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Background

Serviceability

Serviceability

Conditions under which a
structure/ component is
considered ‘fit for use’.
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Fit for use!
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Background

Serviceability

Serviceability

Conditions under which a
structure/ component is
considered ‘fit for use’.
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Still fit for use!

Acceptable deformations/ vibrations
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Background

Serviceability

Serviceability

Conditions under which a
structure/ component is
considered ‘fit for use’.

Serviceability Limit State (SLS)

Conditions beyond which specified
service requirements for a
structure or structural member are
no longer met.
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Still fit for use!

Serviceability Limit
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Background

Serviceability

Serviceability

Conditions under which a
structure/ component is
considered ‘fit for use’.

Bad idea.
Serviceability Limit State (SLS)

Conditions beyond which specified
service requirements for a
structure or structural member are
no longer met.

S N () N—

Serviceability Limit Crossed

Structurally safe, but not fit for use

3
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Background

Serviceability

Serviceability

Conditions under which a
structure/ component is
considered ‘fit for use’.

Serviceability Limit State (SLS)

Conditions beyond which specified
service requirements for a
structure or structural member are
no longer met.

Ultimate Limit State (ULS)

Conditions at which a structure
undergoes failure.
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& N

Ultimate Limit
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Background

Serviceability

Serviceability

Conditions under which a
structure/ component is
considered ‘fit for use’.

Serviceability Limit State (SLS)

Conditions beyond which specified
service requirements for a
structure or structural member are
no longer met.

e Leaner structures = Reduction
in embodied carbon
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Still fit for use!

Serviceability Limit
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Background

Embodied Carbon vs.
Operational Carbon
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-~

total GHG emissions

v

«——— building industry g others >
40%' 60%
< 21 >
embodied operational
carbon carbon
1. UNEP, (2020).
2. Zaniet al.,, (2021). Facade Design Process to
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Establish and Achieve Net Zero Carbon Building
Targets



Background

Contributions of facade
glazing
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total GHG emissions

¢ building industry >4 others
40%' 60%
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embodied
carbon

operational
carbon
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'
'

facades

glass
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Establish and Achieve Net Zero Carbon Building
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Hartwell, et al. (2021). Circular economy

of fagades: Real-world challenges and
opportunities.

Arup & SGG. (2022). Carbon footprint of
facades: significance of glass.

Mao et al. (2015). Energy Consumption,
Environmental Impacts and Effective Measures
of Green Office Buildings: A Life Cycle
Approach.)



Background

Contributions of facade
glazing

v

-~

total GHG emissions

«——— building industry g others >
40%' 60%

Reducing even Tmm thickness of i B .

. embodied operational
glass can reduce up to ; 5

) . carbon carbon
3 kgCO,e/m? facade area. : ]
facades
1. UNEP, (2020).
. 2. Zanietal., (2021). Facade Design Process to
Glass Aluminum glass Establish and Achieve Net Zero Carbon Building
4x X Targets

3. Hartwell, et al. (2021). Circular economy
of fagades: Real-world challenges and
opportunities.

4. Arup & SGG. (2022). Carbon footprint of
facades: significance of glass.

5. Mao et al. (2015). Energy Consumption,
Environmental Impacts and Effective Measures
of Green Office Buildings: A Life Cycle
Approach.)
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Background

Embodied Carbon vs.
Operational Carbon

Bringing technology
and aesthetics together

World
'é;:ﬂ?:f;ﬁ;‘a 7, aestech

Aestech — our frameless glazing
technology removes old
architectural constraints

Low optical ‘ |
distortions |
3 :
High load
resistance o
2 0 _
\\’) ]
& §
= 3

Source: Promotional email of Aestech: frameless glazing
technology provider.
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V'S

total GHG emissions

others

PN

«—— building industry >

v

————¢—

embodied operational impact
carbon carbon
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Background

Embodied Carbon vs.
Operational Carbon

3
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< total GHG emissions 4

+— building industry 2

v

others

What we need:

embodied operational impact
carbon carbon
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Background

Embodied Carbon vs.
Operational Carbon

3
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< total GHG emissions 4

+— building industry 2

v

others

What we need:

embodied operational impact
carbon carbon
|
| | |
Recycled Reused Material
Glass Glass Efficiency
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Background

Embodied Carbon vs.
Operational Carbon

3
TUDelft

< total GHG emissions 4

+— building industry 2

v

others

What we need:

embodied operational impact
carbon carbon
|
| | |
Recycled Reused Material
Glass Glass Efficiency
- Sourcing, + Industry
Supply chain ready
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Background

Material Efficiency

OR

1y 1y

AGC Falcon (Aluminosilicate) AGC Fineo
Thin glass : 0.5mm to 2.0 mm thickness' Vacuum Insulated Glazing: 4-0.1-8 mm? Reducing thickness of conventional facade glazing

3
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Background

Material Efficiency

3
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I

Effect of climate loading Effect of wind loading

Serviceability Limits in facade glazing - Deformation in glass
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Background

Deformations

3
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Background
Performance criteria

Deformation in glass

l

Glazing performance

Objective criteria

Mechanical Performance
Durability

Thermal performance
Optical Performance
Acoustic Performance
Fire Resistance

Subjective criteria

Occupant Satisfaction

(Unacceptance towards deformation
Perception of glass as a rigid material
Deformed glass as low quality/ unsafe)
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Background
Performance criteria
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Deformation in glass

l

Glazing performance

Objective criteria

« Mechanical Performance
« Durability

« Thermal performance

« Optical Performance

« Acoustic Performance

» Fire Resistance

J quantified

Define Serviceability Limits

Subjective criteria

Occupant Satisfaction

(Unacceptance towards deformation
Perception of glass as a rigid material
Deformed glass as low quality/ unsafe)

J not quantified

Assumed to be low
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Background
Performance criteria
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Deformation in glass

l

Glazing performance

Objective criteria

« Mechanical Performance
« Durability

« Thermal performance

« Optical Performance

« Acoustic Performance

» Fire Resistance

J quantified

Define Serviceability Limits

Subjective criteria

Occupant Satisfaction

(Unacceptance towards deformation
Perception of glass as a rigid material
Deformed glass as low quality/ unsafe)

J not quantified

Assumed to be low

Require fulfilment of objective criteria
Thresholds can be increased to
accommodate imperfections

+ Important for comprehensive definition
of serviceability limits
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Background
Performance criteria

Deformation in glass

l

Glazing performance

|
| |

Objective criteria Subjective criteria
« Mechanical Performance « Occupant Satisfaction
e Durability

(Unacceptance towards deformation
Perception of glass as a rigid material
Deformed glass as low quality/ unsafe)

« Thermal performance
« Optical Performance

« Acoustic Performance
» Fire Resistance

sing 100% [
recycled paper Ml J quantified l not quantified
reduces the Sjrme

CO2 emissions

Define Serviceability Limits Assumed to be low

Require fulfilment of objective criteria
Thresholds can be increased to
accommodate imperfections

+ Important for comprehensive definition
of serviceability limits

3
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Background
Serviceability limits
based on criteria

Acceptable deflections
based on:

—— Mechanical Performance

=~ Durability

= Thermal Performance
—— Acoustic Performance

= Optical Performance

= = Occupant Satisfaction

mee Overall SLS limit

<3
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Background

Serviceability limits
based on criteria
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Acceptable deflections
based on:

Mechanical Performance
Durability

Thermal Performance
Acoustic Performance
Optical Performance
Occupant Satisfaction

Overall SLS limit

uLs
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Background
Serviceability limits
based on criteria

Acceptable deflections
based on:

—— Mechanical Performance

=~ Durability

= Thermal Performance
—— Acoustic Performance
= Optical Performance

= = Occupant Satisfaction

mee Overall SLS limit
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O 6OPT 6ACO THR 6DUR 6MECH 6ULS
6SLS
illlilili alala |
0 6OPT 6ACO 6THR 6DUR 6MECH 6ULS
6SLS
1
e e |
I N
0 6OPT 6ACO 6THR : 6DUR 6MECH 6ULS
1
6SAT
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Research Framework

Hypothesis

<3
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Conventional perception of glass as a rigid material
influences the acceptance threshold of deformation.

Increasing the threshold of acceptance could pave way
for transition towards use of thinner glass in facades.
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Research Framework

Research Question
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How can we empirically determine the relationship
between occupant satisfaction and level of deformation

in facade glazing?
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Research Framework

Research Methods

Research Question

How can we empirically determine the
relationship between occupant satisfaction
and level of deformation in fagade glazing?

Design Question

Sub Questions

What are the factors influencing amount of
deformation in facade glazing?

What are the effects of deformation of fagade
glazing on its performance?

What are all the serviceability criteria that govern
the limits on facade deformation?

Which criteria and industry standards are followed
in practice to determine the glass thickness and
deflection limits?

What is a feasible method to empirically determine
the relationship between occupant satisfaction and
level of deformation in fagade glazing?’

What is the level of occupant acceptance towards
facade deformation under wind or climatic loads?

5
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Methods

Literature Review

Literature Review

Facade Industry Survey

and Literature Review

Fagade Industry Survey

and Literature Review

Research Through Design

Experiment
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Research Framework

Process
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State of the Art
review

Literature Review

Sub-topics

Embodied carbon in
glass

Decarbonization
strategies

Knowledge gap

Thin glass
alternatives

KPls and
Assessment method
for Occupant
Satisfaction

Research through

Design

Feasibility Tests

Experimental
Method

Mechanical
Behavior

Conclusion

Effects of
deformation
on glazing
performance

Comprehensive
method of defining
serviceability limits

Industry Survey

Occupant
acceptance of
deformation

Standard practice
for determination
of thickness,
deflection limits

Facade Industry’s
perception towards
material efficiency

Optical
Behavior

Conclusions and
Recommendations
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State-of-the-
art Review

Literature
Review
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Literature Review

Interdependency of
performance indicators

« Performance criteria are
interdependent.

« Occupant satisfaction depends
on optical, thermal and
acoustical performance.
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Structural
Performance
Optical
Performance /A
Occupant N :
Satisfaction
v
Thermal
Performance

Durability

Acoustic
Performance
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Literature Review

Interdependency of
performance indicators

« Performance criteria are
interdependent.

« Occupant satisfaction depends
on optical, thermal and
acoustical performance.

« Glass thickness/ deformation
alone does not affect any
performance criteria.
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Support Lamination
conditions Loading :
Number of . H Aspect
panes Edge cond:|t|ons Class Ratio
spacers : thickness
Number of « . Sealant
o panes 4 [N Flexibility
Lamination
P : .
Structural S Load Duration
. A
Heat/ Chemical Performance
Treatment N
» Frequency of
Glass Deformation
Coatings " N 0 | 4
tica ..
P Durability
Performance
Deformation e > ) Magnitude o
Deformation
Deformation oo > : ........ _;": . Glass
Occupant n i Acoustic Ymmenicl thickness
Satisfaction v Performance
e V..
Perception
of safety N
Lamination
Y Thermal v
Satisfaction - ~ Performance "
with view
< » Cavity width
Rigidity/ roa
Stiffness Cavity Gas .
Glass : thickness Number of
Coatings : panes
Cavity width
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Literature Review

Effects of deformation on
glazing performance

Performance criteria are

interdependent.

« Occupant satisfaction depends
on optical, thermal and
acoustical performance.

« Glass thickness/ deformation
alone does not affect any
performance criteria.

« Performance indicators and

assessment methods for

occupant satisfaction were not
found.

<3
TUDelft

Glazing properties affected
by deformation

Primary Effects of
deformation

Performance
Indicators

Assessment methods as
per literature review

Alternative assessment
methods

Structural Performance

Unfavourable stress
concentrations; effect
of load sharing; buckling
performance

Stress and strain
states

Numerical and analytical
methods; lab testing

Not required

Durability

Excessive and repetitive
straining of sealants resulting
in leakage of air cavity

Edge strain in glass

Numerical and analytical
methods; lab testing

Not required

Thermal Performance

Climate loads cause change
in gap-width of IGU, affecting
its thermal performance

U-value of glazing

Numerical and
analytical methods; field
measurement

Not required

Optical Performance

Distortions in reflected image
and view through glazing

Optical distortion

Zebra-board testing (not
sufficient)

Field testing, high precision
optical simulations

Acoustic Performance Change of gap width R-value Not found Field testing, Lab testing
causing change in acoustic
performance.

Occupant Satisfaction Feeling of alarm or Not defined Not found Empirical assessment

disturbance due to
movement in glass

through experiment
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Literature Review

Effects of deformation on
glazing performance

Performance criteria are

interdependent.

« Occupant satisfaction depends
on optical, thermal and
acoustical performance.

« Glass thickness/ deformation
alone does not affect any
performance criteria.

« Performance indicators and
assessment methods for
occupant satisfaction were not
found.

« Comprehensive assessment of

serviceability is not done.
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Glazing properties affected
by deformation

Primary Effects of
deformation

Performance
Indicators

Assessment methods as
per literature review

Alternative assessment
methods

Structural Performance

Unfavourable stress
concentrations; effect
of load sharing; buckling
performance

Stress and strain
states

Numerical and analytical
methods; lab testing

Not required

Durability

Excessive and repetitive
straining of sealants resulting
in leakage of air cavity

Edge strain in glass

Numerical and analytical
methods; lab testing

Not required

Thermal Performance

Climate loads cause change
in gap-width of IGU, affecting
its thermal performance

U-value of glazing

Numerical and
analytical methods; field
measurement

Not required

Optical Performance

Distortions in reflected image

Optical distortion

Zebra-board testing (not

Field testing, high precision

and view through glazing sufficient) optical simulations
Acoustic Performance Change of gap width R-value Not found Field testing, Lab testing
causing change in acoustic
performance.
Occupant Satisfaction Feeling of alarm or Not defined Not found Empirical assessment

disturbance due to
movement in glass

through experiment
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Background

Standards governing
glass thickness and
deflection limits

Performance criteria are
interdependent.

Occupant satisfaction depends
on optical, thermal and
acoustical performance.

Glass thickness/ deformation
alone does not affect any
performance criteria.
Performance indicators and
assessment methods for
occupant satisfaction were not
found.

Comprehensive assessment of
serviceability is not done.
Limits in different criteria are
different and the basis for the
limits was not clear.
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EUROPEAN STANDARD EN 1990:2002+A1
NORME EUROPEENNE
EUROPAISCHE NORM Decomber 2005

1659101030 Suparsodos ENV 16911:1964
Incorporating corigenda Decombor 2008
ana Agri 2010

Englsh version

Eurocode - Basis of structural design

202 CEN Al s o et Rl o, EN 166020

EN 1990:2002 - Eurocode: Basis of
structural design

Code of
Practice

for Structural Use of Glass i

2018

Code of Practice for Structural Use of
Glass, 2018, Buildings Department of Hong
Kong

Standard Practice for
Determining Load Resistance of Glass in Buildings'

ASTM E1300-16 - Determining load
resistance of Glass in Buildings
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TECHNICAL SPECIFICATION FINAL DRAFT
SPECIFICATION TECHNIQUE FprCEN/TS 19100-1
TECHNISCHESPEZIFIKATION

April 2021

159108099

Euglish Version

Design of glass structures - Part 1: Basis of design and
materials

[

eenTe 250

Filand, s, e,y i o Malt

FprCEN/TS 19100 - Final Draft: Design of
glass structures (Parts 1, 2 and 3)
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State-of-the-
art Review

Facade
Industry
Survey
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Facade Industry Survey

Respondents

« Sent to 200+ professionals
from the facade industry

« 67 responses were found fit for
analysis

« Mainly Consultants/ Engineers
from Facade Consultancy.
Glass Manufacturing company
or Facade Contractors

<3
TUDelft

Organization type

Q2.1 Which of the following
best describes your
organization?

Role in the company

Q2.2 How would you best
describe your role in the
organization?

Facade
Consultancy

46% (31)

Consultant
32.5% (22)

Sealant
Manufacturer
3% (2)

Glass Facade
Manufacturer Contractor
21% (14) 15% (10)

Research/  Architect
Academia  1.5% (1)
3% (2)

Researcher Salesperson
4.5% (3) 3% (2)

Engineer Manager

30% (20) 24% (16)

Designer Other
45% (3) 1.5% (1)
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Facade Industry Survey

Respondents’ Location Project Location
Respondents | . | N .
Q2.5 Which country are you currently based out of? Q3.2 In which countries are some of the major projects you are working on located?
? 5 10 15 20 25 30 35 40 0 10 20 30 40
UK L L ! | |
UK
letherlands_
USA
Germa”VF France
« Sent to 200+ professionals selgium [ Netherlands
\
from the facade industry F\- Germany
. I
« 67 responses were found fit for soin s
UAE
analysis USAr china
« Mainly Consultants/ Engineers ANy Hong Kong
from Facade Consultancy. vac Australia
Glass Manufacturing company '""‘a‘h Belgium
Ireland
or Facade Contractors vl spain
« Maximum respondents based tani ndia
out of the UK Denmark
« Moderate to High level of AMALATRRIA
knowledge on SLS SLS knowledge switzerland
Canada
Q4.1 How would you rate your knowledge
y . o i Luxembourg
on serviceability limits of glass in facades?
Mexico
35 Dubai
2 Poland
Turkey
e Japan
% Argentina
Brazil
15
Iceland
10
5 .
0 g

High Moderate Low

5
TUDelft SAGAR OKE | 5578752 | GRADUATION THESIS | 2022-2023 | MSC AUBS | BUILDING TECHNOLOGY TRACK | TU DELFT




Facade Industry Survey

Types of responses
and analysis

Numerical Text
Responses indicated on a scale of 1-5 Responses in the form of free text
« Sent to 200+ professionals
from the facade industry Checklist Descriptive
« 67 responses were found fit for ) , , )
) e.g. Perceived effects of e.g. Optical defects, e.g. Information required to help
analysis deformation, reduced glass guidelines followed, etc. specify thinner glass, likeliness

« Mainly Consultants/ Engineers
from Facade Consultancy.
Glass Manufacturing company

thickness, etc.

to recommend thinner glass, etc.

or Facade Contractors ‘ ‘

e Maximum respondents based Quantitative Qualitative I
out of the UK Q ATLAS.tl

Analysis Analysis QUALITATIVE DATA ANALYSIS
« Moderate to High level of

knowledge on SLS ‘
« Quantitative and Qualitative

) Box Plots, Bar Charts Code-based Inductive Analysis
analysis was conducted

Q5.1 When specifying the thickness of glass to be used in
facades (e.q. IGUs, double skin facades, etc.), how often are
each of these guidelines followed?

NEED: Changein

N

NEED: Scaleof pr

NEED: To e

5
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Facade Industry Survey

Perceived effect of
sustainable strategies

« Material Efficiency is perceived
as a more effective strategy
compared to using reused or
recycled glass
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Extremely effective 307

4.5 1

Very effective 407

3.5 A

Moderately effective 3.0 7

2.5 1

Slightly effective 2.07

154

Not at all effective 1.0

Q3.3 To what extent do you consider Q3.4 To what extent do you

the following strategies effective in consider the following strategies

reducing the embodied carbon in effective in reducing the total

facades? material consumption in facades?
o

o]
L. 2 3 I 6
I Material ' Recycled Reused I Material ! Recycled Reused
: Efficiency : Glass Glass : Efficiency : Glass Glass
koo o oo omm o of | o o
Reducing Embodied Reducing Total Material
Carbon Consumption
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Facade Industry Survey

Guidelines followed in
practice

« Material Efficiency is perceived
as a more effective strategy
compared to using reused or
recycled glass

» In addition to standards, other
guidelines also followed.
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Always

Most of the time

About half the time

Sometimes

Never

Q5.1 When specifying the thickness of glass to be used in
facades (e.g. IGUs, double skin facades, etc.), how often are

each of these guidelines followed?

5.0 1 B o
4.5 1
4.0 1 O
354 | ]
30
2.5 A
2.0 1 T
1.0 1
1 S, SN IS B —— S vy 6
Local, IStandards Glass man- Data from Ruleof 1 Other
National or !defined ufacturer previous thumb I
International Iby your recommen- projects :
Standards ~jorganization dations/ "
I catalogue I
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Facade Industry Survey

Criteria to determine
glass thickness

« Material Efficiency is perceived
as a more effective strategy
compared to using reused or
recycled glass

» In addition to standards, other
guidelines also followed.

« Criteria for glass thickness
in order of importance -
Mechanical, Durability and
Optical

<3
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Acoustic Acoustic Performance Glass stress Limits
Durability Adhesive/ Cohesive failure of edge Intrusion Resistance
seals and weather seals
Condensation resistance Mode of breakage
Durability Post breakage behavior
Weathering Conditions Resonance
Feasibility Client Needs Safety
Availability as per standard stock Soft body impact
Production feasibility Stability
Technical feasibility Vibration frequency
Fire Fire Resistance VIV and other wind instabilities

Maintenance

Cleaning and Maintenance

Altitude difference

Mechanical

Breakage by climatic loads, thermal
stress or impact

Optical

Optical defects - reflection distortion

Deflection

Optical defects - roller wave distortion

Deflection for occupant comfort

Optical performance

Deflection under barrier loads

Solar factor

Deflection under climatic loads

Visual replacement

Deflection under mechanical loads

Sustainability

Carbon Footprint

Edge Deflection

Conflict Materials

Edge Stability

Life Cycle

Eigen Frequency

Recycled content

Glass strength

Thermal

Thermal Performance
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Facade Industry Survey

Impact on value

« Material Efficiency is perceived
as a more effective strategy
compared to using reused or
recycled glass

» In addition to standards, other
guidelines also followed.

« Criteria for glass thickness
in order of importance -
Mechanical, Durability and
Optical

« Negative impact on Aesthetics,
occupant satisfaction

« Positive impact on costs,
operations, curved facades and
overall material efficiency

<3
TUDelft

Extremely positive

Moderately
positive

Slightly positive

No impact

Slightly negative

Moderately
negative

Extremely
negative

Q5.3 If thinner glass was to be specified, how would you

rate the impact it would have on the following factors?

7 = —— ——

6 (o}

] — | 4., i

.4__ —— ] - - = = e - = = = = e = — == - — = - - --— = - -

3 o] 0

2 o) —— o —

1 —— —— o

1 2 3 4 5 6 7 8
Overall Aesthetic  Project Cost of Ease of Material Material Ease of
occupant value value (real facade handling  efficiency efficiency production
satisfaction of the estate in the on site of fagade  of building of curved
project perspective) project structure  facades
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Facade Industry Survey

Barriers

« Material Efficiency is perceived
as a more effective strategy
compared to using reused or
recycled glass

» In addition to standards, other
guidelines also followed.

« Criteria for glass thickness
in order of importance -
Mechanical, Durability and
Optical

« Negative impact on Aesthetics,
occupant satisfaction

« Positive impact on costs,
operations, curved facades and
overall material efficiency

« Main barriers: Lack of data,
high level of requirements,
perception towards glass and
conservative standards.

<3
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Conservative design approach

Consultants being conservative
Not learning from other countries/ peers

Lack of data

On engineering properties of thinner glass
On occupant/ user acceptance levels of deformation

Changes required

To glazing systems
In warranties and liabilities

Perceived challenges

Manufacturing

Effect on glazing performance
Handling and transportation
Structural calculations

High level of requirements

Architectural/ aesthetic quality
Robustness

Optical performance

Acoustic

Manufacturing challenges

Lines not being well equipped
Cost and scale required to implement change

Perception Of deformation as inferior quality
Of deformation as unsafe
Of glass as a rigid material
Standards Being conservative

Being non uniform across countries
Not being up to date
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Facade Industry Survey

Conclusions

e Willingness to implement material efficiency

o Barriers: Conventional perception, design methods
and standards

e Needs: Scientific research on impact of deformation
on objective performance and occupant satisfaction

e Not answered: Who are the main actors to bring
about change - architects/ owners/ consultants?

5
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Design of the
Experiment
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Design of the Experiment

Concept

<3
TUDelft

Perception of safety
Acceptable level of deformation

Satisfaction with the view

Disturbance in activity

| | Climate
loading
< Thinner glass

panes deforming in
opposite directions

|+ Controlled pressure
A inlet - static

o — — — 4 pressure
pump

Wind
loading

«+—— Thinner glass pane
deforming in same
direction

<— Thicker glass pane to
resist cavity pressure

| & Controlled pressure
inlet - dynamic

_____ pressure
pump
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Design of the Experiment

Concept .
Method : Mechanism
to gather statistically significant data to achieve controlled deformation of glass
=3 « Perception of safety
— X
4 » Acceptable level of deformation ' . ' .
: | Climate f Wind
» Satisfaction with the view : [ . .
s loading [ loading
+ Disturbance in activity 2 ’
¢ | |<«—— Thinner glass «+—— Thinner glass pane
panes deforming in “ deforming in same

opposite directions direction

“ <+— Thicker glass pane to

| resist cavity pressure
| |

| «“-7 Controlled pressure || #— Controlled pressure
A inlet - static | A inlet - dynamic
_____ pressure — — — — . pressure
pump pump

5
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Design of the
Experiment

DO OO0
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Design of the Method
Experiment - Variables

Independent Variables > Dependent Variables
Manipulated -----oeoioi ———— Recorded

Confounding Variables

Fixed/ Balanced ----------

5
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Design of the Method

Experiment - Variables

Manipulated

Fixed/ Balanced

<3
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Independent Variables

Nature of motion
Centre of glass deflection
Frequency of deformation

Duration of deformation

Confounding Variables

Occupant

Dependent Variables

Occupant Satisfaction
Perception of Safety
Acceptance of Deformation

Satisfaction with respect to
view

Disturbance in activity

""""""""""" Recorded

TTTTTTTTTmmmmommsooososososososoosososooososossoooooo Recorded

External Factors
Acoustic Cues
Visual Cues

View

Time of the day
Weather

Type of facade

Indoor Environment Quality
(temperature, humidity, air
quality etc.)

Relationship between
occupant and facade

Distance in between body
and facade

Body’s orientation
Body’s motion

Activity performed/
engagement with fagade

Individual traits
Age

Sex

Country of origin

Country having lived in for
most part of life

Level of Education

Prior Knowledge
Expectancy of motion

Knowledge about material’s
capacity

Knowledge about benefits of

using thinner glass
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________________ Controlled
(per group)
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Design of the Method

Experiment Stages

Sample

Sample size = 36
determined from
G*Power analysis

Prior Knowledge

Strength  Benefits

<3
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No No
Yes No
Yes Yes
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Design of the Method
Experiment Stages

Individual
Traits
Sample Prior Knowledge ®
. . ®----
Sample size = 36 Strength Benefits
determined from ®-----
G*Power analysis
®-----
No No — Age
. —— Sex
—— Country of
) origin
° —— Country having
lived in for most
* part of life
¢ . Level of
Yes No ° Education
°
o
o
0
Yes Yes -

5
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Design of the Method
Experiment Stages

Stage 1 Stage 2 Stage 3
Individual High deformation; Low deformation; High deformation;
Traits Low frequency High frequency High frequency
Sample Prior Knowledge ® | | l
o ] ®----- : ' :
Sample size = 36 Strength Benefits
determined from ®-----
G*Power analysis
®-----
No No — Age
4 —— Sex
—— Country of
® origin
) —— Country having
lived in for most
* part of life
¢ . Level of
Yes No ° Education
o
o
o
)
Yes Yes -
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Design of the Method

Experiment Stages

Sample

Sample size = 36
determined from
G*Power analysis

Stage 3

High deformation;
High frequency

<3
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Stage 1 Stage 2
Individual High deformation; Low deformation;
Traits Low frequency High frequency
Prior Knowledge ° | l
, °—-- |
Strength  Benefits
. _____
®----- )
No No —— Age Perception of safety
= —— Sex —{wlHHeee@OO]
—— Country of
origin
" 9 Acceptance of distortions
) —— Country having YN
lived in for most / H..’..|
. part of life
)
Yes No —— Level of Satisfaction with view
PY Education YN H rYY Y O|
® 3 . .
Disturbance in activity
* — w000 0@]
o
)
Yes Yes -
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Design of the Method
Experiment Stages

Sample Prior Knowledge

Sample size = 36 Strength  Benefits
determined from

G*Power analysis
No No
Yes No
Yes Yes

<3
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Stage 1 Stage 2 Stage 3
Individual 10mm 20mm
Traits
| I
""" —— Age Aesthetic quality
—— Country of
origin . .
Acceptance of distortions
—— Country having YN
lived in for most / H..’..|
part of life
—— Level of Satisfaction with view
Education

—wl{eee@eO]
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30mm
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Design of the Method

Light Van - mobile lab

ITVAN= |

HIGHT LABORATORY

T ‘

Fha .

5
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Design of the
Experiment

DO OO0
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Design of the Mechanism

Concept

Variation in cavity
air pressure

l

Deformation and
vibration in glass

5
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Design of the Mechanism

Concept

<3
TUDelft

Controlled inflow

Controlled outflow
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Pressure
monitoring

PAGE 2/3
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Design of the Mechanism

Electropneumatic circuit

<3
TUDelft

rlllllillll

Air compressor for
contant air supply

Arduino Uno to read
pressure transducer and
control Solenoid valve

 —

Controlled inflow

Flow control valve to Hand-operated air gun
maintain operable range of
air flow for Solenoid valve

Controlled outflow

Flow control
valve
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Pressure Transducer
sending serial input
to Arduino

62



Design of the Mechanism

Electropneumatic circuit

I +

| ipE
oy
-~ @ 0..

Adjustable power supply
for constant voltage

T

Air compressor for
contant air supply

<3
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A
1
1

Arduino Uno to read
pressure transducer and
control Solenoid valve

Voltage regulator Mosfet module
also acting as a fuse acting as relay
switch between

Arduino and valve

Controlled inflow

Flow control valve to 3 way 2 Solenoid valve to
maintain operable range of start and stop airflow based
air flow for Solenoid valve on Arduino’s input

Controlled outflow

Flow control
valve
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Pressure Transducer
sending serial input
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Design of the Mechanism

Electropneumatic circuit

Voltage regulator
calibrated to supply
12V

Adjustable Power
supply

6mm tube
connected to Air
compressor with
optional connection
with the flow
regulator

Arduino Uno
connected to laptop

Improvement: Wemos
controller remotely
connected though
wireless network

5
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Mosfet module
connected to 12V
circuit and Arduino

3 way 2 solenoid
valve

6mm tube
connected to
window air cavity

Ultrasonic distance
sensor

Improvement: Laser
distance sensor

Pressure Transducer
connected to glass
panel air cavity

Breadboard used
as an extension of
Arduino circuit
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Design of the Mechanism

Prototype making

Applying PIB tape 2 component glue Applying glue using a pneumatic gun Placing glass Final product

3
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Design of the Mechanism

Prototype making

— Frame ——— Hardwood (15mm x = ----mmmmeeeen
15mm square section)

— Bison Montage
(Mounting) Glue

— PIB Sealant Tape = =  ssemesss :

Prototype —— Sealants — i

— Dowsil 791 (Silicone ~ -===----- .
sealant)

— Kommerling Kodiglaze S -------
(2 component silicone
sealant)

— Pane —[ PMMA (2 mm)  -mmmmmee ,

Aluminosilicate Glass
(11 mm)

PMMA Prototype

Testing air pressure system for constant
and dynamic pressure conditions

Glass Prototype

Testing self-adhesive film for optical
distortions and breaking test

3
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Design of the Mechanism

Testing the mechanism

<3
TUDelft

File Edit Sketch Tools Help

a4
as
a5
a7
a8
a9
50
51
52
53
54
55
56
5%
58
59
60
61
62
63
3
&5

itput

Serial.println(":

pressure_distance_valvecontrol.ino

if (input == String(1)){
Serial.println(”
while (float(pressurevalu
digitalWrite(LED_BUILTIN, HIGH);
digitalurite(valvel, HIGH);
pressurevValue = analogRead(pressureInput); //reads value from Inpul pin and ass
pressurevalue = ((pressurevalue-pressureZero)*pressuretransducermaxpsi)/{press:
serial.println(pressurevalue);
¥
digitalwrite(valvel, LOW);
digitalwrite(LED_BUILTIN, LOW);
serial.println('valve closes');

}

if (input == String(2)){ I
digitalWrite(valvel, HIGH);
digitalWrite(LED_BUILTIN, HIGH);
delay(1e0);
digitalWwrite(valvel, LOW);
digitalkrite(LED BUILTIN, LOW);
delay(1ee);

Serial Monitor x
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Design of the Mechanism

Safety film testing

Strain energy as equating factor
Strain energy in prototype at point
of failure of full size panel

= 264.23 MPa

Failure stress of CT-ASG (glass
prototype) = 325.00 MPa

3
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Film on one side Film on both sides

Crack in pane with film did not propagate Clamping of weak edge was required to avoid bending
during experiment
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Design of the Mechanism

Testing the safety film
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Feasibility
Tests
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Feasibility Tests

Glass build-up

As per numerical calculations:

Glass size: 1467mm x 972mm
Glass thk:  4mm

Pressure: 2000 Pa

Support: simply supported

Max deflection:  34.44 mm
Max prin. stress: 60.32 MPa

SLS limit: 23.00 mm
Failure stress FT  80.00 MPa

<3
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DGU-FT (2 units)

< Thinner
glass panes
deforming
in opposite
directions

A Controlled
pressure inlet
(to replicate
climatic
loading)

[ — pressure

pump

hole at 3 positions

at least 8mm —
diameter:

a. inlet ﬂ
b. outlet

C. pressure check

4dmm fully ————————»
tempered

16mm air cavity ————— >

4dmm fully ———————»
tempered

IN ouTt

DGU-FT

TGU-FT (2 units)

Thinner
glass panes
deforming
in same
direction

<— Thicker glass
pane to
resist cavity
pressure

e Controlled
pressure inlet

(to replicate

wind loading)
| pressure
pump
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hole at 3 positions
at least 8mm
diameter in the
outer cavity:

a. inlet

b. outlet

c. pressure check

1

dmm fully —————»
tempered

pressurized cavity

16mm air cavity ———»

4dmm fully —————»
tempered

16mm air cavity ——————»

IN

TGU-FT

PAGE 2/3

<— 6mm+6mm
annealed
laminated
glass

ouT
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Feasibility Tests

Facade Panels from
AGC Interpane

3
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Feasibility Tests
Installation for testing

3
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Feasibility Tests

Pressure vs. Deflection
measurements

=
i EEEEN
-I-I.I-I.I.I:I
M H N
I.I.I.l W
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Feasibility Tests

Pressure vs. Deflection
measurements

Pressure Measured (PSI) 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Pressure Measured (Pa) 0.0 689.5 1379.0 2068.5 2758.0 34475 4137.0
TGU-1 0 5 10 13 13 13 13
TGU-2 0 5 9 11 11 13 13
TGU-3 0 3 8 10 11 12 12
DGU-1 0 8 15 18 21 23 #N/A
DGU-2 0 6 11 14 21 28 #N/A
DGU-3 0 10 15 20 24 26 #N/A
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Feasibility Tests

Linear vs. nonlinear

deflection analysis

dictions

Deflection pre

Iy

ICa

Geomert
nonlinear analys

Linear analysis

IS

FEA results for Deflection

Structural

: Static
Total Deformation

A;

Static Structural

A

4137

Total Deformation

Total Deformation

m

Type

Type: Total Deformation

Unit:

Unit:

m

73

Time

Time: 7s

43 PhA

22-Jun-235

22-Jun-23 5:55 PM

3448

0.021447 Max
0.019064
0.016681
0.014298
0.01915

0.073652 Max

2758

0.0095319

©
©

&

(ed) einssaid

0.002383
in

0.0071489
0.0047659
oM

0.0081835
0 Min

1379

Linear Analysis
—®— Non Linear Analysis

690

A
ERR R
)

SLS Limit

70

10

Deflection (mm)

76
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Feasibility Tests

Linear vs. nonlinear
stress analysis

Linear analysis

A: Static Structural
Maxirmurm Principal Stres:
Type: Maximum Principal
Unit: Pa

Tirme: 25

22-Jun-23 5:56 PM

1.9405e 7 Max
1.7248e7
1.5091e7
1.2934e7
1.0777e7
8.6208e6
646366
430676
2.1497e6
-7208.9 Min

<3
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Geomertically
nonlinear analysis

A: Static Structural
Maximum Principal Stres
Type: Maxirurn Principa
Unit: Pa

Tirme: 2 5

22-Jun-23 5:51 PM

2.7391e7 Max
24347e7
2130267
1.8258e7
1.5214e7
1.217e7
0.126e6
6.081%6
3.0378:6
-6328.8 Min

SAGAR OKE | 5578752 | GRADUATION THESIS | 2022-2023 | MSC AUBS | BUILDING TECHNOLOGY TRACK | TU DELFT

Pressure (Pa)

4137

3448

2758

2068

1379

690

Stress predictions

FEA results for Stress

Linear Analysis
—&— Non Linear Analysis
Max Perm Stress for FT glass

100 150 200 250 300
Max Principal Stress (MPa)
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Feasibility Tests

Nonlinear FEA Results vs.
Experiment Readings

4137 | -e- DGU-1
-@- DGU-2
-eo- DGU-3
Linear Analysis
Non Linear Analysis
> »
s SLS Limit 4 /"
/
7
i
/ -,
I +1
1 -
2758
@
£
g
7 2068
w
o
o
1379
690 _®
/// t‘t
’t:,g’,“' o
et
477
2
0
5 10 15 20
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Double Glazing Unit

FEA vs. Experiment results for DGU Deflection

Deflection (mm)

25

Pressure (Pa)

4137

3448

2758

2068

1379

690

Triple Glazing Unit

FEA vs. Experiment results for TGU Deflection

-e- TGU-1
-e- TGU-2 :
- TGU-3

Linear Analysis
Non Linear Analysis

SLS Limit [ A
ril
[V |
A |
f) 1
Ir 1
w 1
'}
i ¢
1 I
I 1
I H
I 1
i 1
| 1
I 1 1
Il
oo #
! ’
! 4
! 4
!
II !
7 I
! 4
’
F £
s ’j
Far
4
; /’f
. i
’ e
’d
R y
y ,,
3 4
y ’
, ’
’
A
ard
’
#
5 10 15 20

Deflection (mm)
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Feasibility Tests
Recommendations

o Air leaks and clamping erros must
be rectified before experimentation

o Safety film installation may lead to
unwanted optical defects

3
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Top edge of glass pane deformed; Safety film application errros made it
since it was not clamped unfit for testing
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Feasibility Tests
Setup for optical tests

DSLR for HDR Facade panel with Fixed Pressure sensor Safety barrier Researcher at a
images controlled air flow target and air supply safe distance

V| o 5 &

N —— e w— Sy 7

3
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Feasibility Tests

Optical test results view
of the outside
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Feasibility Tests

Optical test results
checkerboard
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Feasibility Tests

Optical test results
zebra-board
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Feasibility Tests
Recommendations

e Air leaks and clamping erros must
be rectified before experimentation

o Safety film installation may lead to
unwanted optical defects

e Subjective tests must inquire into
human perception of distortions
with respect to reflections.

* Objective evaluation of image
similarity using suitable similarity
indices.

» Wireless control using Wemos as an
additional step for safety

3
TUDelft

HEEEEEN
= I.l.l.l.l.l-l.l-l
_H N EEEENEER
HEEEEN
N

|
A B B B ENEEEENER

[ = u .
BN EEEEEN

.j‘

View through the glass not affected Objective evaluation :
Distortions are perceived through reflections Reference from OpenCV
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Conclusion
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e Proof of concept for the mechanism has
been provided; however experiment
with volunteers needs to be tested and
improved

e Setup is versatile and can be applied for
testing multiple objectives
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Conclusion

Application

e Subjective tests
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Conclusion

Application

e Subjective tests
¢ Include multiple persons
¢ Include VR setup
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Conclusion

Application

e Subjective tests

¢ Include multiple persons

¢ Include VR setup

* Mechanical behavior using strain
gauges, laser serial input generator
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Conclusion

Application

e Subjective tests

¢ Include multiple persons

¢ Include VR setup

+ Mechanical behavior using strain
gauges, laser serial input generator

o Optical tests for reflections
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Conclusion

Application

e Subjective tests

¢ Include multiple persons

¢ Include VR setup

+ Mechanical behavior using strain
gauges, laser serial input generator

o Optical tests for reflections

o Optical tests with varying distances
and angles between target and
camera
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Conclusion

Application

e Subjective tests

¢ Include multiple persons

¢ Include VR setup

* Mechanical behavior using strain
gauges, laser serial input generator

o Optical tests for reflections

o Optical tests with varying distances
and angles between target and
camera

o Optical tests with different views
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Conclusion

Application

e Subjective tests

¢ Include multiple persons

¢ Include VR setup

+ Mechanical behavior using strain
gauges, laser serial input generator

o Optical tests for reflections

o Optical tests with varying distances
and angles between target and
camera

o Optical tests with different views

o Thermal insultation tests at
different pressure steps
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Conclusion

Application

e Subjective tests

¢ Include multiple persons

¢ Include VR setup

+ Mechanical behavior using strain
gauges, laser serial input generator

o Optical tests for reflections

o Optical tests with varying distances
and angles between target and
camera

o Optical tests with different views

o Thermal insultation tests at
different pressure steps

o Acoustical insultation tests at
different pressure steps
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Conclusion

Next Steps

State of the Art Sub-topics Knowledge gap Research through Feasibility Tests Conclusion
review Design

Embodied carbon in

glass
. Mechanical
Decarbonization Behavior
strategies KPls and Experimental Conclusions and
Assessment method Metbad Recommendations
4 for Occupant Optical
Thin glass ; i | P

L ; Satisfaction | : Behavior ’

alternatives ; : :

Literature Review E

Effects of E Wind pressure |

deformation ) | E simulation i

] on glazing Compre?en?vg ; i

performance method of defining : :

serviceability limits : Testing with :

Occupant : volunteers !

— acceptance of ; ;

deformation : :

; Testing with VR ;

"""" setup

Industry Survey [ Standard practice

— for determination
of thickness,
deflection limits

Facade Industry’s
perception towards
material efficiency
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