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Reconstruct?
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- = - ; Glass roof structure (Castle Ruurlo). Retrieved.from Verlaan&Bouwstra (2013).
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Cast glass facade for the Chanel Crysta L )
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To what extent can a historical masonry arch vault be reconstructed by
using cast glass components?
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Heritage

- Strategies
- Limitations
- Properties limestone
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Cast glass arch vaults

Glass Technology Arch vault structure
- Types & Properties - Geometry of the arch
- Manufacturing method - Forces

- Geometry - Traditional construction

- Moulds

- Annealing

- Quality & risks
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Cast glass in structures

- Substructures

- Adhesive connections

- Interlocking/ Dry-assembly
- Interlayer
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Understanding heritage
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Understanding Minimalizing Maximizing Analyzing
history intervention reversibility finance
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‘Restore the heritage as
originalV’

‘Adjust the heritage to
the needs of today!

Even when new
technology is needed’
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Understanding masonry vaults
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Strength Stiffness Stability
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Compression only Tensile stress by forces No sliding failure
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Construction order of a cathedral’s rib vault. Retrieved from Stéver (n.d.) and Courtenay (1997).
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Understanding structural glass
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Properties Unit Soda-Lime glass Borosilicate Glass Lead Silicate glass Limestone (average)
Densitiy 103 kg/m3| 2.5 2.2-2.5 2.8-2.9 2.55-2.6

Young's Modulus Gpa 68-72 61-64 53-64 35-55

Compressive Strength Mpa 300-420 260-350 230-1370 30-200

Tensile Strength MPa 30-35 22-32 23-137 8-22

Thermal Expansion Coef. [107¢ K’ 8.5-9.5 3.2-4 9.1 3.7-6.3

Thermal Conductivity W/m°C 0.9-1.1 1.1-1.3 0.9-1.3 0.92-2.15

Porosity % 0 0 0 0.006-0.12
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(incl. Anneal soak)
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Annealling process

o b

Initial Cooling ) 2nd Cooling ) Final Cooling Quality
(from annealing point (From strain point (From 50°C check
till strain point) till 50°C) tl|| room temp.)
Thickness (mm) 12 19 25 38 50 62 75| 100| 150, 200
Min. Time (hours) 5 9 14 28 47 70 99| 170, 375| 654




Risk Reduce Fragmenting Redundancy
assessments element size
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Understanding cast glass In structures
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Researched interlocking systems by Oikonomopoulou. Retrieved from Oikonomopoulou (2019).

Dry-assembly interlocking glass bridge structure. Retrieved from Aurik, Snijder, Noteboom, Nijsse, & Louter (2018).
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Design process
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One rib vault No interference Cast glass
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Interlocking Production

Interlayer

Organic shape

Simple & organic

Compression >20Mpa

ll-

Max. 25kg

Tolerance
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Creep, water & fire
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Limit moulds

Height<width

o5

Flexible & transparent
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Transverse arch
(Glass)

Diagonal arch
(Glass)

Original Transverse arch
(Limestone)

Transverse ridge

Window arch

2. Component design 3. Keystone design 4. Web design

. Springing
5. Connecting
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(Glass)

Diagonal arch
(Glass)

Original Transverse ar
(Limestone)

Transverse ridge

Window arch

2. Component design 3. Keystone design 4. Web design

. Springing
5. Connecting
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In general
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Dimension section (mm)

Deflection (mm)

Stress (N/mm?)

2

Variant| Bottom Top Allowed Simulatedmax Glass Glass 51 52 S3
Compres. mex Tensile max | Compres. mex Tensile mex| Compres. max Tensile max | Compres. max Tensile max

Current| 600x 600 600 x 600 100 0,42 260 22 1 10 3 1 15 1
1 600 x 600 300 x 600 50 0,31 260 22 0 2 0 0 2 0
2 300 x 600 300 x 600 50 0,84 260 22 1 5 2 2 5} 1
3 150 x 600 150 x 600 25 11 260 22 10 33 27 17 44 8
4 50 x 600 50 x 600 8 9 260 22 44 236 62 76 182 61
5 250 x 600 150 x 600 25 3,7 260 22 3 16 -7 Fi 19 3
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Dimension section (mm)

Deflection (mm)

Stress (N/mm?)

Variant| Bottom Top Allowed Simulatedmax Glass Glass 51 52 S3
Compres. mex Tensile max | Compres. mex Tensile mex| Compres. max Tensile max | Compres. max Tensile max
Current| 600x 600 600 x 600 100 0,42 260 22 1 10 3 1 15 1
1 600 x 600 300 x 600 50 0,31 260 22 0 2 0 0 2 0
2 300 x 600 300 x 600 50 0,84 260 22 1 5 2 2 5} 1
3 150 x 600 150 x 600 25 11 260 22 10 33 27 17 44 8
on v e00 ©n v 500 g s 260 273 it} 236 2] 75 182 g1
Ii 250x 600 150 x 600 25 3,7 260 22 3 16 -7 7 19 3 |

2
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Transverse arch
(Glass)

Diagonal arch
(Glass)

Original Transverse arch
(Limestone)

Transverse ridge

Window arch

omponent design 3. Keystone design 4. Web design

. Springing
5. Connecting
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(Original situation) (Reducing material) (Tessellating section)
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Step 2
(Tessellating section)

600mMmm 600mm
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A
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60mm A 60mm 0

600mm
600mm

60mm
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Variant 1 (Straight)

Section

Step 3
(Interlocking section)

Variant 2 (Tetris)

[

Section
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Variant 3 (Teeth)

[ L

Section
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Variant 4 (Curves)

N

Section




Variant 1 (Straight)

Step 3
(Interlocking section)

Variant 2 (Tetris)

Variant 3 (Teeth)

Variant 4 (Curves)

Section

Section
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Section
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Variant 2

Variant 1 Variant 4

Variant 3

Variant 5 : Variant 6




Step 3

Variant 4 Variant 6

Number of moulds 4 4

Weight smallest component 11,3 kg 12,5 kg

Weight biggest component 56,1 kg 42,5 kg

Similar to original lay-out? Yes, longitudinal component No, square components
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Step 3
(Interlocking section)

Variant 4 Variant 6

Number of moulds 4 4

Weight smallest componerit 11,3 kg 12,5 kg

Weight biggest component 56,1 kg 42,5 kg

Similar to original lay-out? Yes, longitudinal component No, square components

49 Design phase



Step 4
(Fixing components)

Variant 1 (Fixed) Variant 2 (Push back) Variant 3 (Compression)
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Cross section Cross section Cross section
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Variant 1 (Fixed)

Step 4
(Fixing components)

Variant 2 (Push back)

Variant 3 (Compression)
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1. No sharp corners
(Inside the mould)

7

<>

7

Y

2. Easy assemble and disassembly
(For removing the glass element)
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3. Adjustable part - Angle 0° to 2°
(to meet the curvature of the arch)

Design phase
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4. Clear opening to pour the glass
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600mm

Prototype

Cross section

Transverse arch

1 2 4 top
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Adjustable plate

N~

Wooden base plate
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Prototype

Background
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Cross section
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Final design
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Transverse arch
(Glass)

Diagonal arch
(Glass)

Original Transverse arch
(Limestone)

Transverse ridge

Window arch

2. Component design Keystone design 4. Web design

. Springing
5. Connecting

60 Design phase



Original

600mm

Rib vault of the Notre Dame de Paris. Retrieved from Shaw (2019)

(e Design phase



Variant 1 (Follow original)

Variant 2 (Original + material saving)

Variant 3 (Extend to arches)

S
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Variant 1 (Follow original)

Variant 2 (Original + material saving)

Variant 3 (Extend to arches)

S
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Variant 1 Variant 2 Variant 3 Variant 4
(Complete glass) (Glass + Steel reinforcement) (Traditional limestone) (Modern materials)
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Variant 1 Variant 2 Variant 3 Variant 4
(Complete glass) (Glass + Steel reinforcement) (Traditional limestone) (Modern materials)
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Reduce
annealing time

\

Increase
safety
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Variant 3 (Overlapping joints)

_Variant 2 (Arch Iay-out)

Variant 1 (Equal)“

topview

uole||assal

Variant 4 (Corner pipes)

Variant 3 (Solid contour)

Variant 2 (Honeycomb)

Variant 1 (hollow)
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IS this the best solution?
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Variant 1 Variant 2 Variant 3 Variant 4
(Complete glass) (Glass + Steel reinforcement) (Traditional limestone) (Modern materials)
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Variant 1 Variant 2 Variant 3 Variant 4
(Complete glass) (Glass + Steel reinforcement) (Traditional limestone) (Modern materials)
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Transverse arch
(Glass)

Diagonal arch
(Glass)

Original Transverse arch
(Limestone)

Transverse ridge

2. Component design 3. Keystone design 4. Web design

. Springing
5. Connecting
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Top view

Variant 1 (per component)

w9

Running bond

wg

v
A

(Bunsixe) yare auo1saw

Limestone arch (existing)

Limestone arch (existing)

(Bupsp@) e sucssw]

Design phase

72



Variant 1 (per component)

Top view

Limestone arch (existing)

Limestonearch (existing)

Limestone arch (existing)

Limestone arch (existing)

Limestone arch (existing)

Limestone arch (existing)

12m

Running bond Basketweave bond Herringbone bond
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Moroccan Cross Fish scales Hexagon
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Cast glass plate vs float glass plate
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Cast glass: Float glass:

e Custom made e Standardized process
* Single plate = No safety * Lamination = increase safety factor
* Big mould * Engraved patterns
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https://www.nathanallan.com/our-products/willow-architectural-cast-glass/

Curvature original web Float glass dimentions

Limestone arch (existing)
%
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X 25mm

Limestone arch existing)
¥ A

. T * > » - * 2
1 ey u

2m

Transport Crane
Fixed crane Flexible mini crane

15—0l

“" Max. lifting weight: 10.000kg Max. lifting weight: 2.500kg
'l Lifting height: 60m or more Lifting height: 15m
Location on site: Outside Location on site: Inside
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Top view

Variant 4 (Plate)
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Top view

Variant 4 (Plate)
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Limestone arch (existing)

Limestone arch (existing)

A
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Limestone arch (existing) 1 ’) ’2
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Limestone arch (existing) Y /
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Dimension section (mm) Deflection (mm) Stress (N/mm?)
Variant | Thickness Plates Allowed Simulatedmax Glass Glass S1 S2 S3
Compres. msx Tensile mex Compres. max Tensile max | Compres. vax  Tensile max |[Compres. max Tensile max

1 30 10-10-10 5,00 2,39 300 30 0,00 4,38 0,15 0,89 1,43 0,00
2 24 8-8-8 4,00 3,25 300 30 0,00 5,06 0,23 1,04 1,68 0,00
3 20 6-8-6 3,33 4,17 300 30 0,00 5,64 0,30 1,16 1,95 0,00
4 22 8-6-8 3,67 3,66 300 30 0,00 5,34 0,26 1,09 1,81 0,00

m




Limestone arch (existing) 1

Limestone arch (existing)
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Limestone arch (existing)
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Limestone arch (existing)

Limestone arch (existing)
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Dimension section (mm) Deflection (mm) Stress (N/mm?)
Variant | Thickness Plates Allowed Simulatedmsx Glass Glass S1 S2 S3
Compres. msx Tensile mex Compres. max Tensile max | Compres. vax  Tensile max |[Compres. max Tensile max
1 30 10-10-10 5,00 2,39 300 30 0,00 4,38 0,15 0,89 1,43 0,00
|2 24 8-8-8 4,00 3,25 300 30 0,00 5,06 0,23 1,04 1,68 0,00
3 20 6-8-6 3,33 4,17 300 30 0,00 5,64 0,30 1,16 1,95 0,00
4 22 8-6-8 3,67 3,66 300 30 0,00 5,34 0,26 1,09 1,81 0,00
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Clamp Embedded

Adhesive

— ey ——— —

(a) (b) (c) (d) (€)

(H) (&)

Scheme of connection used in structural glass applications - clamped (a), bolted (b), bolted with countersunk bolt (c), hybrid with countersunk
bolt (d), adhesive (e), embedded with thick insert (f) and embedded with thin insert (g). Retrieved from Bedon and Santarsiero (2018).
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Variant 5 (adhesive)

Variant 6 (adhesive)

Interlayer Bolt Metal plate
Glass web Interlayer
Ahesive metal
= connector

Metal connector

Laminated adhesive

Glass panel

82

Glass web

Interlayer

Bolt

———Metal ring
— Embedded metal

connector

Adhesive connection. Retrieved from Bedon and Santarsiero (2018).
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Variant 5 (adhesive)

Variant 6 (adhesive)

Glass web

Bolt

Interlayer Metal plate
Interlayer
Ahesive metal
------ connector

\

Metal connector

Laminated adhesive

Glass panel

83

Interlayer

Bolt

%Metal ring
— Embedded metal

Glass web

connector

Adhesive connection. Retrieved from Bedon and Santarsiero (2018).
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Transverse arch
(Glass)

Diagonal arch
(Glass)

Original Transverse arch
(Limestone)

Transverse ridge

Window arch

2. Component design 3. Keystone design 4. Web design
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Interlayer Visual
possibility effect

s ©

85

Labor
intensity

A
l!\

Design phase



Variant 1 Variant 2 Variant 3 Variant 4
(Dry-assembly per component on (Adhesive bonding per component :sive bonding at manufacture (Adhesive bonding at manufacture
location) on location) + on location) + dry-assembly on location)
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Variant 1 Variant 2 Variant 3 Variant 4
(Dry-assembly per component on (Adhesive bonding per component :sive bonding at manufacture| (Adhesive bonding at manufacture
location) on location) + on location) + dry-assembly on location)
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Final design
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Limestone connection with the heritage
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Glass arch connector with limestone
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Glass component 1

Final design

Design phase
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Glass component 1

720mm
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T4

120mm
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—e Borosilicate cast glass
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Borosilicate cast glass
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Glass component 1 & 2
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Keystone

Hydraulic

support
Hydraulic Hydraulic
support support

Abstract
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Limestone arch (existing)

Limestone arch (existing)

Limestone arch (existing) 1
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Limestone arch (existing)

Limestone arch (existing)
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How to produce?
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Permanent mould

—d

W

Phase *+ Base blate
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Phase -

Slide in the fixed walls
based on the guides.
Fixate the walls with
screws from below.
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Phase « Place the adjustable
walls.
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Phase « Place the rails where
the adjustable parts are
connected with the fixed

wall.
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Install the adjustable wall with the rotating elements on both

sides required on the angle of the arch.
* Apply powder in the mould.
+ Mould is ready for casting glass.
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Adjustable plate

NS

Base plate
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How to transport?
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Final design
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How to assemble?
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Temp.
support
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Limestone
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Keystone
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Connect
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Done
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Final design



Final design



Conclusion
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To what extent can a historical masonry arch vault be reconstructed by
using cast glass components?

Background



Full cast glass vault structure...



...at what cost?



Complex Assembly _Labor
production risks Intensity
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Budget
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Another option...



Permanent/ Prefab Combine materials/ Mimic
temporary manufacturing process patterns

E $

¢
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* Time & Software
* Interlocking

* Parametric design
* Covid-19

* Future research
* Interlocking system simulations (different forces)
* Keystone
* 3D printed glass for interlocking elements
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Researched interlocking systems by Oikonomopoulou. Retrieved from Oikonomopoulou (2019).

Dry-assembly interlocking glass bridge structure. Retrieved from Aurik, Snijder, Noteboom, Nijsse, & Louter (2018).

e Height<width

Connector
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Sliding resistance of an interlocking block in an arch. Retrieved from Casapulla et al (2019).
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Variant 3 (fixed) | Variant 4 (fixed)
Interlayer Steel connection Interlayer Embeded bolt
; Glass web el

Glass web

Reference connection of a steel structure.
Retrieved from Architectureartdesign (n.d.).

Reference connection of a bolt.
Retrieved from Trombe (n.d.).
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Glass component with interlocking
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