laminated glass and laminated safety glass — refers to EN 14449 and notes that
this is for flat glass only. It does not refer to EN ISO 12543: Glass in building — laminated
glass and laminated safety glass.

Curved insulating glass units — refers to EN 1279 and states that this is applicable to
curved units although with certain limits. It quotes EN 1279 “Units with a bend radius of >
1000 mm are in compliance with the present Product Standard without having undergone
the additional tests for curved test specimens. Units with a bend radius of 1000 mm or
less are in compliance with this Product Standard where the further condition is fulfilled
that curved test specimens with the same or with a smaller bend radius satisfy the
requirements in respect of water-vapour diffusion set by EN 1279-2. The test specimens
should be curved with the bending axis parallel to their longest side.”

Section 7.1 covers safety and in summary states that the curved glass should use flat
glass testing where this is possible to carry over. Safety requirements required by
authorities are to be applied to curved glass also.

Section 8.0 refers to visual quality. It references that the 2 Guideline to Assess the Visible
Quality of Glass in Buildings” is used. This is commonly known as Hadamar 2009. It
provides the measuring criteria as using diffuse daylight and viewing the glass from 3m
distance from the inside and using an angle that would be used for the room. This is
subjective.

It does state that the reflectance of curved glass that makes it visually different to flat
glass. Also the following criteria influence: coatings, reflectance of the base glass, the
curvature, tangential transitions and glass thicknesses. The visual quality section is
limited to 3 paragraphs. It does recommend that sample panes are made to understand

the optical and visual effects.

Similarly to BS ISO 11485-2 and ASTM C1464-06:2011 it provides guidance on

dimensioning and tolerances.

It illustrates twist deviations which are limited to +/-3mm per metre (straight edge)
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——_ 1000 mpy

Fig. 4: Schematic reprasantation of twist deviation (V)

Figure B.32: Excerpt from BF 009 2011 Fig2: twist deviation

Shape accuracy is limited to not exceeding 3mm in or out offset.

e, Glass thickness

L L" .

Fig. 2. Schematic representation of shape accuracy (PC)

Figure B.33: Excerpt from BF 009 2011 Fig2: shape accuracy

It states that it is not possible to use the product standards to tempered glass for local

bow and that this is dependent on geometry, glass thickness and size and is to be
discussed with the manufacturer.

It states that climatic pressures due to bending can be greater than for flat IGUs and this
can put a greater stress on the edge seal.

Page 15 - following states: 12.3 Instructions in respect of design and construction
matters

‘On account of its high degree of stiffness the tolerances of curved glass (see Ch. 9) must

definitely be taken into account already at the time of its design and construction
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addition, storage which does not take care to avoid forcing and straining may lead to

impairment of the glass’s visual quality.’

It also advises that for to achieve the desired end product that precise measurements are
required by the manufacturer from the designer and these are the arc, bend radius, rise
(inner or outer) and the angle as well as the dimensions of the straight edge and number

of panels This is illustrated:

o

%‘Z.

o
Ba_

A = Quter arc

Ra = Redius to middle of pana (= neutral arc)
Ri = Inner radius

Re = Fitch

F = Rise

Cai = Chord {intemal)

i = Angle

T = Glass thickness

Fig. 10: Measurament

Figure B.34: Excerpt from BF 009 2011 Fig 10: measurement

Generally the guidance adds to the information in BS 1SO 11485 and ASTMC 1464-06 as
it covers further criteria for storage, transportation, blocking for the units which are not

considered in the other standards.

Curved glass Part 1:2011 Generalities — Definitions, Terminology, Properties and

Basis of Measurement and Test. GGF.

This guidance again notes the definitions used for curved glass. It has dimensioning
characteristics which relate to edge straightness, side straightness, cross bend deviation
(SAG) and also twist.
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In section 6.1 for optical quality, it states that the curved glass will be of a lower quality
than the base glass and that the reflection will highlight surface distortion. It also states
that laminating the glass will exacerbate this. This is the first guidance to note that these

are a visual quality issue.

It does then state that the glass should be viewed at 3 meters and the angle of
observation be 90 degrees to the glass being assessed. This may not be practical
depending on the curvature.

It again lists potential faults: body faults, such as bubbles and seeds; surface faults such

as scratches and interlayer defects.

Although it gives the definitions for curved tempered glass, the bibliography only refers to
BS 572 series Parts 1-3. BS 1ISO 11485 and ASTM C 1464-06 as it covers further criteria
for storage, transportation, blocking for the units which are not considered in the other

standards.

Curved glass Part 2:2011 Curved annealed glass. GGF.

This refers back to the Part 1 standard of this series for visual and optical quality.

Curved glass Part 3:2011 Curved thermally treated glasses. GGF.

In section 8.1 for optical quality, it states that the bending process will provide a product
of a lower quality than the base glass and that the reflection will highlight surface
distortion. It also states that body tinting coating or enamelling can exacerbate this. This
is the first guidance to note that these are a visual quality issue.

It does then state that the glass should be viewed at 3 meters and the angle of
observation be 90 degrees to the glass being assessed. This may not be practical
depending on the curvature. It also suggests that the assessment of body faults use the
criteria in BS 572-2 for flat glass. It does not give a base reference for surface faults.

8.4 Manufacturers Guidance

http://www.doeringglas.de/englishVVersion/architekturglas e/architekturglas english.html

Note that the Saint Gobain curved glass refers to:

3

Notice: Limits of size, dimensions, possible glass thickness and bending angles are
determined according to individual arrangement and thorough technical examination.

Restrictions in the form of shape must be expected. Tolerances according guidelines for
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thermally-curved glass in the building industry from Bundesverband Flachglas. (BF-
Bulletin 009/2011)’

FROM Doering Glas Glassolutions Saint-Gobain — Technical information for cylindrical

curved glass. refers to:

For Cylindrical curved float glass, Cylindrical curved insulating glass, Cylindrical curved

laminated glass and Cylindrical curved toughened glass/heat-strengthened glass

“*Notice: The values listed under Technical Data are only for guidance The geometrical
parameters of a curved glass pane, the min./max values of the parameters as well as the
requested glass assembly are closely linked and influence the corresponding limiting
values of each other. Limits of size, dimensions, possible glass thickness and bending
angles are determined according to individual arrangement and thorough technical

examination. Restrictions in the form of shape must be expected.’

‘For all curved glass products manufactured in our company, the general tolerance and
conditions in accordance to "Guideline for thermal bend architectural glass products ",
BF-datasheet 009/2011 from Bundesverband Flachglas e.V. and the "Guideline to Assess

the Visible Quality of Glass in Buildings." are valid (unless otherwise agreed in writing).’

8.5 Visual Assessment Guidance

HADAMAR 2009 Guideline to Assess the Visible Quality of Glass in
Buildings.

This standard is more widely used within specification in UK and Europe now. Makes no
reference to curved glass. For the assessment, it advises viewing at 1 metre from the
glass from the inside and that there should be diffuse daylight conditions without direct
sunlight or an artificial sky.

It provides a table of allowable discrepancies and illustration for the zoning the glass for

assessment. This is as 1 section in the guidance as shown below:
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3. Allowable Discrepancies for the Visible Quality of Architectural Glass Products

Table prepared for coated or uncoated float glass, toughened safety glass, heat-strengthened glass, laminated
sheet and laminated safety glass, plus their combinations as two-layer insulating glass

Zone The following are allowable per unit:

External shallow damage to the edge or conchoidal fractures which do not affect the glass strength and
which do not project beyond the width of the edge seal.

R Internal conchoidal fractures without loose shards, which are filled by the sealant.

Unlimited spots or patches of residue or scratches.

Inclusions, bubbles, spots, stains, etc.:

Pane area < 1 m?: max. 4 cases, each < 3 mm &
Pane area > 1 m™: max. 1 cases, each < 3 mm (& per meter of perimeter
Residues (spots) in the gas-filled cavity:
Pane area = 1 m#: max. 4 cases, each < 3 mm &
E Pane area = 1 m?: max. 1 cases, each < 3 mm £ per meter of perimeter

Residues (patches) in the gas-filled cavity: max. 1 case = 3 cm?

Scratches: total of individual lengths: max. 90 mm - Individual length: max. 30 mm

Hair-line scratches: not allowed in higher concentration

Inclusions, bubbles, spols, stains, etc.:

Pane area < 1 m® max. 2 cases, each < 2 mm &
1 m? = Pane area = 2 m#: max. 3 cases, each < 2 mm &
M Pane area = 2 m: max. 3 cases, each < 2 mm &
Scratches: Total of individual lengths: max. 45 mm - Individual length: max. 15 mm

Hair-line scratches: not allowed in higher concentration

Maximum number of allowable discrepancies as in zone E.

Inclusiens, bubbles, spots, stains etc. of dimensions 0.5 - 1.0 mm are allowable without any area-related
E+M limitation, except when they appear in higher concentration. “"Higher concentration” means that at least 4
inclusions, bubbles, spots, stains etc. are located within a circle with a diameter of < 20 cm.

Comments:
Discrepancies of dimengions < 0.5 mm will not be taken into account. The optically distorted fields they cause may not be more than
3 mm in diameter,

Allowable discrepancies for three-layer thermal insulating glass, laminated sheet and laminated safety glass:
The allowable frequency of discrepancies in the zones E and M is increased by 25% per additional glass unit and per laminated glass
pane over the above values. The result is ahways rounded up

Toughened safety glass, heat-strengthened glass, laminated sheet and laminated safety glass of toughened safety glass

andlor heat-strengthened glass:

1. The local roller waves on the glass surface {except for toughened safety glass and heat-strengthened glass of ornamental glass)
may not exceed 0.3 mm relative to a length of 300 mm.

2. The warp relative to the tolal glass edge length (except for toughened safely glass and heat-strengthenad glass of ermamental
glass) may not be greater than 3 mm per 1000 mm glass edge length. Greater warps may occour for square or near sguars farmats
{up to 1 : 1.5) and for single panes with 2 nominal thickness < & mm.

pane widlh
wiclth bebween sight lines w
R - " =" R = rebate zone
—l=) mam zona T={ M- " the visually concealed area in the installed state {no limits
'§| E 1 on discrepancies, with the exception of mechanical
T damage to the edges)
= E = edge zone
2 Area around edge with width w/10 or h/10 respectively -
= % = see diagram (less stringent assessment)
5 =
@ El =| 2 M = main zone
= % § (most stringent assessment)
E| B| =
g
O, £
v - —=ho

@)

Figure B.35: Excerpt from Guideline to Assess the Visible Quality of Glass in Buildings 2009-06
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Section 4 does note that there are differences in glass colour due to the raw materials
and that the glass thicknesses will make this more evident. Also coatings will alter the

colour.

Section 4.2 also mentions interference effects which “occur at random and cannot be
influenced.” Also that certain effects can be caused due to an IGU such as pillowing of
the panel and multiple reflections. Anisotropy is described. Also condensation and the
effects of wetting the glass surface which will vary due to effects on the glass surface

such as rollers, residues etc..

CWCT Technical Note No 35 Assessing the appearance of glass.

The guidance in this document does state on page 2 that “most of the procedures for
visual inspection include subjective assessment criteria.” And “Where assessment is
based on subjective assessments agreement between the relevant parties should be

obtained at an early stage.”

This document is useful as it summarises the other standards that may be referred. It

includes summary of GGF guidelines and Hadamar 10/96.

It advises that viewing distance to be 3m if there is any doubt for the distance.
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9 APPENDIX C - NOTES OF MEETINGS AND FACTORY VISITS

The following notes are a summary of the meetings and factory visits carried out during

research for this study.

MEETING

Held with Gerd Hoenicke, Director Pre-Construction Services of Schiico International.
The meeting was held at Meinhardt offices, 10 Aldersgate Street, London, EC1A 4HJ on
22" May 2015.

Cold bent methods
e Cold bent forced method is best visually.
e Can be cold bent forced on site or at the workshop.
o Unitised systems can be bent at the workshop or on site.
o Stick systems are bent on site.
e  Over bending will cause distortion
e 1 point bending is best suited to cold bent forced.
e 2 point bending is best suited to laminated bending in an autoclave. However, visual
guality issue due to lamination process.

Design and specification

e Parametric design is used to minimise hot bent panels.

e Roller wave can be managed to be less than 0.15mm. A reasonable value is
0.1mm.

e Consider maximum stress in the butyl tape for cold bent IGU. If overstressed, then
warranty is an issue.

e The aspect ratio is paramount for optimum bending. Ratio of 1:2 is a reasonable,
and 1:3 is better.

¢ New production methods such as the airbed method by Lisec could improve visual

guality, however is far slower for production compared to hot bent radial methods.

MEETING

Held with Nelli Diller — Managing Director of Seele Gmbh (specialist facade contractor)
and formerly Managing Director of Sedak (glass processing division of Seele). The
meeting was held at Meinhardt offices, 10 Aldersgate Street, London, EC1A 4hJ on 1
July 2015.

Neesha Gopal Page | 191



The consequences of panelisation on visual inconsistency of curved glazed fagades

Discussion on whether there is adequate guidance?
Industry is ahead of guidance. In-house quality procedures are followed. These are kept
in-house and not shared written guidance.

Curved glass and architectural trends

Architects have more freedom with computer programmes

Last 5 years there is an increase in the amount of curved glass orders. More architects
are considering freeform.

The quality of glass bending is improving as analysis of the bending is better.

Review of cold bent methods

10mm thick glass can be laminated bent to a radius of 15 metres.

Support method will assist. Caps will give extra hold on site. Example is Strasbourg
Station, which is single glazed laminated cold bent with pvb interlayer and caps for
support.

EVA is more suitable for hot climates.

Review of hot bent methods
e Hot bent radial
o For a true radius and tempering required, then the method using the roller
machine can be used.
o The glass is heated and then rolled when it is cooling.
o This method has the worst visual distortions. Worst visual quality, roller wave,
edge dip, roller pick up, tolerance from the bending furnace,
o monolithic and 2 layer laminated is ok, 3 layer lamination is difficult.
o Glass can be heat soak tested.
o Glass up to 10mm thick can be heat strengthened.

e  Slump formed

o If a panel has a part that is curved and a part flat, then this is bent using slump
formed in a mould and is therefore annealed.

o Disadvantage is that it is annealed, so needs to be chemically toughened or
laminated — still accommodates less load that tempered glass though. Covent
Garden curved stair is chemically toughened and laminated so it is a safety
glass.

o General quality is good.

o 500mm radius can be achieved with 10mm glass.

o Edges will have small marks.
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o Not much breakage with this method.

o If laminating, then need to heat together with a deviation layer. Heat up for 8
hours and then cool for 8 hours. The glass layers can then be laminated
together. The heating for the lamination is not hot enough to relax the glass.

o This has a lengthy programme especially if there are many unique moulds.

Review of coatings
Most low e coatings are not bendable.
Some coatings can deal with slump formed hot bending.

Review of tolerances

Tolerances should be considered for edge dip, twisting and radius.

0.08 can be achieved for roller wave

Tolerances must be measured with the glass in the final position. Hadamar does not state
final position for inspection.

Tong marks are out of date. There is limited vertical toughening used.

Review of costs — 1 most costly 3 least costly

1. Most costly — Slump formed hot bent (cost of the mould and time taken for bending)
2. Next most costly — Cold bent laminated bent due to time taken and the moulding

3. Hot bent radial is not much more than tempered flat glass as the bending takes place
as it is quenched, so is only a few seconds.

Cost of force bent cold will depend on the support etc.

MEETING AND FACTORY VISIT

Summary of notes of meeting and factory visit with Ferran Figuerola and Joan Tarrus of
Cricursa (specialist glass processor dedicated to curved hot bent glass production) at
Poligon Industrial Coll de la Manya, Calle Cami de Can Ferran, s/n, 08403 Granollers,
Barcelona, Barcelona, Spain on 27" July 2015.

Items clarified:

Review of hot bent radial glass

e Maximum thickness for radial bending of glass on tempering machine is 8-10mm. If
thinner suffers excessive roller wave and if much thicker, the glass does not cool
uniformly.

e Above 12mm, the cost goes up

e Main distortion in radial is roller wave. There is no approved or practical way to

measure roller wave in radial bent glass.
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e Small cracks can appear at the end of the glass as it is heated prior to tempering if
the glass is very big — over 6m length due to the inconsistency in heat along the length of
the glass. These faults occur prior to tempering and can normally be covered by the cap.
e Hot bent slumped glass is laminated after bending. During bending a layer is put
between the glass panes to simulate the interlayer.

¢ Radial hot bent glass has a 100mm flat zone at its edge

Review of hot bent slump formed glass

e  Slumped glass up to 10m

e Main distortion in slumped glass is the mould marks.

¢  Slump formed stretches the glass and may cause the edges to ‘pull in’.

¢ Timescales for forming slump formed glass are dependent on glass thickness.

e |tis not feasible to produce annealed glass on the radial tempering machine as the

glass would have to remain in position too long to anneal.

Coatings
e Coatings cannot be applied after curving.

o Coatings are a big issue for quality of consistency

Visual issues

¢ Key item affecting distortion is the reflectivity of the glass and this is governed by
tolerances.

e Visual defects such as spots, scratches etc. are negligible.

e Quench marks are an issue for tempered radial glass

e The roller waves are vertical with the curvature for smaller glass pieces and the
guenching marks are in the same direction. Above a certain size these become horizontal
due to the machinery. The specifier should be aware and this is then perpendicular to the
guenching marks.

e Tolerances between panels are very important

e  Fritting can be applied before or after bending.

e Advise to keep the frit off the mould side

e Lower reflection may give the appearance of less distortion

e Distinct difference in appearance of reflectivity with frit on face 1 or face 2. Face 1

has less reflectivity.
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MEETING AND FACTORY VISIT

Summary of notes of meeting and factory visit with Francesc Arbos, President of
Bellapart Group (specialist fagade contractor with experience of hot and cold bent glass
projects) at Edifici Free Minds, Ctra. de la Parcel-laria, 32, 17178 Les Preses, Province of
Girona, Spain on 28" July 2015.

Project notes

e The Bombay Sapphire project with Heatherwick architects was hot bent radial
glass that was then cold bent.

Achieving good quality bent projects
¢ Mock ups are essential and testing
e Edge treatment is critical to recover the original strength of the glass.
¢ Geometry can give high quality if it can be proved mathematically
e Mathematics is the language to meet the appropriate translation
¢ Mathematical equation can lead to better quality
¢ Everyone has software now to analyse curvature, so quality should improve.
e Consistent reflection is the key

o “Mathematics leads design”

Bending practicalities
e Cost is dependent on number of elements and repetition.
e SGP as an interlayer can be heated to 130 degrees. In an autoclave it
becomes liquid.
e PVB better for cold bending, but may require SGP for other reasons.
¢ If using SGP, then warm the panels to 60degrees C before cold bending.
e Better to cold bend in the summer

e Control the temperature of the glass before bending
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