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Introduction

Cost distribution of a standard concrete element
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Introduction

Cost distribution of a non-standard concrete element
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Introduction

Cost distribution of a non-standard concrete element
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Introduction

Rolex Learning Center, Lausanne — SANAA (2011)

o

-

P5 Presentation
Sustainable Design Graduation

10

Source: Lausanne Tourisme, n.d. photograph,
viewed 20 January 2019, <https://www.lausanne-
tourisme.ch/en/P10671/the-rolex-learning-center>.
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Introduction

Construction of the Rolex Learning Center

Weilandt, Grohmann, Bollinger, and Wagner (2009)
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Concept

Classic concrete filling process Set-on-demand concrete filling process

Ulrich (2017)
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Research question
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Can 3D printed, thin-shell formwork be used to fabricate
full-scale, non-standard, structural, concrete columns?
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Experiments & Results

PHASE |
EXPLORATIONS

+ Proof of concept
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PHASE I
SCALE-UP

« Integration of
reinforcement

« Large scale 3D printing

- Formwork pressure
resistance

« Concrete temperature
development
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Experiments & Results

PHASE |
EXPLORATIONS

+ Proof of concept
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Phase I: Explorations

Branching column fabrication

Height 1600mm
Layer height 1.2mm

Vertical build rate 4mm/min
Fabrication time 8 hours

Volume 100L

Simultaneous fabrication



Phase |: Explorations

Formwork removal



Research methodology
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Research methodology
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Fabrication setup

P5 Presentation
Sustainable Design Graduation




Fabrication setup
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Fabrication setup
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| Filament
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Fabrication setup

P5 Presentation
Sustainable Design Graduation

oncrete
pumping



Fabrication setup

Accelerator
injection

Retarded
concrete
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Fabrication approaches

Simultaneous fabrication
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@ simultaneous concrete filling

@ adding modular rebar cage

@ 3d printing shell formwork
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Fabrication approaches

Consecutive fabrication
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Fabrication approaches

Consecutive fabrication
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Fabrication approaches

Consecutive fabrication
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Digital design and control

Standard 3D printing workflow
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Digital design and control

Robotic 3D printing design and fabrication workflow
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Experiments & Results
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PHASE Il
SCALE-UP

« Integration of
reinforcement

« Large scale 3D printing

- Formwork pressure
resistance

- Concrete temperature
development

PHASE il
CASE-STUDY
» Design
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Phase ll: Scale-up

Basler & Hofmann case study
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Phase ll: Scale-up

Basler & Hofmann case study
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Phase ll: Scale-up

Basler & Hofmann case study
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Phase ll: Scale-up

Starting point
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Phase ll: Scale-up

Challenges
R
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Phase ll: Scale-up

Integration of reinforcement

-

REINFORCEMENT
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Phase ll: Scale-up

Integration of reinforcement
/l Simultaneous fabrication
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Phase ll: Scale-up

Integration of reinforcement
/l Consecutive fabrication
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Phase ll: Scale-up

Integration of reinforcement
I/l Conclusions

« Fabrication of reinforced columns using consecutive fabrication is feasible.
« Highly dependent on concrete properties.
» Geometric limitations because of reinforcement
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Phase ll: Scale-up

Challenges of large-scale 3D printing
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Phase ll: Scale-up

Large scale 3D printing
/I No pattern
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Phase ll: Scale-up

Large scale 3D printing
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Phase ll: Scale-up

Large scale 3D printing

i

P5 Presentation
Sustainable Design Graduation

48

5
TUDelft



Phase ll: Scale-up

Large scale 3D printing

IMARAR A
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Phase ll: Scale-up

Large scale 3D printing
// Undulated zigzag pattern

|




Phase ll: Scale-up

Patterns

no pattern
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undulated zigzag pattern
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Phase ll: Scale-up

Patterns

undulated zigzag pattern diamond grid pattern
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Phase ll: Scale-up

Large scale 3D printing
// Conclusion

» Layer delamination is caused by shrinkage in the longitudinal direction of a layer.
« When the length of a straight line is too long (>30mm) layer delamination is likely to occur.

« Layer delamination can be avoided by creating an undulated pattern.

[ ‘V Tair: ZOOC

\ T 210°C
( ) Tt ayer: T4 70°C
( )
: : :
( ) Tcool_layer: 20°C
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Phase lll: Case-study

Challenges
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Phase ll: Scale-up

Formwork hydrostatic pressure resistance
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Phase ll: Scale-up

Formwork hydrostatic pressure resistance

- 15° - 25°
- 35° - 45°
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Phase ll: Scale-up

Formwork hydrostatic pressure resistance

. S, Mises
S, Mises SNEG, (fraction = -1.0)
SMEG, (fraction = -1.0) (Avg: 75%)
(Avg: 75%) +2.313e+00
+2.042e+00 +2.122e+00
+1.873e+00 +1.932e+00
+1.703e+00 +1.741e+00
+1.534e+00 +1.551e+00
+1.365e+00 +1.360e+00
+1.195e+00 +1.170e+00
+1.026e+00 +9.792e-01
+8.566e-01 +7.888e-01
+6.8738-01 +5.983e-01 1 25 M Pa
+5.179e-01 1 11 M Pa +4.078e-01 .
+3.486e-01 . +2,173e-01
+1.792e-01 +2.687e-02
+0.862e-03 Ak
o
15°
S, Mises
S, Mises SNEG, (fraction = -1.0)
SNEG, (fraction = -1.0) (Avg: 75%)
(4vg: 75%) +2.775e+00
+3.081e+00 +2.546e+00
+2.827e+00 +2.317e+00
+2.573e+00 +2.088e+00
+2.319e+00 +1.859e+00
+2.065e+00 +1.630e+00
+1.811e+00 +1.401e+00
+1.557e+00 +1.172e+00
+1.303e+00 +9.432e-01
+1.049e+00 +7.142e-01
+7.951e-01 +4.852e-01
+5.411e-01 +2.562e-01
+2.871e-01 +2.719e-02
+3.316e-02

35° 45°
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Phase ll: Scale-up

Formwork hydrostatic pressure resistance

/I Conclusion

« To match models with physical performance more research is needed.
« When simulating overhang, a reduction in structural performance should be taken into account
« Simulation can give an indication of structural performance under hydrostatic loading.
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Phase ll: Scale-up

Challenges
R
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Phase ll: Scale-up

Temperature development of hydrating concrete

/Il Experimental setup

« 3D printed formwork
« 10 thermocouples

« Total volume

* Filling rate

« Totalfilling time

« Hydration time

« Maximum liquid concrete
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Phase ll: Scale-up

Temperature development of hydrating concrete

Temperature during hydration
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Phase ll: Scale-up

Temperature development of hydrating concrete 59.5 degrees, 7:45 hours

Temperature during hydration
70

60

50

=) —_

gL 'I‘“

g 40 —3
v
: 4
3
g —_5
[}
£
30 —_b
8
_T7
—3
20 —9
—10
10
0

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 11.0 115 120 125 13.0 135 140 145 150 155 16.0 165 170 175 180 185 19.0 195 20.0

Time (h)

P5 Presentation ] R
Sustainable Design Graduation 63 TUDelft R_S_,RC



Phase ll: Scale-up

Temperature development of hydrating concrete
I/l Conclusions

* High temperatures are reached within the concrete because of the
large mass and high cement content.

« High temperatures could cause cracks and lower final
compressive strength of the concrete.

« Temperature can be reduced by lowering cement content,
reducing the mass or applying active cooling.
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Phase ll: Scale-up

Connection detall
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Phase lll: Case-study

Timber — concrete interface
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8 fins in concrete

perpendicular fins
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Phase lll: Case-study

Timber — concrete interface
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Phase lll: Case-study
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Conclusions

« Thin-shell formwork is feasible for the production of full-scale, structural columns.

« A formwork to structure weight ratio of 1:100 can be achieved.
» Reinforcement is a limiting factor in geometric freedom.
« 3D Printing, material processing and reinforcement all need to be synchronized.

« Portion of costs spend on formwork is much lower compared to existing methods.
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Conclusions

CNC-milled formwork

Concrete materials
(4%) Formwork labour

'/ )

\\—Formwork materials
(73%)

Concrete labour (5%

Reinforcement_
Materials (1%)

Reinforcement labour
(2%)
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Eggshell formwork

) Formwork labour
Concrete materials (5%)

(13%)

Formwork materials
(9%)

Reinforcement labour
(21%)

Concrete labour
(42%)

Reinforcement
Materials (9%)
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Outlook

« Alternative materials

* Recycling of shell formwork
» Alternative reinforcement

* Feedback during fabrication
« Digital concrete casting

* Improved design tool
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Phase I: Explorations

Synchronizing printing speed, pumping rate and material fluidity
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Formwork costs
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Formwork labour (5%)
Formwork materials (9%)
Reinforcement labour (21%)
Reinforcement Materials (9%)
Concrete labour (42%)
Concrete materials (13%)

TOTAL

CHF %
132
235
528
218
1056
330

2499

5%
9%
21%
9%
42%
13%

5 GRAMAZ
TUDelft R.S_,RC



Phase ll: Scale-up

Large scale 3D printing
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