THIN GLASS INSTALLATION

integrated design for glass projects
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THIN GLASS
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THIN GLASS

Type Material Formula Composition
Silica sand SiO, 60-75 %
Lime Na,O 5-12%
Soda CaO 12-18 %
Magnesia MgO 0-6 %
. Alumina AL,O3 15-25%
Alkaline Earth ASG .
Alkaline earth ~15%
. Alumina AL,O3 10-25 %
Alkali ASG )
Alkali >10%

Material Formula Composition
Silica sand SiO, 60-75 %
Lime Na,O 5-12%
Soda - Lime -
Soda CaO 12-18 %
Silica Glass
Magnesia MgO 0-6 %
Alumina AL,O4 0-3%



THIN GLASS

DOWN-DRAW PROCESS OVERFLOW-FUSION PROCESS

Glasschmelze

Uberlaufrinne

Platinrand

Glatte AuBenflache

ZusammenfiuB

Glesband —

(Albus & Robanus, 2014)
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THIN GLASS

chemically
fully strengthened strengthened

heat-strengthened

annealed glass




THIN GLASS

Characteristic strength

I

EN166612 I unit I

[ Annealed 45 X : MPa
Heat strengthened 70 : : MPa :
Fully tempered 120 : : MPa |

| Chemically tempered 150 : | MPa
(I I
Thin glass products Design strength | Unit !
Xensation glass +260 i i MPa i
Gorilla glass 200 : ! MPa :

Falcon glass +200 i | MPa
Leoflex glass 260 I : MPa |
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THIN GLASS
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high impact great scratch outstanding high thin and strong extreme flexibility less raw material
resistance resistance surface quality fransparency

advantages of thin glass products when compared to regular float glass
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THIN GLASS

foldable smartphones utilize thin glass products for their screens
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COMPOSITE
PANELS

-~ J
(Pfarr et al., 2022)

TENSILE
STRUCTURES

(Peters et al.,2019).

FRAMED PANES

(Stoddard, 2019)
FLEXIBILITY

(Pennetier, 20

SCULPTURES

CURVED PANELS

(

N
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OBJECTIVES

explore the limitations of thin glass and take advantage of its flexibility

define a computational method that will set boundaries and inform the design process

provide an insight on the use of thin glass in construction



RESEARCH QUESTION

How can a design of a thin glass installation be informed by the use of computational methods?
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RESEARCH QUESTION

How can a design of a thin glass installation be informed by the use of computational methods?

[ ] What are the limitations of thin glass in construction?
THIN GLASS

What is the optimal way to bend thin glass and achieve its maximum capabilitiese

[ ] What types of connections are used in (structural) glass designe
GENERAL GLASS DESIGN

Which of the existing connections could be utilized for thin glasse

[ COMPUTATIONAL ] What kind of tools can be utilized to optimize the design of thin glass structurese
TOOLS

What data should be used and how, so as fo provide limitations within the design processe
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LITERATURE RESEARCH

CASE STUDIES
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thin glass pavilion. source:
EOC Engineers.

DON'Ts

thin glass sculpture by
Sophie Pennetier (2017)

;T { GUIDELINES ]
Ye-- { LIMITATIONS J
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PROPOSED WORKFLOW

f\l

LIMITATIONS

CURVED PANEL

[ COST EFFICIENT 1 {

DEVELOPABLE
Colpbiy SURFACES
N Ve B ~
i
TR 1
i
9 ) |
E 13
= —
=
N J N J . W J
N
{ WHY?
J
LESS OPTICAL MINIMIZED
DISTORTION COMPLEXITY
CALCULATIONS /
[TRANSPORTATIONJ [ ASSEMBLY j [ ANALYSIS ]

1

-
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PROPOSED WORKFLOW

CURVED PANEL

1

GEOMETRICAL
RULES

(

{ RADIUS (R) }
{ ARC ANGLE (8) }

LIMITATIONS

4 N
4 ARC LENGTH (S)
S J
.
DEPTH(d)  |----
J
CHORD
LENGTH (c)

_______________

_______________
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PROPOSED WORKFLOW
( PANEL'S LENGTH
PANEL'S LENGTH
ANGLE

J

.
] ~

' i

| |

I [

I’* ____________________ | ) 2 *R *sin(0/2) = c]ﬁ

LIMITATIONS
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PROPOSED WORKFLOW

MAX. HEIGHT

MAX. WIDTH

DIMENSIONS

THICKNESSES

PROPERTIES

| S

[AVAILABILITY & SUPPLIES

AVAILABLE PRODUCTS

'T

FALCON GLASS (AGC)

r—

FLAT PANEL
~—

ﬁ
~—

PRODUCT SPECS
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PROPOSED WORKFLOW

PRODUCT SPECS

0.5mm - 0.7 mm
1.245%3.21m 1.35%3.21Tm

B 1.1 mm
1.35%3.21Tm

JH

2.1 mm
1.60*3.21m

H

3mm
1.60*3.21Tm

M

4 mm
1.60*3.21Tm

PROPERTIES <

N s D
COMPRESSIVE STRESS > 800 MPa
J \. J
A s D
DENSITY ~2.48 g/cm”3
J \. J
N e "
YOUNG'S MODULUS ~ 70 GPa
J \ J
N e N
POISSON'S RATIO ~0.21
J \ J
N s N
SHEAR MODULUS ~ 30 GPa
J - J
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PROPOSED WORKFLOW

GENERAL PROJECT
LIMITATIONS

.

s

[ WEIGHT PER PANEL J [ CARRIED BY J L TRANSPORTATION ]

2 PPL MAX.

THICKNESS * DENSITY

N\

- . 4 N
E.SS *3.21 nﬂ E.35 *3.21 rrﬂ E.éo *3.21 rrﬂ men

[ HEIGHT * WIDTH * J

I I I

0.7 mm 1.1 mm 2.1 mm
7.52 kg 11.82 kg 26.75 kg

FALCON GLASS

shoulder height

elbow height

| knuckle height

mid lower leg
height
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PROPOSED WORKFLOW

(o) R vemomsTeess
-------- { TEST RESULTS ] ---------- [ CLAMP BENDER ]
— :
| ;
CEEE—
FLAT PANEL CURVED PANEL FALCON GLASS (AGC)
—
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PROPOSED WORKFLOW

— s N
(D AGC | TU DRESDEN : N\
’ | TU DARMSTAND |
@; VA { SPEED } - { 2 MPO/SeC ]
S N J :
— : s N - ~
o STRESS ] o Mh
‘ 4 ) ! N J N 21 J
: Stepper Motor 2 Stepper Motor,1/ Turning angle a :
Z@g | e e N
— [ CLAMP BENDER J— _____ S BENDING | |, EI 2Ela
: . . MOMENT R L,
— | : A\ J N J
—— | - N . N
U ROTATIONAL | | . 9dLe
S Voo | ANGLE INCREASE ~ Eh
: S S 8 J
| [ bistancE | sin o h
; R BETWEEN MOTORS ---1d =1L, +2cosax +2$ina<y1 +—g)]
- J - ol 2
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PROPOSED WORKFLOW

FALCON GLASS

WEIBULL

DISTRIBUTION

LASER CUT EDGE

(L12405A)

\

~
CLAMP BENDER

N

-

TEST RESULTS
S
(numberof THICKNESS RADIUS  STRESS
" SPECIMEN ()

specimens)
1112405A_01 0520 7431 245038
2 L12405A_09 0516 6375 283294
31124054 28 0516 6375 283294
4112405A_31 0521 641 284414
5 L12405A_26 0527 647 28522
6 L12405A_29 0521 6387 285228
7 L12405A 08 0519 6318 287235
8 L12405A_19 0520 6329 287.565
9 L12405A 07 0514 625 287.98
10 L12405A_02 0518 6272 288783
11 L12405A_11 0521 6306 289169
12 L12405A_23 0524 6329 289915
13 L12405A_14 0515 61,95 290819
14 L12405A_10 0515 6195 29096
15 L12405A_06 0521 6261 290968
16 L12405A_17 0512 61,51 291335
17 L12405A_25 0526 6306 291,467
18 L12405A_12 0517 6206 291714
19 L12405A_21 0513 61,51 291762
20 L12405A 24 0523 6272 291853
21 L12405A 04 0519 6206 29256
22 L12405A_22 0515 61,51 293,184
23 L12405A_30 0522 6228 293212
24 L12405A_13 0512 6098 293867
25 L12405A_18 0521 61,84 294,591
26 L12405A_15 0514 6098 295158
27 L12405A_03 0516 61,08 295391
28 L12405A_27 0526 6217 295842
29 L12405A_16 0513 6046 295994
30 L12405A_20 0523 61,84 296147
31 L12405A_05 0517 6038 296737

Probability of failure (Pf)

o
o

0,632

o
o

o
=

02
0,05

270 280

292,27
0 290

300

Fracture stress (MPa)

310

EN 1288

CHARACTERISTIC VALUE

5% PROBABILITY
OF FAILURE

MATERIAL TESTING

EN 16612

281.70 MPa
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PROPOSED WORKFLOW

BENDING STRENGTH

{ EN 16612 J
f — kmod * kSp * fg;k n kv(fb;k - fg;k)
d —
7 Ym;a Ymw
N
; 4 4 N N

characteristic value of
bending strength for
the surface of the glass panes

characteristic value of
bending strength of
annealed glass

material partial factor
for annealed glass

material partial factor
for surface prestress

strengthening factor

factor for the glass
surface profile

factor for
duration of load

[281.70MPO ] [ 45 MPa ] [ 1.8

) |

1.2

J |

1.0

J

1.0

| [

proposed values for ULS

horizontal toughening

(for vertical k =0.6)

as produced float glass
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PROPOSED WORKFLOW

[ EN 16612

[f _ kmod * ksp * fg;k n kv(fb;k - fg;k)]
da —
’ Ym;a Ymw
_ous
( ) N
0.29 { ] 0.90
204.50 MPa [209 50 MPGJ 219.75 MPa

BENDING STRENGTH
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ANALYSIS
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CURVED PANEL
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ANALYSIS

CONNECTED\
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PROPOSED WORKFLOW

CURVED PANEL

P —

LOGICAL COMBINATIONS

[ 2 PANELS ]

DESIGN COMBINATIONS
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PROPOSED WORKFLOW
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CONNECTION
RULES

cz,

cx,

cz,

<

Cz, - CL,

Cz, - C1,

Cz,-CL, &
C1,-CI,

L L L L

CX, - CX,

N

)

DESIGN COMBINATIONS
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PROPOSED WORKFLOW

CURVED PANEL COMBINED

W

COMBINATIONS
CONNECTION PRINCIPLES
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PROPOSED WORKFLOW

FLOAT GLASS CONNECTIONS

(

[ mechanica
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CONNECTION DESIGN
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PROPOSED WORKFLOW

ANALYSIS
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PROPOSED WORKFLOW

[ INITIAL DESIGN j

—

-

PARAMETERS

PANEL
DIMENSIONS

[ )
[ CURVATURE j

RADIUS

I

(N
MATERIAL

PRE-PROCESSING

[%]
—
m
-]
N
'R

STEP 2

—

BOUNDARY

CONDITIONS

[

i

PROPERTIES j SUPPORTS

CONNECTIONS

(
(

)
)

PRE-PROCESSING

—

LOAD CASES

PERMANENT
ACTIONS

)
e

LOADS

CALCULATIONS

[ ANALYSIS j

/—‘ﬁ

max

J\ CALCULATIONS

'
'
'

LIMITATIONS
[ STRESS j

FINITE ELEMENT METHOD

POST-PROCESSING

N

VERIFICATION ]

K—I_\

~— @@

INTERPRETATION

Lposr-mocessme -/
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PROPOSED WORKFLOW STR

ANSYS Workbench (2022 R2)

B E- Context B: Static Structural - ical [Ansys i i - 8 X

Home  Environment = Display  Selection  Automation  Add-ons Quick Launch ~D O
D x g EE Snamed selection [ Commands @)images~ _@_ @ Force @ @ Fixed C"“’ @ E @ Z E
I_ (=[] o] i« “has =

¥ Coordinate System [JComment [ Section Plane @,Moment | YV'* @ Frictionless

e
-
Duplltate Q Sovlve Anavrysls &, Remote Point Ll Chart [ Annotation Inevrtlal Lovads @, Pressure Su"fom @ Displacement Condvmans DF'EQ.“ I"('g:;fjtd;iﬂ?d Wrgﬁelnput Naf{,g:n,:“, Warksheet [{Graphy Tana‘:l:r
Outline Solvers Insert Structural Took Views

vi0X QA [@we % C -+ QAAAQ St kModer IR R P BB M ® '~ D & [ Clipboard~ [Empty] @ Extend~ 9. SelectBy~ @ Convert~ |

~ | Search Outline |~ .

{5} Solution Information
& Total Deformation

/@ Maximum Principal Stress
/@ Directional Deformation 3

Details of "Static Structural (B5)" v iox

(=l Definition

Physics Type Structural

Analysis Type Static Structural

Solver Target ical APDL
= Options

|| Environment Temperature | 22, °C

Generate Input Only [No

0,00 250,00 500,00 (mm)
I 0 ..
125,00 375,00

“w B O X | Tabular Data

Messages | Graph

ction & Metric (mm, kg, N, s, mV, mA) Deg
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PROPOSED WORKFLOW

fixed steel
element

movable steel
element
Galuppi and Riva (2022)

00 35000 700,00 (mm)
— - - v
175,00 525,00 0% 350,00 10800 )

175,00 525,00 2
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PROPOSED WORKFLOW

B: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 0

14/5/2023 9:51 mp

5,3702 Max
4,7735
41768
3,5801
2,9834
2,3867
1,7901
1,1934
0,59669

0 Min
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PROPOSED WORKFLOW

STRUCTURAL ANALYSIS
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PROPOSED WORKFLOW

0,00

100,00

200,00

300,00

400,00 (mm)

STRUCTURAL ANALYSIS
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PROPOSED WORKFLOW

1,5603
0,00459 Min

STRUCTURAL ANALYSIS

400,00 (mm) 0,00 200,00 400,00 (mim)
L EE—— ES—

100,00 300,00 100,00 300,00
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PROPOSED WORKFLOW

0,00

150,00

300,00

450,00

7

600,00 {(mm) A
7 x

150,00

STRUCTURAL ANALYSIS

600,00 (mm)

450,00
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PROPOSED WORKFLOW

GRASSHOPPER

ANSYS

DESIGN TO ANALYSIS
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PROPOSED WORKFLOW

[ GEOMETRY }

[ }

[ OPEN ANSYS }- -~

—————

[ RUN SIMULATION J

DESIGN TO ANALYSIS

RESULTS ]

VISUALIZATION ]
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PROPOSED WORKFLOW
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PROPOSED WORKFLOW

[ GEOMETRY

MATERIAL
PROPERTIES

[ THICKNESSES

]ﬁ
Jﬁ

—

CONNECTION
POINTS

SUPPORTS

LOADS

(
(L

ASSEMBLE MODEL

KARAMBA3D

I
|
I
I
1

NON-LINEAR ANALYSIS

1

LARGE

DEFORMATION ANALYSIS

[

DEFORMATION
LIMIT

)

DESIGN TO ANALYSIS

RESULTS

[

MAXIMUM STRESS
LIMITATION

l
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| PROPOSED WORKFLOW

I
|
I
I
1

PROPERTIES

. ’[ GEOMETRY H
KARAMBA3D

]
]
]
:
l [ MATERIAL
]
]
]
]
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]
]

NON-LINEAR ANALYSIS

N e { ASSEMBLE MODEL : RESULTS } _____

I

I

I

I
-
=
(9]
A
z
m
(%1
w
m
(%]

N

1

| LARGE
! DEFORMATION ANALYSIS

N
______________________ CONNECTION |/ DEFORMATION MAXIMUM STRESS
POINTS ) LIMIT LIMITATION
J

L LOADS JJ OPTIMIZATION i

f=0-E) % &) @) {a)

: ~
| [ SUPPORTS L
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COMPUTATIONAL TOOL

PRODUCT SPECS ----
MECHANICAL
PROPERTIES THICKNESSES

i

P5 PRESENTATION 55



BEHEEDEE

COMPUTATIONAL TOOL

PRODUCT SPECS R
MECHANICAL
PROPERTIES

MIN. - MAX.
WIDTH

MIN. - MAX.
HEIGHT

THICKNESSES

MAXIMUM ARC
DIMENSIONS

RADIUS

il

CHORD

A
C

DEPTH

!

P5 PRESENTATION

56



a)- (O} ([F) {8}

@) (#) (7B}

COMPUTATIONAL TOOL

PRODUCT SPECS R
MECHANICAL
PROPERTIES

MIN. - MAX.
WIDTH

MAXIMUM ARC
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RADIUS

CHORD I

)

DEPTH

G
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BEHEEDEE

COMPUTATIONAL TOOL
MAXIMUM ARC
DIMENSIONS
RADIUS
CHORD |
MIN. - MAX.
PRODUCT SPECS . -
MECHANICAL
- I
PROPERTIES THICKNESSES

MIN. - MAX.
WIDTH

)

G
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COMPUTATIONAL TOOL

G

PRODUCT SPECS R
MECHANICAL
PROPERTIES

im
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HEIGHT
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MAXIMUM ARC
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COMPUTATIONAL TOOL
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COMPUTATIONAL TOOL
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HEIGHT

MAXIMUM ARC
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COMPUTATIONAL TOOL

PRODUCT SPECS R
MECHANICAL
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=
DIMENSIONS
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CASE STUDY
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10 3.000000.1.561739.156.061757.0.993680.2.000000
10 0.000000.1.594195,115.866094.0.010420.2.000000
10 3.000000.0.014487.65.681603.0.206468.2.000000
10 1.000000.0.032879.77.908843.0.521721.2.000000
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CONNECTION PRINCIPLES

Ay

CONNECTION DESIGN

bolt to

secure cable
escape hole
/for adhesive

~

cable hole
(allows for movement)

tension cable

/

infill hole
for adhesive
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CONCLUSIONS

GLASS DESIGN INVOLVES KNOWLEDGE
FROM DIFFERENT FIELDS

LIMITED AMOUNT OF RESOURCES ON THIN GLASS }

NEW AND MORE COMPLEX
ARCHITECTURAL VOCABULARY

COULD BE UTILIZED IN A VARIETY OF APPLICATIONS ]

ADDRESSES THE BASICS OF A DESIGN
WITH COLD BENT PANELS

INCORPORATES STRUCTURAL ANALYSIS

COULD BE UTILIZED IN DIFFERENT FIELDS

----- { PROMISING RESULTS ]
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[MORE DESIGN OPTIONS} ---------- ‘

»
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ANNEX

Action Value Units Load duration Kmad
Live load 1.0-2.0 30 min 0.69
Variable (short-term) Wind gusts 0.58 —0.68 N/ 5 sec (orless) 1.0
1 -
Wind 0.51 10 min equivalent 0.74
Seismic
Self weight kN/m?2
Permanent
Permanent Dead loads 00-1.0 kN/m?2 0.29
(50 years)
Dead load (point) kN
o .
© Yo | permanent actions 1.35
o 8
zZ 3
E Yo | Vvariable actions 1.5
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LOAD CASES

Exterior structure

Interior structure

ULS FQP

1.35 % Fweight + 1.5 Fwind

1.35 * Fyeighe + 1.5 * (Fying + Fiive)

Ye * Fweight + yQ * Flive

ULS IF

1.35 * Fyeighe + 1.5 * (Fying + Fiive)

1.35 % Fyeigne + 1.5 * Fiipe

SLS FQP

1.0 = Fweight + 1.0 * Flive + 0.5 * Fwind + 0.5 * Ft10
* Fweight + 1.0 = Flive + 0.5 * Fwind + 0.5 * Ft 1.0
* Fweiaht +1.0+ Flive

SLS IF

1.0 = Fweight + 1.0 * Flive + 0.5 * Fgusts + 0.5 * Ft

1.0 = Fweight + 1.0 * Fijpe
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PROTOTYPE

B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top/Bottom
Unit: MPa

Time: 15

5/6/2023 9:41 T

1,2269 Max
1,0005
0,95422
0,8179
0,68159
0,54527
0,40895
0,27263
0,13632
7,302e-7 Min

0,00 600,00 (mm)

150,00 450,00
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B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top/Bottom
Unit: MPa

Time: 15

10/6/2023 3:12 pp

1,3319 Max
1,1839

1,0359
0,387
0,73995
0,59196
0,44397
0,20598
0,14799
7.214e-7 Min

600,00 (mm)

150,00 450,00
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Crystal Palace
https://www.archdaily.com/397949/ad-
classic-the-crystal-palace-joseph-
paxton/51d4964db3fc4b9e0f0001 cf-ad-
classic-the-crystal-palace-joseph-paxton-

Image

Steve Jobs Theater
https://www.archdaily.com/879278/apples-
steve-jobs-theater-set-to-take-center-stage-
ahead-of-new-produci-
launch/5%9b16bc0b22e38f895000312-apples-

steve-jobs-theater-set-to-take-center-stage-
ahead-of-new-product-launch-photo

Samsung Galaxy Z Flip
https://wccftech.com/galaxy-z-flip-ulira-
thin-glass-for-other-foldables/

Schott Xensation
https://www.schott.com/es-
es/products/xensation-p1000336/technical-
details

GIF IMAGES

hitps://metropolismag.com/projects/so-il-
hong-kong-
museum/eutm_source=Main+List&utm_camp
aign=51bb767abb-

EMAIL_ CAMPAIGN 2019 01 _02&utm_mediu
m=emdail&utm_term=0_ceb057ffeé-
51bb767abb-
290183553&mc_cid=51bb767abb&mc_eid=0
6d082f0al

https://www.dezeen.com/2015/08/03/patters
ons-associates-len-lye-museum-new-zealand-

folded-mirrored-
facade/2utm _medium=email&utm_campaig

n=Daily+Dezeen+Digest&utm_content=Daily
+Dezeen+Digest+CID_1blbc9d67588576f6509
9efe808167f278&utm_source=Dezeen+Mail

https://www.archdaily.com/9263909/shinhan-
ex-pace-atelier-ki-jun-kim-plus-studio-in-loco
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