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Current practice in construction

Timber is becoming a
more popular material

 Positive ecological footprint

EOC City of freemen’s school swimming pool, 2018)
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Waste problem

Annually 1.740.000.000 kg waste

(Bruggen & Zwaag, 2017)
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Equivalent of 500 fully loaded barges



Recycling process
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Waste stream
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Bottlenecks for reuse
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Shift in design thinking,
Discrete design
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Discrete design

“By combining a set of parts, a bigger building block can be created which can evolve into any type of structure.”

1. Start with one unit 2. Create pattern 3. Add a joint 6. Four orientations to create a geometry
o
% T %,
@ V4
0
= =
O s
ﬁ
2
4. Change the orientation of ending unit 5. Continue pattern

N

Flexibility | Geometric freedom | Great complexity



z S . Reversible timber beam
The Tallinn pavilion The Sequential Roo SDU Create group, Denmark, 2021
Pizza Robot Gilles Retsin, London, 2017 Gramazio Kohler Research, Switzerland, 2016 =

Gilles Retsin, 2018

Recon timber slab
SDU Create group. Denmark, 2023

Plexus - - o F Coeda House
Studio Symbiosis, India. 2021 i th .Sklllﬂl_m Office Kengo Kuma, Japan, 2017
= < L AA Visiting School. Studio RAP. Netherlands, 2017
Switzerland. 2018

Diamonds House Circular Experience Reconfigurable modular tim- Topology optimized bridge

Gilles Retsin, 2015 Studio Rap, The Netherlands, 2019 ber grid (RMTG) SDU Create group, Denmark. 2019
Hao Hua et al. China, 2022
Highly architectural Highly Structural
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. Conceptual systems . Self-supporting systems @ Load-bearing element 13



Design assignment

Design and build a portal frame generator

Analyzation of both horizontal and vertical elements
subjected to bending moments in joints

- -

E— .
- -
7 N 11 —Aa

14



Research aim

“Creating a tool that is able to generate a structural system using reclaimed timber that can support a more efficient,

circular and transformable form of architecture.”

Proof of concept for construction industry:
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Circular life-cycle

Better structural
understanding

Spark new ideas

Reduce virgin material
consumption
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What is a structural efficient structure?

Bending moment

Utilisation
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Structural efficiency
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Identified problems

1. Efficient matching 2. Efficient structure

_ N L

Efficient = minimizing cutting losses and material consumption

“Efficiently matching parts manually is a nearly impossible task that can take days or even weeks and requires an
algorithmic design approach”
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Research gquestion

How can programming be utilised to create a discrete structural system using reclaimed timber parts
that maximizes efficiency and adaptability but minimizes the need for virgin materials in construction?
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Variable stock of Matching of Discrete Structural

reclaimed timber pieces structural design optimisation
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Research scope
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Assembly
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“The graduation project will start with the assumption that timber is collected, scanned sorted and inputted in a database. The
database can be linked to a computational tool which generates a structure from waste wood.”
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Reclaimed timber database

Waste wood in Netherlands

Companies
Municipal yards

Other @

Construction

Framework (22%) Purlin (19%)

41% Lengths 300 - T000mm Lengths 500 - 1500mm
Widths 38 and 44mm Widths 50, 65, 70 and 75mm
Heights 70 - 150mm Heights 150 - 220mm

—>

HUDD UD

Varying heights and widths Varying lengths

Selecting especially short pieces to enlarge
reuse potential

BURL

Varying strength grades
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Structural design
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Design Criteria

awnwap

Reversible joints

+ —

t

Strength grade
matching
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k1

Minimize
modifications

Ductile system

Circular and
adaptable

Efficient, safe,
stiff and strong
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Design alternatives

Stock

Local geometry
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Local connections
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Kit-of-Parts
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Rectangular
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Running rectangular
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External links

Shear keys

Binders

Plywood cage
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Local connection
Cross-sectional view

Optimised section without composite behavior Optimised section with composite behavior
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L ocal connection

3D exploded view

main member

M10 steel bolt

plywood link 25mm

spacing block

plywood spacer in oversized
milled slot
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Circular vision

Reclaim wood
Dispose % Select pieces
o
il Re-match
Match
Dismantle

Optimise structure
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Circular vision

Dispose
|'%-| Reclaim wood
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eate material passport
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Modular system

Side view of part

Default dowel spacing

Length multiple of 50mm
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The modular part

Top view

standard pattern
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Dowel pattern

Top view of layers
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Algorithmic development
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Overview of the workflow

Dischard small cut-offs
Return large cut-offs to stock 4
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. Loading stock - 2. Select pieces 3. lteratively fill volume /" 4. Reconfigure based on strength
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5. Translate 3D compostion to line 6. Position and connect elements 7. Finite element analysis 8. Remove exessive parts
based structural model
. =
- # 1
- k | ——
A | a
L

al

Post proccessing
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9. Send used pieces to new database for future rematching 10. Detailed structural and geometry analysis
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Overview of the workflow

Dischard small cut-offs
Return large cut-offs to stock 4

- . - - f

. Loading stock - 2. Select pieces 3. lteratively fill volume /' 4. Reconfigure based on strength
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5. Translate 3D compostion to line 6. Position and connect elements 7. Finite element analysis 8. Remove exessive parts
based structural model
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Iterative matching of pieces in design domain
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One dimensional combinatorial problem solving

Cross-sections (1 and 2) and side view (3)

Min. 50mm P
IIII @
I I I I I I @@ Dynamic programming algorithm
23 'f l l
I 21I

C=3 C=4 —
Variable start pomr when inventory is B.|0.CkS used = 24
not diverse enough, C-1. Filling rate avg. 95-99%

v 1 T 1 r°r 1 1T %

+

1. Y-direction 2. Z-direction 3. X-direction
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Dynamic matching performance
Effect of stock sizes

« Abundant stock « Limited stock * Limited stock « Limited stock
* Lengths 300 - 1000mm * Lengths 500 - 1000mm * Lengths 800 — 1000mm * Lengths 900 - 1000mm

5%
1% 1% 3% % :
°m% 99% 96% 92%

BMusedparts Mcutforwaste MBcutforreuse
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Strength optimisation by reconfiguration of pieces
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Placement of pieces without optimisation
Front view of horizontal member

Strength classes of timber
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Placement of pieces with optimisation

Front view of horizontal member

Principal stress-lines

Strength classes of timber

C30
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Placement of pieces with optimisation

Front view of horizontal member

Principal stress-lines

Strength classes of timber

G30

G

21% gain in strength
34% gain in stiffness
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Aggregated elements

Element A Element B

Element C
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Moment connection in structural model
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Connection alternatives
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Diagonal plywood
stiffeners

Bolted connection
Enlarging section

Insufficient rotational High material consumption

stiffness

Steel connections

Treaded steel rods, Treaded steel rods, Steel bracket
vertically inserted inserted in two directions
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Chosen connection

Splicing of parts

|® (-

Main members
Bearing plate 10mm
Hardwood sleeve 80x45mm

Steel threaded rod 15mm
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Final moment connection
Section and front view

378

282

10
T

sleeve

screw

rod

portal frame
member

portal frame
member

80 160 80
t t ¢
N 320
|
420

screw

sleeve

rod

620
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Algorithmic performance
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Test set-up

Front view
[ T 1T snow:2.0kn/m |
dead load: 3.63 kn/m

4 N
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v A

5.8
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Varying composition

Front view
Number of parts Mass [kg]
B after optimisation @ before optimisation
Strength grade Used parts
Eement A [Hement B|[HementC [total |percentage

cl4 41 59 27 127 31%
C18 36 36 26 98 24%
C24 54 61 43 158 38%
C30 17 9 S 31 7%
total 148 165 101 414 100%

Global optimum: mass reduction of +/- 20%




Strength grade influence

Front view

Varying strength grade C14 - C30

[ ——" — p— [—— ———
— — - — =

Number of parts Mass [kg] 1

Wafter optimisation @ before optimisation

Global optimum: mass reduction of +/- 30%

All C24

Number of parts Mass [kg]

Wafteroptimisation @ before optimisation
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Final aggregated portal frame

Front view
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Utilisation improvement

Front view

71.0
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l|JtiIisation after optimisation
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Utilisation before optimisation
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Stock dimensions initial influence

Effect of short, small, long and large pieces

UTILISATION

mShort mSmall mlLong mlLarge

DEFORMATION

@ Short mSmall mlLong mlarge

USED PARTS

mShort mSmall mLong mLarge
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Stock dimensions influence on optimisation
Front view

41

Only short and small parts Only long and large parts
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Design implementation
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Design implementation
Remanufacturing facility

“’5

Storage area

Assembly dock
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Generated portals

Used parts: 2.891

Reused wood: 3.220 kg = %
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Optimisation results
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Integration structural design and algorithmic results
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Detailed views
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2D front view of portal frame (tested composition)

7800

| 400 | 7000
}

Dimensions: 160x400mm
Total links: 30
Distance: 500mm

,_400_

moment approaches 0

Final mass: 410kg

5400

5000

rigid connection

Mass of a glulam structure with similar utilisation: 437kg
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Moment connection

Main vertical member

Plywood clamps 22mm

hinged connection
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Potential extension of usage for the links

cladding

steel fastners

steel fastners
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Potential extension of usage for the links

main member

secondary beam girders

secondary loading member
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Vertical local connection

Secondary structure

Self-supporting elements
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3D view of secondary structure
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Potential building process

Processing facility
Collected wood

‘s 3D scanning

— -

Storage in database
and warehouse
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Potential building process
Design and order pieces

domain transport to remanufacturing

}i@:{ Connect database to computational tool and match pieces in a design !(%_Ira\ Buy selected pieces and
facility
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Potential building process

Remanufacturing facility

Robotic remanufacturing
and assembly

69









Potential building process

Lift parts in place

At
(B
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Potential building process

Tighten moment connection
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Potential building process

Add secondary structure
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Potential building process
Add cladding and roofing
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Conclusion

How can programming be utilised to create a discrete structural system using reclaimed timber parts that
maximizes efficiency and adaptability but minimizes the need for virgin materials in construction?

Reclaimed timber Efficient

£
~__A NN
° \i}
DP
Database Dynamic programming

Strength grade matching

Mix between small and
large pieces

Circularity

F
=¥

Modular parts
Reversible joints

Minimal modifications
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Limitations

1.

Fire resistance

2. Buckling
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Recommendation

1. Stability of the programs output

:

v/

2. Mechanical testing
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Appendix 1: Support connections

Cross-section

T
111
o
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Appendix 2: Crown connection

Front view

h =400
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Appendix 3: Optimisation approach

Front view

Removal of pieces with low stress

' Maximize U = max;p (u;)
Subject to u; = >, Yic P,

T

and U < U,y
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Appendix 4. Optimisation constraints

Horizontal element (beam)

Vertical element (column)
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Appendix 5: Connectivity issues due to little overlap

Top views

Composition 1: Clashing in x-direction

i

!

Composition 2: Overlap in x-direction

¢

Iyl

1

i

hil

o

Not enough overlap to
connect

1 1
1 1
1 1
Enough overlap to connect
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Appendix 6: Vertical attachments of links

M10 bolt

plywood spacer

main member

plywood links

dowels for shear resistance

spacing block
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