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Abstract

As a threatening reality to the planet’s stability, climate change has
forced the building industry to develop sustainable techniques and
materials to fulfil the constant demand for infrastructure. Timber, as
a biobased material, appears like a promising option for constructing
highrise structures, a typology that, before the creation of engineered
wood products (EWP), was impossible due to technical limitations.
Today, buildings with timber as macrostructure are being built
worldwide, redrawing the skylines of many cities and revolutionizing
the way the building is due to its low CO2 embodied carbon and
reducing construction time. However, these new buildings still need
to improve regarding circularity principles. Today, the timber industry
is experiencing a flourishing, even tho timber highrises implement
inefficient design constraints that limitate adaptability and durability
and decrease their advantage of having a lower embodied energy
than traditional construction materials. This investigation delves
into the feasibility of timber highrise structures and examines various
factors that must be considered when evaluating them. The study
utilizes a parametric model to determine the crucial role of the core
and the influence of structural components in the global stiffness of
highrise structures and in potential strategies to maximize mechanical
behaviour.




Introduction:

The building sector consumes a large amount of energy and
natural resources during the building’s lifetime; the design,
construction, operation, and maintenance, hence they have a
massive impact on the environment (Invidiata, A., Lavagna, M.,
& Ghisi, E. 2018). Only the construction sector accounts for the
use of 40% of the natural resources extracted in industrialized
countries, the consumption of 70% of the electrical power and
12% of potable water, and the production of 45-65% of the waste
placed to landfills (Castro-Lacouture, Sefair, Flérez, & Medaglia,
2009; Franzoni, 2011; Pulselli, Simoncini, Pulselli, & Bastianoni,
2007). Additionally, they are responsible for a large amount of
GHG emissions, accounting for 30% used during the operation
phase and an additional 18% produced during material utilization
and transportation (Umar, Khamidi, & Tukur, 2016). These negative
environmental impacts of the building sector to the increasingly
problematic climate change situation require a redefinition of
practices and behaviors in the industry.

The Circular Economy (CE) appears as an opportunity to migrate
from an extractivist and linear system to one more compact
and resource-efficient one. (Geissdoerfer., 2017) defines the
circular economy as: “A regenerative system in which resource input
and waste, emission, and energy leakage are minimized by slowing,
closing, and narrowing material and energy loops. This can be achieved

through durable design, maintenance, repair, reuse, remanufacturing,

refurbishing, and recycling”. From this definition, this paper will focus
onthreeprinciplesthatwillshapethecriteriaofthecircularstrategy:
First, Modularity refers to the prefabrication and standardization
of components that integrate the system efficiently. Second,
(Dis)ssembly as a fundamental design requirement that allows
the system and its components to be flexible and adaptable to
different requirements and changes, making it easier to maintain
and update. And the third, Durability, is the characteristic that
will considerably reduce the need for reparation or replacement
of components.

The circular economy strategy, shaped with the previous criteriq,
has the potential to decrease primary materials usage and
environmental impacts (EMF & MCK, 2014). The annual global
GHG emissions from key industrial materials, like cement, steel,
plastics, and aluminum, will be reduced by 40% by 2050 (EMF,
2019) if the building industry implements circular production and
design strategies.

Biobased materials like timber and other EW products facilitate
the implementation of previously explained circular strategies.
Implementing efficient and sustainable ways of production and
consumption. The CE is an emerging process used by anincreasing
number of conscientious professionals; even so, it still has several
considerations that have slowed down its development and
implementation.




Adams., Osmani., Thorpe & Thornback (2016) state that the main
challenges for the implementationin the buildingindustry are: lack
of interest due to the cost and insufficient incentives, awareness of
stakeholders, fragmented supply chain, lack of consideration for
the end of life and complexity of buildings.

This panorama shows that despite the considerable evolution
that the industry is facing, much work should continue to be
done to face these challenges and implement the CE processes.
Additionally, the mechanical properties of timber must be
understood to maximize their potential to be applied and
understand its limitations in efficiently using the material.




Problem Statement:

Timber as a structural building material for highrises is rare.
When it is used in many cases, it is complemented with hybrid
systems that uses concrete, a material with high carbon footprint,
decreasing its potential to be circular.

Concrete coreisacomponent that many systems use as stabilizer
despite having a high embodied energy, making impossible
the option of design for disassembly, a pillar of the circularity
principles.Currently, structures and their components still are built
without considering an end-life panorama, designed as if they will
never be taken down. This is needed, because most of the timber
materials used in hybrid system as (Pastori et al. M., 2022) states:
cannot be easily recycled or reused due to the non-reversible
connections between the timber elements and the concrete. The
application of deconstructable connectors enables the possibility
of disassembly and reuse of timber materials at the end of life.
It is fundamental to change how materials are joined together
and how they are layered in a way that they are accessible and
reversible (Boyd R.,2017).

On the other hand, Sara Kulturhus is an example of a project that
uses only timber in the macro structure; even so, a solid individual
modules system was implemented, generating a high technical
complexity in the assembly process and a complete lack of
flexibility. Similary, the connections between CLT components are

not designed for disassembling, most of the joints are material-
material without a connection element, with a high risk of damage
if it is unjoined.

These factors show that despite the use of biobased material
in the macrostructures, the high-rise timber buildings continue
implementing static designs that enable the potential reuse and
reconfiguration in the future, creating potentially future obsolete
infrastructures. Today most of the waste of the building industry
mainly comes from the demolition (CDW) of obsolete structures,
accounting for more than a third of all waste generated in the EU
and more than 2 billion tons each year (European Commission).
This panorama is evidence that the building industry, despite the
notorious innovation in techniques, materials, and management,
still is not considering the variability of use and requirements of
the space that individuals and cities have.

The cities are in constant transformation due to economic and
social changing dynamics, so if the cities are not static, why still
the buildings?




1.2 Research question:

How can modular timber systems lead to highrise buildings that
are technically feasible and adaptable to future use scenarios?

Subquestions:

- To what extent is it possible to reduce the use of metal alloys in
the joints of timber components?

- Its possible to replace the concrete core as a lateral stabilizer
component?

- How do the wind loads affect the feasibility of a timber highrise?
Specifications:

The following list aims to specify the meaning of the terminology
used in the Research question:

- Adaptable: lifetime extension of the macro structural system
and components due to the ability to continue fulfilling a function
even if the spatial and technical requirements of the building
change.

- Future use: architectural programme can be transformed based
on functional requirements during the lifetime of the building.

1.2.2. Objectives:

Key words:
Timber, Highrise, structures, modularity, adaptability, circularity.

The following objectives will guide the research and developing
of the final product:

1. Design a multifunctional highrise timber building in a specific
location in the Netherlands.

This objective aims to give specific design parameters to the
structure like maximum height, spans, and horizontal and vertical
loads.

2. Design an adaptable structural system.

The goal of this objective is to design the components required
for the building: Columns, beams, trusses, connections, etc.
and possibly a core in a sustainable material that allow global
stiffness, following the circular principles of modularity and design
for disassembly. As a hypothesis, it is assumed that the building
must be able to increase the height and change uses as is required
by hypothetical urban changing circumstances and completely
disassembled in a future panorama of ending life cycle.

3, Prove the technical and structural viability of the design.

Thegoalistoindicate how the system works and thatis realizable.
Structural analysis of the system and its components is required
to demonstrate that the design goals are possible. Similarly, the
construction process of the system must show that it is technically
possible and logical.




Specifications:

The following list aims to specify the meaning or objectives of the
terminology used in the objectives:

- Multifunctional: architectural programme of the building
consists in different uses that require specific spatial and technical
requirements.

- Circular principles: Modularity, design for (Dis)assembly and
durability (definition of each principle specifiedintheintroduction).

1.2.3. Scope:

This thesisis under the supervision of two chairs: structural design
& mechanics and building product innovation. This investigation
is focused in the development of a structure and its components
that can maximize the spatial flexibility and life span of a timber
high-rise. The problem addressed is limited to load-bearing timber
systems and stabilizing elements different from concrete. Material
fire resistance characteristics is considered outside the scope,
assuming the timber products comply with regulations and the
highest standard.

The main focus of this investigation is sustainable structures;
for that reason, a deep architecture program and climate design
analysis will not take place, only will be considered specific factors
as inputs to the project and developed to the level that affects

the scope of the investigation. The Life cycle assessment will
evaluate in a general approach the following factors: Raw Material
Extraction, Manufacturing & Processing, transportation and Waste
Disposal globally.




1.3 Methodology:

p1 P2 P3 P4 P5

Stage A Stage B Stage C Stage D

Final
consolidation

Analysis &

R h . Design -
esearc “‘ esig . developemet

‘ Draft Drowings& | Connection Presentation
prototype details prototype

Product development & testing Documentation

Material & structure mechanics

Fig 1: Research methodology preliminary schedule

The first part of the researchis literature review and case studies.
Stage A will be focused on the following sections of interest: Timber,
Highrise, connections and materials & typology considerations.
The investigation will provide insights into the current situation,
limitations, and potentialities of these topics and the gaps that
can be found to link them.

Stage B will continue with the initial design and project
development; for that, a location must be selected, and a site
analysis has to be made to understand the location’s conditions
and requirements.

Thegoalistohave therequired knowledge and needs to establish
the boundaries needed to develop the Highrise. Between Stage B
and the beginning of stage C, two processes will take place and
will be interdependent.

The initial design exploration of the structural system and
the connections and structural analysis. The information and
knowledge studied in the literature review will give to the project
design parameters to develop and analyze a parametric model in
grasshopper with a specific design criterion to be defined. In this
stage, the methodology research by design will be implemented
withsimulationsandanalysisusingthe grasshopperplugin Karamba
and prototyping, which will direct the system’s development.

The design and analysis stages will operate as a circular process
due to its interdependence and changes that can happen for
findings, test results, or literature review. For P4, it planned to have a
highly detailed preliminary design of the system anditscomponents
to have time to make modifications and improvements before P5,
where the final concept, details, and prototype will be shown.
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2. Literature Review:

2.1 Circularity

Building obsolescence, whatever the cause, is a problem for the
building environment. The loss of value and the energy embodied
in obsolete infrastructure represents a high environmental and
capital cost (Machado, N., & Morioka, S. N., 2021). The circular
economy (CE) emerges as an alternative for the replacement of
the linear economy, aiming to extend the useful life of products,
components and materials (N.M.P. Bocken, E.A. Olivetti, J.M.
Cullen, J. Potting, R. Lifset., 2017 & F. Sariatli., 2017). Due to its
added value and sustainable potential, the long-lasting concept
is expanding to a macroscale level, including not only products
but also construction systems and infrastructures, through the
application of Modularity, Durability and Design for Disassembly
concepts.

2.1.1. Modularity:

Refers to the product or process structure composed of modules
that can be designed independently but works together in an
integrated manner (C.Y. Baldwin, K.B. Clark.,1997). Modularity can
beimplementedinthreedimensions: first, modularity inthe product
that is focused on the architecture and design project. Second, in
production involving the assembly line. Finally, modularity in use is
aimed at the consumer, allowing ease of use and customization (J.
Pandremenos, J. Paralikas, K. Salonitis, G. Chryssolouris., 2009).

Implementing EWPs in the construction process accomplishes
the goal of modularity in production, facilitating the design and
manufacture of components and transforming the construction
site into an assembly line. Modularity still needs to be applied
to the design stage and user customization. Implementing these
three stages will be a determinant factor in extending the useful
life of infrastructure and, consequently, a potentially significant
reduction of demolition and construction waste.

2.1.2. Durability:

It can be categorized into two groups: product quality, related
to its ability to maintain its integrity, which will be explained in
section 2.2.4 considerations, and durability, related to the ability
to adapt to changing user demand, which this chapter will focus
on. Durability is a quality incorporated in the design of buildings
to ensure that a building can withstand various conditions that it
will be exposed to over time, which can save costs and reduce the
negative impacts related to building operation and maintenance
(Chini, A., & Schultmann, F., 2001). Considering the possibility of
change over time will make a building adaptable, allowing it to be
versatile enough to accommodate the changing requirements of
the physical environment within who it exists and the users which
occupy it (Macozoma D S, 2001).

In a dynamic context of constant transformation of cities and
users, the static configuration of architecture programs generates
a direct confrontation between user needs and available and




functional infrastructure. The impacts of the construction
industry are mainly related to the generation of construction and
demolition waste caused by obsolescence (R. Minunno, T. O'Grady,
G.M. Morrison, R.L. Gruner., 2020) coming from homes, industrial
buildings, roads, bridges, and others. They consist of different
materials, such as concrete, bricks, ceramics, mortar, metal, wood,
and plastic (H. Yuan, 2017). This is the result of decades of a
system based on open loops, where the extraction, manufacture
and disposal where the normal process without considering reuse
or adaptability.

2.2.3. Design for Disassemble:

as a practice, allows existing and new building stock to serve
as a primary material source for new construction, rather than
harvesting resources from the natural environment. (Durmisevic,
E.,2006.) This concept is directly related to the modular design,
where the modules or components must to develop detachable
interfaces that enable new product variations, assembly and
simple disassembly to improve the product lifecycle (P. Gu, M.
Hashemian, S. Sosale, E. Rivin., 1997).

Brand. (1995) developed the concept of a building as a mix of
layers; this layer has different purposes and requirements that
show the different transformation rates that the components of
a building have.

The facade has an average of 50 years, the structure 30-300
years, services 15 - 20 years, the space plan 3 years, finishes
5-7years and stuff 3-2 on average. This permanent and different
transformation of the building components shows the need to
develop compatible building components that work and fulfil
their individual and collective purposes but can also evolve or be
replaced without affecting the integrity of all systems.

2.2 Timber

2.2.1. Renewable material:

———————————————— Space Plan

—————————————— Services

Fig 2: Building layers according to Brand - sharing layers of change (Brand 1995)




Masonry, concrete and steel, for decades, had built our cities,
being the most common construction material worldwide but also
very damaging in terms of environmental impact. On average, the
Coy emissions by the energy production requirements are 288 and
8611 kg/m3 of these two materials, respectively.

This situation makes us reconsider ways to continue building to
fulfill the increasing demand for infrastructure while limiting the
environmental impacts as much as possible. Wood was replaced
by reinforced concrete as the primary construction material due
to its mechanical properties limitations as strength and stiffness,
despite being very sustainable. (Darby., 2013) states that forests
are eco-system that naturally stores carbon dioxide from the
atmosphere. If they are sustainably managed, the carbon store
can be maintained constantly while the trees removed and
converted into timber products will form an additional long-term
carbon store.

Due to this, wood has become an up-and-coming option
for the building industry. Even so, as Pastori S., Mazzucchelli S
E., Wallhagen M. (2022) state, the real sustainability of using
wood as a construction material depends on appropriate forest
management, manufacturing methods, and site assembly, the
distance required for transportation and use of adhesives.

2.2.2. Engineered wood products (EWP):
Timber emerges as a potential solution to the emissions of
the building industry due to its low embodied carbon (M van

156Kg of CO2/ m3

288Kg of CO2/ m3 8611Kg of CO2/ m3

Fig 3: Average comparison of CO, emissions / m3 of: concrete, Steel and timber without
transportation.

Vliet.2018).

The engineered characteristics of current wood products
(EWP) allow the creation of homogeneous components without
considerable imperfections, making these products compared
to traditional materials like concrete and Steel in terms of
mechanical properties.

Similarly, EWP’s industrial production has considerably reduced
the technical limitations that biobased materials had before, like
size and shape. Today many of the restrictions EWP have are
mainly logistical and no technical, as transportation limitations
of components, opening a new chapter in the long history of
wood as a competitive construction material.




The following mass timber products that will be mentioned are
the most relevant in the industry for structural purposes:

- (CLT) Cross-Laminated Timber:

it is a product made by gluing crosswise several layers of sawn
lumber until a thick sheet is formed. The layering orientation
alternation makes the product stiff and strong in orthogonal
directions, suitable for load-bearing walls and slabs.

- (DLT) Dowel-Laminated Timber: (Wood Design & Building
2018):

it is a panel made from stacked softwood lumber boards using
friction-fit together through hardwood dowels. The dowels hold
eachboardside-by-side, forming a stiffer and stronger connection.
Fach board lamination in a DLT panel is finger-jointed, creating a
stiffer and stronger panel that eliminates the board splices and
butt joints. This product is used for flooring and roofing.

- (Glulam) Glued Laminated Timber:

consists of several layers of sawn lumber glued together and
orientated in one direction with the wood grain; this allows to
have higher strength than in perpendicular orientation, being
appropriate for columns and beams.

Glulam products can also be manufactured in curved shapes,
giving them a differential characteristic from other EWP products.

- (LVL) Laminated Veneer Lumber: ( Design of timber structures:
Structural aspects of timber construction., 2016)

itismade by gluing the wood veneer sheets together to form thick
panels. The layers are oriented with the fiber direction in the same
direction, generally in the long direction of the finished product.
Gluing the sheets together creates a structural element of higher
reliability and lower variability through defect elimination and
distribution of defects, in the same way as for glulam. In general,
LVL has high bending, tension, and compression strength, as well
as high shear strength and a relatively high modulus of elasticity.

Theindustrial manufacture of EWP makes them competitive with
other products; the fact that they are produced in factories makes
it possible to produce uniform products without the imperfections
that affect the mechanical performance, like knots or cracks.

The lightness of timber makes it easy to transport and assemble,
considerably reducing the cost, time, and number of construction
workers on a construction site. Similarly, the preciseness of the
machinery that produces the EWP, reduces the waste of material
considerably, and the production technique allows high flexibility
in components shapes and sizes.

The numerous advantages of Engineered wood products make
timber a material with enormous potential with a growing use
tendency in the building industry.




2.2.3. Joints:

Timber joints can be classified into three groups: carpentry,
dowelled and glued. In the case of timber construction, the
dowelled joints are the group used as the macrostructure level. Due
to wind loads, the high-rise joints are the most vulnerable factor to
consider in terms of structural failure. Their load-bearing capacity
depends on the timber elements’ embedment strength and the
steel fasteners yield moment, making the material’s ductility the
common reason for failure (Domanski, T., & Kmiecik, K. 2019). The
load-bearing capacity of timber structures is often limited by the
resistance of steel connection between timber structural members
(Domanski, T., & Kmiecik, K. 2019). The transfer of loads between
the EPW differs depending on the selected product, position
and type of connection. The structural dynamic due to these
accelerations makes the moment stiff connection fundamental to
have a functional and safe structure.

2.2.3.1. Carpentry joints

Timber-to-timber joints consist of load transfer through friction
and shear strength of components (Branco, J., Dietsch, P., &
Tannert, T. 2022). This type of joint works mainly in compression
and is considerably weaker in tension. Traditional timber framing
connections are often variants of a mortise and tenon joints,

where the tenon is retained in the mortise by one or more wood
pegs (Sandberg, L. B., Bulleit, W. M., & Reid, E. H. 2000).

Most of the conventional carpentry joints can be classified in 6
main groups: simple half-lap splice (a), halved and tabled splice
(b), scarf ©, heading (d), mortise-tenon (e) and step joints (f).

Branco, J., Dietsch, P., & Tannert, T. (2022) describe the
characteristics of these five carpentry joints:

- Tabled joints can bear compressive, tensile and shear loads in

(a) T L) ]

Simple scarf joint,

Blind crossed edge half-lap joint.

Cogged hall-lap splice joint,

(@ = ©

: \

Crossed edge half-lap joint.

Tenoned half-lap splice joint.

Multiple scarf joint.

Fig 4: Traditional carpentry joints (Branco, J., Dietsch, P., & Tannert, T. 2022)




the axial direction of the members. A disadvantage of this type is
the reduction of the member section at the joint area.

- Scarf joints are an end-to-end connection of two timber
members through a sloping cut of overlapped surfaces. It carries
compression, but it can carry tension and shear along the axial
direction of the members. Wedges are used to ensure the tight
fitting of the connected members.

- Heading joints: the components counteract in axial
compression, parallel to the grain, and in axial tension, only when
they are dovetailed or tenoned with a peg.

- Mortise-tenon joint are composed of two components; one is
the tenon, which is an extrusion of a part, and the second one is
the mortise, with is the opening in the other component that will
receive the extruded part. This joint had a significant compressive
strength of the butt contact surfaces.

Also, they feature some rotational stiffness and flexural capacity.
Pegs, wedges or tusks can be inserted in such connections to resist
moderate tensile loads to avoid axial and transverse displacements
of the timber members.

- Step joints mostly work in compression at the contact surfaces

and tension and shear along the grain at the end of the notched
timber member. The geometry of the heel strongly influences
the stiffness, and the load-bearing capacity of step joints is not
enough to carry the shear forces, and out-of-plane displacements
need to be reduced.

The mechanical properties and geometry of the joint
component are the determining factors of failure in carpentry
joints. Compressive crushing, shear cracks and tensile cracks are
the three main failure mechanisms due to the high combination of
shear stress parallel to the grain and tensile stress perpendicular
to the grain (Lathuilliere D, Bléron L, Descamps T, Bocquet J-F
2015). Lack of Tight fitting and proper contact between the
assembled components is the more significant challenge, causing
a non-uniform stress distribution worsened by the joint geometry
and imperfections in the material that decreases its strength
performance (Branco, J., Dietsch, P., & Tannert, T. 2022).

2.2.3.2. Dowelled joints

This type of joint involves nails, screws, dowels, nail plates and
bolts. The characteristic of this group is the transfer of forces
through shear in mechanical fasteners mounted at an angle to the
force direction (Design timber structures., 2016). The utilization of
high-strength steels (VHSS) with subsequent higher yield moments
is promising to optimize joints and get high-performance joints
due to the high-stress levels concentration (Vayas, |., Ermopoulos,
J., & loannidis, G. 2018).




2.2.3.2.1. Steel to timber joint:

The use of steel for the connection component is due to its
higher strength-to-weight ratio, which is much superior to timber.
This connection is commonly realized with plates that work as the
transition between the EWP and the dowels; this forms the plastic
hinge at the interface of the materials, increasing the resistance
capacity of the joint and generating fix support (Design timber
structures., 2016).

- Double shear; is the most common steel-to-timber joint. Mainly
are two ways of implementing this connection; one is through the
use of nails at the end of the timber member, generating a single
shear steel-to-timber joint, or it is also possible to have the dowel
protrude all the way through the timber member and both steel
plates (Design timber structures., 2016).

- Slotted in steel plate: consists of locating the plate inside
the timber component; the number and location of the plates
will depend on the thickness of the EWP and the mechanical
requirements the component needs to fulfil.

This choice is becoming more used in timber construction for fire
safety and aesthetic reasons. The encapsulation of the steel plate
is a protection measurement that reduces exposure to combustion
and is also commonly visual appealing.

Fig 5: Double shear (A) and slotted in steel plate (B) joints (Crocetti, Roberto., 2016)




2.2.3.3. Glued Joints

Glued connections are regularly used in wooden constructions to
connect new elements and reinforce existing members; there are
several types of glued connections, such as structural finger joints
and glued steel rods (Fonseca, E. M. M., Leite, P. A. S.,Silva, L. D. S.,
Silva, V. S. B., & Lopes, H. M., 2022). This type of joint is challenging
due to the need for controlled environmental conditions in the
glueing process to ensure quality.

According to Feldt P., & Thelin A., (2018) the most important
failure mode of glued-in rod connections was near the timber-
adhesive interface. Similarly, the manufacture of EWP products
like CLT or Glulam uses glue joints at the material scale level. Here,
the stress distribution in the joint is non-uniform, even though the
ends of the glue line are the ones with peak stresses and where the
failure will start (Design timber structures., 2016).

2.2.4. Considerations:

2.2.4 1. Fire resistance

Fire has been the biggest threat to wood as a construction
material in the record of human construction history. Ancient
disasters such as the fire that devastated the Roman capital in
64 AD to most recent events like the Grenfell tower fire of 2017 in

London show the high vulnerability of a city built with materials
lacking fire resistance. These disasters and the disinformation
regarding the fire probe characteristics of modern EWP are present
in society and, by extension, in many legislation and regulation
offices around the world, hindering the development of timber
Highrise at its full potential. Even so can’'t be denied that Timber is
still a combustible material and has risks and challenges that need
to be taking into consideration.

(A. Law, L. Bisby 2020): defines fire resistance as the duration
during which a structural member fulfills predefined criteria
with respect to structural integrity, stability, and temperature
transmission under monotonically increasing standardized fire
conditions. A common approach to making fire prove combustible
materials as timber, is the encapsulation method, which consists
of applying an external low-combustible material layer that will
control the expansion of the fire. Even so, (Philion, E., Chorlton,
B., Gales, J., & Kotsovinos, P. 2022) states that: this method has
significant drawbacks like the larger environmental footprint of the
use of redundantlayers coveringthetimberandtheincreasingtime
and cost of a construction project.These drawbacks are against
many qualities of timber, like its environmental strength, the desire
for exposed the material, and its rapid rate of construction.

To tackle the combustible nature of timber without affecting the
qualities of the material, the EWP have controlled combustion
properties that, in contrast to steel, for example, which has an




uncontrollable behaviorunderhigh temperatures, Timber products
have an intentional over size dimension known as “sacrificial
layer” following the reduced cross-section method (RCSM), which
considers the components cross-section reduction due to fire but
maintaining the strength of the component for a certain period
of time (Philion, E., Chorlton, B., Gales, J., & Kotsovinos, P. 2022).
Despite the material improvements in the fire resistance, if the fire
is not suppressed on time, timber can continue to combust and
potentially fail long after a fire has been considered extinguished
(Gernay 2021) due to the affectations made of mechanical
properties in the decay phase. Temperatures can reach nearly
100°C in the centroid of glulam beams and columns in the cooling
phase, resulting in an irreversible reduction of load-carrying
capacity, additional deflections, and delayed failure (Gernay
2021). Thisis evident in the heat penetration shown in Fig 6., where
the temperature distribution on a timber column happens in four
stages after 59 min of fire exposure until failure in minute 230.

Fig 6: Temperature distribution in the cross-section of timber column H26A throughout
the fire event and thereafter due to delayed heat transfer (Gernay 2021).

Connections and their non-linear load-deformation behavior
considerably impact the deformation of timber structures and
the stress distribution in statically indeterminate structures.
(Sandhaas, C., Munch-Andersen, J., Dietsch, P. 2018.);

For that reason, it isimportant to remark how they are a relevant
component to consider in the fire safety of timber structures.
Previously was mentioned how the timber reacts to fire but also
should be considered the high vulnerability that the connections
have when exposed for long periods to fire and its potential
contribution to failure. The connections of timber components are
made mainly in steel, a metal that as (Pastori A S., Mazzucchelli E
S., Wallhagen B M., 2022) mention: shows a substantial reduction
of its mechanical properties at high temperatures; moreover, it is
a conductive material that transports heat quickly into the interior
parts of the wooden section causing the carbonization of the
centroid.

This risk could be substantially reduced if the connections
are encapsulated in the timber component, less exposed, and
protected by the material layers. Considering the improvements
and still existing challenges of timber as a primary structural
material, is relevant highlight the importance of implementing a
rapid detection that allows an early fire warning. An early stage will
allow a safe evacuation and a rapid sectorization of the affected




area, meaning timely containment and suppression. Equally active
fire control systems like fire sprinkler systems must be implemented
to prompt auto-extinction or controlled combustion until the
emergency services arrive if an auto-extinction does not occur.

Finally, the implementation of compartmentalization will be
a determining factor if a fire hazard occurs; the establishment
of fire compartments will limit the fire's expansion and reduce
the structures thermal exposure and potentially irreversible
affectation.

2.2.4.2. Durability and protection

Fig 7: Durability challenges of mass timber in buildings and constructions (Ayanleye, S.,
Udele, K., Nasir, V., Zhang, X., & Militz, H. 2022)

Timber has three factors that generate its deterioration: first,
the environmental degradation caused by weathering. The causes
are rain, high humidity, or close contact between the material and
streams. Secondly, it is biological degradation. Fungi and termites
are the most common. And finally, safety concerns like fire hazards
(Ayanleye,S.,Udele, K., Nasir, V., Zhang, X., & Militz,H. 2022). Timber
is a hygroscopic material that easily absorbs and holds water. This
phenomenon makes the material can dimensionally absorb and
release moisture, a determinant factor of the durability of timber
buildings (Pastori S., Mazzucchelli S E., Wallhagen M., 2022), being
especially vulnerable the material that is constantly exposed to
high humidity concentrations.

Swelling and shrinkage are natural reactions of wood structural
behavior,buteithercancausedamageif notadequately addressed
in design and construction. These movements can potentially
cause large tension stresses and damages in correspondence
of the connection system (MclLain, R., Steimle, D. 2019). Timber
products can be treated in order to increase durability and improve
materials characteristics, making them more resistant to the
deteriorating factors previously stated. The most common wood
treatment techniques are Preservative Treatment (PT), Thermal
Modification (TM), and Chemical Modification (CM) (Ayanleye,
S., Udele, K., Nasir, V., Zhang, X., & Militz, H. 2022).




Preservative treatment (PT):

This method involves applying chemicals to the wood, aiming to
protect it against deteriorating agents like fungi and termites.

The servant can be applied brushing or spraying; the chemical
agent will adhere to the material surface and penetrate through
the external layers (Ayanleye, S., Udele, K., Nasir, V., Zhang, X., &
Militz, H. 2022). Even so, this method is questioned for its potential
environmental impacts.

Thermal modification (TM):

it is a technique that reduces the affinity of the material
for moisture, blocking the cell walls by the penetration of the
nanopores through the material exposure to high temperatures
and reduced oxygen ( Tjeerdsma, M. Boonstra, A. Pizzi, P. Tekely,
H. Militz, 1998). The thermal modification increases the material
resistance to degradation for weathering; even so, according to
(B. Esteves, H. Pereira) it could affect strength properties, like
stiffness and modulus of rupture.

Chemical modification (CM):

it is a technique that consists in replacing the functional group,
hydroxy, from the wall cells of the wood that is responsible for the
absorption of moisture. CMincreases the durability of the material,
protecting it from biological an environmental degradation
(Ayanleye, S., Udele, K., Nasir, V., Zhang, X., & Militz, H. 2022);

however, it is not as cost-effective as PT.

Complementing the preventive treatment, post-construction
maintenance, moisture monitoring, and control must take place
to achieve the EWP’s long durability. It's important to remark
that moisture control can’t only be controlled with the material
modification of its physical and mechanical properties, but also
the architectural design and the construction process play an
important role in its conservation.

Timber building requires correct detailing of facades, roofs, and
foundations in order to have exterior components covered from
wind and rain, the biggest weathering deteriorating sources.
Similarly, the construction process is commonly a stage that it's
not taken into consideration in the prevention face; but it plays
an important role. (P. Morris., 2015) states that the transportation
and storage of EWP are moments where timber is more exposed to
high biological and environmental degradation situations, risking
product integrity.

2.3 High Rise

The population growth projection will be 9.7 Billion by 2050, and
2/3 of the population will live in cities in the next 30 years (Roser,
M., Ritchie, H., Ortiz-Ospina, E., & Rodés-Guirao, L. 2013) In
developed countries the urban inhabitants with an increase from




2.7to5.1billionin2050 (J,2015). This situation Will generate several
sustainability and social challenges, mainly on infrastructure and
the environmental impact (Akande, Cabral, Gomes, & Casteleyn,
2019; Bibri & Krogstie, 2017, Han et al., 2017, Steverson & Steverson,
2018).

The quick evolution of demographics is becoming visible in the
deficit of dwellings and critical infrastructure in the principal
urban centers. The exponentially growing demand decreases the
available spaces for new construction developments andincreases
land costs considerably.

Hight rise as a densification strategy appears as one of the
most efficient alternatives to develop proper land management,
reducing the expansion of cities and infrastructures needed
for its functioning, meaning a considerable reduction of the
environmental impact that low-density systems dont achieve. In
many cases, the development of these projects saves thousands
of kmZ2 of countryside and natural space that would be potentially
urbanized, becoming an opportunity for consolidating compact
urban centers and factors of urban renovation and revitalization.

Smith and Coull (1991) define a high-rise as a structure where wind
or seismic forces govern the structural design; managing these
forces is an essential factor in guaranteeing safety and comfort
levels. The conventional design of a high-rise is governed by the

strength and stability of its structural components.

However, in the case of timber high-rises, due to the material’s
properties, the reduction of accelerationsis challenging. Variables
like self-weight, global stiffness, height, natural frequency, and
structural damping of this kind of structure became essential
(Versteeg C J 2022) to achieve the serviceability of the building.

2.3.1. Gravity Loading:

The gravity loads are the vertical forces that stress a structure.
They Can be categorized as Dead loadings, which consist of
the weight of all materials of construction incorporated into
the building, and live loadings, A load produced by the use and
occupancy of the building or other structure that does not include
construction or environmental loads (American Society of Civil
Engineers, & Engineers, A. S. C. 2010).

The two primary types of vertical load-resisting elements of tall
buildings are columns and wall cores.

The primary function of these components is to resist the gravity
loading from the weight of the building and its contents (G van
Qosterhout 1996). The structural system, through its components,
will transfer the loads to the foundations, where they will be
dissipated entirely to the terrain.

The structure must comply with structural integrity requirements,
following stability, strength and stiffness standards to resist all




stress combinations.

Load combinations can be calculated with:
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Equation 1: Load combinations applied for dimensioning on strength NEN-EN (2019)

2.3.2. Wind engineering:

The wind is a dynamic and random force in time and space that
increases its velocity as the distance from the ground increase,
making the structural performance of tall buildings be determined
by the dynamic response caused by the horizontalload (C. Geurts.,
1997).

In the case of the Netherlands, the wind is the most important
factor to consider for its high average velocity and building
considerableslendernessduetoregulationsofinteriorrequirements
of daylight.
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Fig 8: Wind pressure distribution over height according to NEN-EN 1991 (Felicita M., 2021)

- Wind induced accelerations:

The flow of air around a building induces pressures perpendicular
to the surface of the building; the wind induces loads that can be
categorized in three primary responses: along, cross and torsional
(G van Qosterhout 1996).

The three different wind circumstances represent different
challenges for high rise depending on the shape of the building.
Along wind: represents a challenge to rectangular shape buildings
this because of the high-pressure concentration per area on the

windward facade.




- Cross-wind response: represents an adverse condition for
cylindrical and square shape buildings; this is due to the vortex
shedding generated when the air passes the building and Torsion-
wind response: affectsirregular shape buildings by inducing torsion
(G van Qosterhout 1996).

Along wind acceleration can be calculated with:
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Equation: Along wind acceleration (Oosterhout 1996).

Cross wind acceleration can be calculated with:
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Equation: Cross wind acceleration (Smith & Coull, 1991).

- Natural frequency: known as eigenfrequency is the frequency
at which structure oscillates after being exposed by an external
force (G van Oosterhout 1996), the magnitudes of the frequency
on this paper will be directly related to the speed and turbulence
generated by the wind.

Natural frequency can be calculated with:
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Equation: Natural frequency (Oosterhout 1996)
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- Damping: itis a property which influences vibration amplitudes
underforcedvibrationandtherateof decay of vibrationamplitudes
under free vibration (Design of timber structures., 2016). The
response to the resonances will take place through structural
damping, and the components of the system will dissipate the
energy until the accepted level of serviceability.

Even so, the energy dissipation its not the same and will be
determined by the materials, type of structural system and
connections used. Felicita M., (2021): For timber structures, total
structural damping ratio ranges from 0.7-2.1%.

The use of lightweight materials, like timber, makes relevant the
need of create strategies to face wind-induced dynamic behaviors
for high rise. According to G. van Oosterhout (1996): Modal mass,
global stiffness and the damping have shown being the most
relevant parameters to respond to these accelerations.

Structure oscillation must be controlled to be under the comfort
levels around 0.05 m/s2 where is the velocity where humans cannot
perceive motion according to the Eurocode standard parameters.

2.4. What is happening in the timber high rise industry?

Modern timber buildings are made of CLT (cross-laminated
timber) and Glulam (glued laminated timber) as main load-
bearing systems. This product has become an alternative to
traditional construction materials due to its sustainable raw origin

and time construction efficiency. The highly engineered properties
made them competitive, complying with strict performance
requirements related to strength, fire, and wind resistance.

Most of the tallest timber buildings have been built in the last
decade, achieving similar heights of around 20m in the biggest
example, thanks to the use of hybrid structural systems. The
incorporation of otherstabilizingmaterialsincreases the structure’s
self-weight and global stiffness (Felicita M., 2021),

Timber has a good strength-weight ratio and elasticity. However,
its orthotropic behavior and lack of ductility make it necessary to
complement its use with other materials to maximize structural
performance. Hybridization, defined as the mixed use of materials,
can take place at two scales: component, like columns or beams,
and system, like vertical or horizontal structure (Pastori S.,
Mazzucchelli S E., Wallhagen M., 2022).

For timber, the most common hybridization is with concrete and
steel, forming composites denominated TCC and STC, respectively.
In Fig. 4. Are the four tallest timber buildings until December
2022, each of them uses different approaches in the construction
process.




Ascent Mijgstérnet HoHo Wien Sara kulturhus

25 floors - 86.5m

18 floors - 85.4m

24 floors - 84m

20 floors - 75m

Fig 9: Floor and high comparison of tallest timber buildings until December 2022.

- Hybrid components:

Timber-concrete composite (TCC) is mainly applied for beams,
walls, and floors. The beams are usually formed by a timber beam
coupled with reinforced concrete in cross-section or longitudinal
direction (E. Augeard, L. Michel, E. Ferrier, 2018 & S. Benkai, L.
Weiqing, Y. Huifeng, 2021).

ThefloorsareconformedbyEWP panelsconnectedtoareinforced
concrete slab through shear connectors (Pastori S., Mazzucchelli S
E., Wallhagen M., 2022). Moreover, walls can be a combination of
some of the EWP like CLT, GLT, or LVL with a concrete layer that
can be lightweight or high-performance (L.F.C. Jorge, S.M.R.
Lopes, H.M.P. Cruz, 201). The TCC hybridization optimizes the
component through material complementation of properties;
in this case, timber resists tension and concrete compression.

An example of the implementation of TCC was in the structural
scheme of Mjostérnet. The structural system of the building is
made of a Glulam frame, facade trusses, and a central CLT core
that transfer the loads vertically. The system is complemented
in the last six levels with TCC floors, conformed of EWP flooring
panels with a reinforced concrete layer each that contributes to
increasing the self-weight of the structure, stabilizing the building
against the horizontal loads caused by the wind.

Steel-timber composite (STC), components are used to increase
the strength of engineered wood products by using metal
components that supplement beams, columns, and walls.

An example of an STC is the Flitch beam; this structural element
is made by layering the steel plate and mass timber. For the fitch
beam case, the timber members provide restraint to lateral torsion
buckling, and the steel bolts are used to transfer shear between
the metal plate and timber members, increasing the strength of
the beam (Pastori S., Mazzucchelli S E., Wallhagen M., 2022).

- Hybrid buildings:

The structural design of timber high-rise structures is governed
by the structure’s dynamic response when exposed to dynamic
horizontal loads such as wind (Felicita M., 2021). For that reason,
system hybridization it's a common design approach to tackle
the deficiencies in stability that mono-material timber structures
have. (Pastori S., Mazzucchelli S E., Wallhagen M., 2022): Hybrid
systems can be grouped into four main categories, where timber




is coupled with: steel framing, reinforced concrete and masonry
walls, dissipating steel braces, and seismic protection devices.
Implementing these categories makes possible the integrity of the
structure and serviceability of the building.

Ascent is currently the tallest timber structure in the world, with
25 stories and 86.5m in height. The stability system consists of a
glulam frame with CLT floor slabs complemented with a concrete
core that stiffened the building; the strategy was to rely on the
structure’s stability in a hybrid system, compensating for the lack
of self-weight of the timber macrostructure.

Another example is Sara Kulturhus, a tower of 20 stories and 75m
in height constructed of premanufactured module units stacked
between two cores made from CLT at each end of the building,
stabilizing the structure. Felicia M., (2021) states that the cross-
section of the structural elements, the stiffness of the connections,
and the spans determine the global stiffness of this type of
structure. The rotational stiffness of the connections is limited by
the materials mechanical properties and the connectors capacity,
concluding that Independent of the structural system used, the
moment-resistant connection plays a crucial role in the integrity
and stability of the system.
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Introduction:

This chapter will discuss the results of a pre-design analysis
focused on the joint assessment criteria. This analysis aimed to
identify the most suitable material and joint technique for the
timber high-rises while ensuring that the construction process
adhered to the design for (dis)assembly criteria. The analysis
include an assessment of the mechanical properties of various
materials in determining their structural performance and an
evaluation of their embodied energy to ensure that the chosen
material aligned with circular economy principles. The analysis
aimed to strike a balance between the mechanical performance
of the chosen material and its environmental impact throughout
its life cycle.

3.1. Joints:

Timber has a reduced self-weight ratio compared to steel or
concrete, demanding a much higher rotational stiffness of the
joints for these structural configurations. The joints for timber
high-rises play a significant role in the safety and serviceability of
the building, being the components of the system that have higher
responsibility in the resistance and dissipation of the external
and dynamic forces applied to the structure; for that reason, the
structural performance must fulfill rigorous criteria.

Additional to the safety and serviceability considerations, the
joints also must consider other requirements that directly affect
the qualities that the implementation of a timber structure in a
project has compared to other materials, like the environment
impact, for example, where the hybridization with pollutant
agents or the increased use of unsustainable materials in specific
components to compensate the deficiencies in the mechanical
properties of timber is common. To select the most accurate joint
type for timber Highrise, an assessment was made to compare the
qualities and challenges of the following groups: carpentry, cold
formed, dowelled, glued and screws.

Mailler N., (2020) propose an evaluation following four criteria:
life cycle, exchangeability, re-use potential and structural
performance. For the interest of this investigation, a list of 10
factors were integrated into these factors to analyse specific
sustainability and structural viability characteristics. See FIG 15.
The principles evaluated as the percentage of importance were
established in this investigation to achieve a criteria selection
based on a heterogenous background that doesn’t overfocus on
just one characteristic.
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The life cycle criteria will evaluate the material's embodied
energy as its recyclability potential; this principle has a 20% load
importance. Exchangeability considers the complexity of the
connection in terms of installation and how much on-site work it
demands. This principle has a 20% load importance.

The reuse potential evaluates the versatility of the component
concerning its applicability in other parts of the system and the
durability and resistance of the component to be reused multiple
times. This principle has a 30% load importance. Structural
performance evaluates the load-bearing capacity and SLS
considerations like ductility and eccentricities. This principle has a
30% load of importance.

3.1.1. Carpentry:

Carpentry joints were a type of connection of particular
interest in this investigation due to its implementation’s almost
neglected environmental impact, having an enormous potential
for development in highrises. A preliminary structural component
design was developed to analyze its performance and potential
applicability to the project. The Fig 16 shows three components
developed,column-column, truss, and core. All the carpentry joints
can be seen in Appendix B: Joints design, B1 Carpentry Joints
preliminary design.

Fig 16: Carpentry joint: column to column, truss and core.

The design concept followed the traditional carpentry technique
of tenon and mortise, using the interlocking characteristic of this
type of joint as one of the main strategies for connecting different
structural components. As a complement to the geometry
interlocking, the components had pre-drilled holes for the steel
screws in the nodes to ensure the tightness of the components
avoidingeccentricity ordynamicbehaviours. Evenso,thecarpentry
joints showed much potential for implementation; the demanding
mechanical resistance that joints for highrises demand made the
feasibility of this type of joints complex. This type of preliminary
design faced two main challenges: mechanical behaviour and
manufacture. In mechanical behaviour, reducing the cross-section
of components to create the interlocking significantly increased
the risk of buckling and fracture.

Similarly, the geometrical configuration of components, like
the nodes of the truss, could create stresses perpendicular to the




grain of the material due to the structure’s
dynamic behaviour, being one of the
mechanical weaknesses of the EWP used.

The manufacture also  had many
challenges popping out where the
design was advancing; one was that the
production of this type of component
would considerably decrease the
modularity potential of structural elements
and increase the cost of production.

The interlocking created a series of
different types of connections, becoming
this design complex and requiring much in-
site work by specified personnel.
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Fig 17: Carpentry joint assessment.




3.1.2. Cold formed:

Cold formed consists of the shaping and
forming of solid structural components
in metal. This type of joint has excellent
structural performance, having a high
strength-to-weight ratio and a uniform
and predictable distribution of stresses
(J.L. Miotto, A/A. Dias 2012).

The load-bearing capacity of these joints
is high due to the mechanical properties of
the material used, allowing high durability
to resist long-term deteriorations and
exchangeability stresses.

Thelifecycleis aweakness and a potential
advantage at the same time; the raw
material has a high embodied energy but
is entirely recyclable, so the existence and
availability of material can be used from
recyclable sources and urban mining.
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Fig 19; Cold formed joint assessment.




3.1.3. Dowelled:
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strength-to-weight ratio and a uniform
and predictable distribution of stresses
(J.L. Miotto, AA. Dias 2012).
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advantage at the same time; the raw
material has a high embodied energy but
is entirely recyclable, so the existence and
availability of material can be used from Fig 19: Dowelled joint assessment.
recyclable sources and urban mining.




3.1.4. Glued:

Glued joints are commonly used to
hybridize the structure in the component
scale. The glue joins typically consist of
metal rods inserted into the timber in the
direction parallel to the grain; this makes
the connection of the two materials
strong and stiff ( G. Youssef, L. Loulou, S.
Chataigner, S. Car’e, A. Flety, R. Le Roy.,
2014) making a general good structural
performance.

On the other hand, the negative aspect
of this type of connection is the life cycle
and re-use potential; the most commonly
used glues are polyurethane and epoxy-
based substances, which, until today, use
chemical agents that are a challenge to
achieve sustainable manufacture.

The glue joints also create a permanent

joint of components, as (Pastori S,
Mazzucchelli S E., Wallhagen M., 2022)
state: “Permanent connectors enable
the disassembly and disassembly and
recyclability of timber”.
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3.1.5. Screws:

Screw joints are often used to connect
timber elements, not as a structural
connection system.

They rely primarily on the strength
provided by thethreadsof the screws, which
create a strong axial rigidity. This rigidity is
achieved by combining the biaxial strength
and the depth of the screw’s penetration
into the timber (Mariller N., 2020), having,
in general, a good structure performance.

The life cycle of this type of join is good
due to the reduced amount of metal used
and the possibility of being completely
recyclable.

On the other hand presents challenges in
the exchangeability and re-use-potential
because its implementation is complete
on-site, reducing the possibility of pre-
construction site work; similarly, its relevant
to remark that is completely demountable
but reassembling it is challenging for the
complexity of reusing the existing holes and
screws, that can be damaged or deformed
in the disassembly.
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Fig 21: Screws joint assessment.




3.1.6. General results:

In conclusion, carpentry joints have enormous potential for
implementation. However, high-rise buildings face significant
challenges in terms of mechanical behaviour and modular
manufacture due to the structure’'s dynamic behaviour.

Glued joints provide a high strength and stiff connection but
face challenges regarding sustainable manufacturing and reuse
potential. Screw joints provide good structural performance and
have a good life cycle due to their reduced amount of metal and
recyclability; however, their on-site implementation makes pre-
construction site work difficult, and reassembling them can be
complex.

Cold-formed joints as well the slotted-in plates used in dowelled
joints, have the highest structural performance above all the
joints due to their high strength-to-weight ratio and uniform
stress distribution, making them the suitable options for moment
resistance stiffness that timber highrises demand, in addition to
that the manufacture characteristics of this two make them ideal
for mass production and pre-site work, making the assembly
process simpler and quicker.

The high embodied energy of the metals that can be applied

can be compensated for the complete recyclability and potential
acquisition of material from recycling sources. With this high
performance in % of the principals evaluated and the potential to
have a circular life cycle, cold formed and dowelled joints are the
most suitable options to be implemented in timber highrises; their
final applicability will depend on considerations related to the
load-bearing needs, the cost-effectiveness of manufacture and
embodied energy of the overall structure of the project.

T

Screws Cold Dowelled Glued Carpentry
formed

Life cycle . Exchangeability . Structural performance . Re-use potential . Max total performance

Fig 22: Joint assessment evaluation results




3.2. Material evaluation analysis:

Thematerialselectionplaysanimportantroleinthe consolidation
of findingthe suitable materialoptionthat can fulfil the demanding
requirements of joints for highrises. For that,a material analysis was
developed to study and compare the properties and behaviours
of potential options. To achieve this, the software Granta EduPack
was used, where options of all materials universe, including metals,
ceramics, polymers,and composites, were comparedtounderstand
their mechanical and physical properties as their manufacturing
and environmental impact.

Appropriate mechanical properties of the material used in the
connectors are fundamental to assure safety, serviceability and
durability. Therefore, three principles were evaluated: stiffness,
strength and toughness. Stiff to ensure the stability and rigidity of
the overall structure. Helping to resist deflections and movement
in response to dynamic accelerations. Strong enough to withstand
the loads transmitted between members without failure and
taught to absorb and dissipate energy without failing. In addition
to this, other parameters were added to the analysis in order to
have circular applicability of the options.

Durability was incorporated as a fundamental principle, with the
aim of prolonging the lifespan of major structural components

by resisting damage or deterioration caused by environmental or
long-term degrading components. Additionally, the importance of
materialrecyclability was emphasized, recognizing the significance
of planning for the end-of-life scenario and the necessity of being
able to recycle or reuse materials after their original purpose has
been served. From 4000 possible materials options available
in the database of the software, 20 potential materials fulfil the
requirements, most of them Non-ferrous metals. Fig 23 shows
mechanical properties comparison and results.
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Once the mechanical properties of the materials have been
analyzed, it is important to assess their feasibility and potential
implementation. This involves considering the material’s
commercial value and accessibility. Additionally, it takes into
account the EU’s list of critical materials. These materials are
scarce and may be concentrated in a limited number of countries,
creating potential risks for supply chains; for that, it is crucial to
reduce these risks by addressing them in the design stage. From
the 20 possible options, the number dropped to 12. Fig 23 shows
cost effectiveness comparison and results.

The final phase of the analysis involved an environmental impact
assessment of a potential list of materials. The assessment
considered the materials throughout their entire life cycle, from
extraction, production, transportation, and use, to final disposal. To
accurately measure the impact of the joint in different materials,
a standard and commercial structural joint, the hidden joint AW-
6060 from the company Rothoblaas, was used as a reference
component. To see the complete information and technical
specification of the joints can be seen in Appendix B: Joints
design, B21 design base.

Other inputs that were considered in the measurement include
the quantity of 2000 preliminary units, primary processes
applicable to the list of materials, transportation of 20km and

55-tonne trucks (This refers to the distance from the manufacturer
source to the customer. In this case, a distance of the south part
of the Randstad, where the location of the project and many
companies of metal appliances are located), and recyclability as
end-of-life. The analysis revealed that the option with the highest
impact on energy usage and CO, footprint was significantly
concentrated in the embodied energy of the materials.
Conversely, the manufacturing and transportation of the final
product had a limited overall contribution to the impact. Despite
the high embodied energy concentration, it was possible to
identify the proportional Eol potential of all the materials, as they
can be completely reusable or recyclable at the end of their life
cycle. Detailed information of the environmental impact of each
material can be seen in Appendix C: Material analysis. Fig24 & 25
shows the environmental impact comparison and results.
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Based on the analysis of the collected data, a final comparison

was made to assess the mechanical properties of various materials gy COR ooty

against their Eol potential. The objective was to identify the 00
material that could offer the best mechanical performance with
the most negligible environmental impact. The findings revealed
that the steel families, specifically the stainless steel grades 355- -
690, exhibited exceptional stiffness, strength, toughness, and %
durability, making them the most appropriate options for the E
structural performance required in manufacturing joints for timber E . .
high-rise structures. %
g

Moreover, the data analysis also considered the embodied E
energy of the alloys, which is the total energy required for their £ "
production, transportation, and installation. The results showed
that despite having a high embodied energy, stainless steel had
a proportional Eol potential to its embodied energy, which meant o Material  Manufacture  Transport Use Disposal  Eol potential
that it could be completely reusable or recyclable at the end of
its life cycle. Additionally, the embodied energy of the material Fremass B
extraction and processing for stainless steel was comparatively Phase i S| e | Ear™
lower than that of other potential candidates.Therefore, the amsiocirs S 52 e i
material analysis concluded that stainless steel was the optimal T T = S 5
choice for the material to be used in the joints of timber high-rise o (o e o5 oot o0

End of life potential -5.99e+03 -444

structures due to its superior mechanical properties and ability to
potentially meet circular economy principles.

Fig 24 .1: Stainless steel Environmental impact: CO, Footprint
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Parametric model:

In the previous chapter, an assessment was conducted to
determine the appropriate type of joints that the structure
must follow. Additionally, a grid was established to serve as the
foundation for the analysis of the structural mechanics of the
timber highrise. This crucial step lays the groundwork for the
upcoming stages of the project, ensuring that the structure is both
stable and reliable. For this part of the investigation, a parametric
model was developed using Grasshopper, a visual programming
modelling software. This software allows the creation of designs
that can be easily modified and updated by adjusting input
parameters following a specific list of criteria and constraints. The
main goal of implementing a parametric model is to analyse the
dynamic response of highrise structures made of Timber.

The parametric modelling capabilities of Grasshopper allow data
management, geometry manipulation, analysis and optimization,
making the research efficient and reliable. The model’s primary
purpose is to analyze the structural behaviour of the structure;
for that, the design is based on a tower of 36x36 m with a central
core, a very common structural typology applicable to many
potential design cases. The design will use Karamba, a structural
analysis plugin of Grasshopper that will evaluate the structure’s

performance following applying design constraints, ensuring
that the structure meets the ULS (ultimate limit state) and SLS
(serviceability limit state) regulations.

4.1.Design parameters:

4.1.1. Structural system:

The structural design of high-rise structures tends to be governed
by their dynamic behavior, which means that the stability system
must be designed to provide not only sufficient resistance to the
design loads, but also to provide sufficient global stiffness to
ensure structural integrity and user comfort (Felicita M., 2021).
This investigation focuses on studying the structural performance
of two variations of the glulam frame with a central core. This
typology uses the frame to distribute the vertical loads and the
core as the stabilizer component against the horizontal loads. The
scope of this investigation includes understanding its feasibility
following ULS and SLS criteria and the environmental impact
repercussions of a highrise with load-bearing and stabilizing
structural components in timber.

Based on the structural grid on FIG 27 that generates
intraoperatively of different scales, the structural plan follows an
effective span between the frame columns of six meters inside a




square layout of thirty-six meters with a square central core of
twelve meters. Two options are compared: a glulam frame with a
concrete core and a glulam frame with a CLT central core.

The comparison between the hybrid and timber-based systems
aims to understand the feasibility and performance of a glulam
frame and CLT core system and its potential applicability in the
buildingindustry asanalternative tothe concrete core, which would
decrease the embodied energy of the structure substantially and
allow the consolidation of a modular and disassemblable timber
highrise.

This parameter will answer the following question:
What strategies can be applied to replace the concrete core as

a lateral stabilizer component?

Fig 27:: Grid of the
parametric study

4.1.2. Joints Stiffness:

In the design of structures that will be exposed to torsional forces
or moments, it is essential to consider rotational stiffness. One
effective joint configuration for timber structures is the slotted-in
plate, but its stiffness is critical to ensure the safety and optimal
performance of the entire structure.

The relationship between the rotational stiffness required at
the joints and the global stiffness of the structure’s frame and
core is crucial to determine the amount of material needed in
the joints. Evaluating different rotational stiffness levels can
help understand their importance in structural performance and
material requirements. For high-rise structures subjected to large
dynamic loads, rotational stiffness values ranging from 50,000
KNm/rad to 300,000 KNm/rad are typically required to maintain
structural integrity. This investigation will focus on three types:
100000, 200000 and 300000 KNm/rad. The data from Felicita
M. (2021) was used to determine the stiffness specifications.

100000KN/rad=23.9kg

200000KN/rad=36kg

300000KN/rad=57kg

Image: Rotational stiffness steel plate Joints (own design)




This parameter will answer the following question:

To what extent is it possible to reduce the use of metal alloys in

the joints of timber components?

4.1.3. Total structural height:
The height of a structure is a crucial parameter to consider when
assessing its dynamic behaviour under horizontal loads.

Slendernessis also a crucial factor in the stability and integrity of
high-rise structures. In this investigation, a standard storey height
of 3m will be used across 34 storeys, resulting in a total structure
height of 102m. This total height is ambitious but reasonable, m’zm
especially when considering that the current record for the ;
highest high-rise using only timber as load-bearing and stabilizing
components, Mjgstdrnet, is 85m. By analyzing the behaviour of a
timber structure of this height and slenderness, the study aims to
evaluate insights into the potential and limitations of timber as a

building material for tall structures.
This parameter will answer the following question:

How do the wind loads affect the feasibility (cost, net floor

area?) of a timber highrise?

Fig 28: Structural height




4.1.4. Material configuration:

The configuration of materials is a critical aspect of setting up
a parametric model. This study has considered three materials:
cross-laminated timber (CLT), glued-laminated timber (glulam),
and reinforced concrete. Glulam has been chosen for the frame,
CLT for the core (which is being investigated as a potential
alternative to concrete cores), and concrete for comparison and
evaluation.

To identify the best glulam frame material, all available
references in the European market have been evaluated. The
following options have been considered: GL24h, GL24c, GL28h,
GL28c, GL32h, GL32¢c, GL36h, GL36c, GL24h (ptg), GL24c (ptg),
GL28h (ptg), GL28c (ptg), GL32h (ptg), GL32c (ptg), GL36h
(ptg), and GL36c¢ (ptg). (Karamba 3D) The material with the best
combination of mechanical properties has been selected.

The mechanical properties of CLT vary depending on the
manufacturer, and the most recent version of the Eurocode
NEN-EN 1998-1 (EC8) does not provide a clear parameter for
evaluation. For this study, the mechanical properties of CLT from
KLH have been used as a reference. KLH is one of the oldest and
most recognized manufacturers of timber products in Europe, with
transnational quality and performance certifications.

The following mechanical properties have been used:

Young's modulus dir 1: 45 KN/cm2, Young's modulus dir 2: 1200 KN/
cm?, In-plane shear modulus: 69 KN/cm?2, Transverse shear modulus
parallel to the grain: 5 KN/cm2, Specific weight: 5 KN/m3, Tensile
strength dir 1: 0.012 KN/cm?, Tensile strength dir 2: 2.25 KN/cm?2,
Compressive strength dir 1: -0.27 KN/cm?2, Compressive strength
dir 2: -2.9 KN/cm2, and Strength hypothesis: Rankine.

Finally, for the concrete core, the Shell counts cross-section
componenthasbeenused. Allavailable referencesinthe European
market have been analyzed to find the combination of materials
with the best mechanical properties. The following options have
been evaluated: C12/15, C16/20, C20/25, C25/30, C30/37, C35/45,
C40/50, C45/55, C50/60, C55/67, C60/75, C70/85, C80/95,
C920/105, and C100/115 (Karamba 3D).

4.2. Design constraints:

4.21. Accelerations:

Accordingto Eurocode NEN-EN1998-1(ECS8), to ensure structural
integrity, the accelerations of a structure should not exceed 0.39
m/s2.

4.2.2. Global deflection and interstory drift:
Global deflection andinter storey drift are essential serviceability
limit state criteria used to verify the design of structures that are




subjected to lateral loads such as wind (Felicita M., 2021). Global
deflection is the measure of the overall dynamic response of a
structure, while inter storey drift refers to the specific response of
each two-story segment after the application of load stress.

Both criteria are crucial in ensuring that a structure remains
functional, safe, and comfortable for its intended use. Global
deflection and inter storey drift can be calculated with the
following formulas:
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Equation: G
2021)

obal deflection and Interstory drift according to NEN-EN 1991 & (Felicita M.,
4.2.3. Loads:

4.2.3.1. Vertical loads:

Vertical loads are classified as dead and live loads. Dead

loads refer to the self-weight of the structure and architectural
components, and live loads are variable loads made by the

occupants and their furniture. Eurocode NEN-EN 1991 (EC1)
gives common values that can be used to calculate loading. The
model will apply the self-weight of the structure analyzed, and an
additional general value of 2.73 KN/m2, corresponding to flooring
and walls weight, will be included, 1.75 KN/m?2 corresponding to a
load of residential use and 0.56 KN/m2 of a variable load of snow.

Additionally to this, a security factor must be included in order to
count all the possible additional stresses that the structure must
tolerate inits life span without putting at risk the structure integrity;
for this investigation, a security factor of 1.2 will be applied. To
ensure accuracy in the analysis, vertical forces are expressed in
KN/m rather than KN/m2 to avoid programming issues and reduce
the potential impact on the analysis of structural components in
Grasshopper for creating additional surfaces that will receive the
loading and will be connected to the structural system.

This investigation focuses on analyzing the mechanical
performanceofload-bearingcomponentssuchasbeams,columns,
and cores, with the exclusion of CLT slabs. Therefore, converting
from KN/m2 to KN/m will enable the loads to be directly transferred
to the beams and the columns. Given that the grid follows a 6xém
symmetry, the load distribution is equally distributed across the
four beams that form the frame, with each component carrying a
total vertical load of 17.4 KN/m.




Fig 29: Vertical and horizontal load distribution.

4.2.3.2. Horizontal loads:

Horizontal loads, such as wind, exert pressure that increases with
height. To calculate wind pressure, NEN-EN 1991 provides standards
that are used in this investigation. The structure’s total height is
divided into three parts: h=b, h=2b, and h>2b. The first part, h=Db,
closest to the ground floor, is subjected to a lateral wind pressure
of 0.86 KN/m2. For the middle part, h=2b, a uniform pressure of
1.1MKN/m2 is applied, although an exponential pressure increase is
more accurate. The area with the highest wind pressure, h>2b, is

subjected to a pressure of 1.27 KN/mz2.

To ensure accuracy in the analysis, horizontal forces are expressed
in KN/m ratherthan KN/m2 to avoid programmingissuesandreduce
the potential impact on the analysis of structural components in
Grasshopper for creating an additional surface that will receive
the loading and will be connected to the structural system.

The scope of this investigation focuses on analyzing the
mechanical performance of load-bearing components such
as beams, columns, and cores, with the exclusion of facades or
other vertical surfaces that can affect the analysis evaluation of
the components. Therefore, converting from KN/m2 to KN/m will
transfer the loads directly to the beams and the columns. Given
that the vertical grid follows an inter-story height of 6x3m, the load
distribution is proportionally distributed across the two beams and
two columns that form each plane.

The columns in h=b have a load of 1.935 KN/m, h=2b have ¢
load of 2.4975 KN/m, and h>2b have a load of 2.8575 KN/m. The
beamsin h=b have a load of 1.29 KN/m, h=2b have a load of 1.665
KN/m, and h>2b have a load of 1.905 KN/m. In order to have a
more accurate and realistic load case, the wind loads are applied

W

inthe “x” and the “y” direction, having a 3d analysis of the dynamic

behaviour of the structure.
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4.2.4. Other considerations:

Inadditiontomeetingallultimatelimitstateandserviceability limit
state requirements, architectural constraints are also considered.
The continuity of the structural grid of é6m is an essential factor
that must not be compromised. Smaller configurations could
result in a complex and inflexible floor plan, potentially leading
to future design obsolescence. Therefore, this investigation aims
to achieve functional and flexible spaces through a modular and
simplified assembly and disassembly process. Similarly, external
stabilizing components like brazing will not be considered, as they
would hinder the modularity and simplicity of the design.




4.2.5. Post processing:

A primary objective of this investigation is to create a modular
set of structural components that can be integrated into a more
significant structural system. To achieve this, the post-processing
stage will aid in determining the optimal sizing of components
that satisfy both ultimate limit state (ULS) and serviceability limit
state (SLS) requirements. Maintaining the feasibility of design
parameters is crucial in the post-processing stage, and this is
achieved by applying constraints to the parametric model.

For example, the grid size is a crucial parameter that must
remain unchanged during optimization. In the setup phase of
the parametric study, preliminary sizing of cross sections was
determined as the starting point of the analysis. The evolutionary
algorithm will manipulate the cross-sections of the principal
structural components, such as columns and beams. For the
columns, the input range was set from 150cm to 150cm while
maintaining 82% of the net floor area per storey. As for the beams,
the effect of the vertical span was considered, and the input
parameters were modified to a maximum width of 120cm and a
height of 100cm to ensure structural integrity. The story height
was also included in the optimization process to meet the new
demand for beam cross-sections without affecting the structure’s
total height.

The selection of material references was a relevant criterion
in the analysis and post-processing stages, as the technical
specifications of available products can significantly impact the
overall performance of the structure. Therefore, the commercial
products specified in section 3.4.1.3. for Glulam and reinforced
concrete were included. For CLT, we only considered one reference
to ensure reliable and consistent data, thus avoiding the potential
decrease in the material’'s actual performance.

The core plays a crucial role in global stiffness, being the
component that will stabilize the structure against the horizontal
loads made by the wind. As mentioned before, EWP has a low
self-weight ratio compared to other materials; for that reason, the
thickness of the core will play a fundamental role in the feasibility
of this type of structure.

For that reason, from the design phase, the core can increment
the thickness until it arrives at the cross-section needed to
accomplish the structural constraints determined by the ULS and
SLS. Similarly, joints play a crucial role in optimizing these types
of structures. To achieve optimal performance levels, all joints in
the model have been given three possible options for rotational
stiffness: 100000, 200000, and 300000 KNm/rad. Choosing the
appropriate rotational stiffness for each joint is vital to ensure the
overall stability and performance of the structure.




To achieve the previously mentioned goals, this investigation
will use an evolutionary algorithm (EA). This investigation will
use the approach of shape optimization that, as Tedeschi, A., &
Wirz, F.( 2014) states: shape optimization attempts to reach an
optimal solution concerning a set of parameters that define a
fitness function. The optimization calculations can be performed
with the component Galapagos. The decision to use this type
of optimization is based on the methodology that evolutionary
algorithms employ to select solutions.

Using the “natural selection principle,” these algorithms can

Design space
+

Analyzed shape
Boundary conditions

o

Fig 31: Optimization flowchart (Tedeschi, A., & Wirz, F.2014).

select the best factors and integrate them to find the optimal and
ultimate option based on thousands of iterations. This approach
is beneficial when dealing with complex models with multiple
constraints, as it enables the algorithm to efficiently navigate the
solution space and identify the best possible outcome.

Even tho the optimization component Mopossum (Multi-
Objective Particle Swarm Optimization) is used in this investigation
due to the ability of this plug-in to use sectorization metrics to
evaluate faster the best solutions. It is important to note that
there is the need to establish precisely the optimization rules
and limitations to allow Mopossum alone to provide completely
relioble data because the many constraints applied to the
model can conflict with each other when attempting to achieve
design goals. For example, minimizing material usage is positive
for environmental and cost reasons, but it can be negative for
meeting ultimate limit state (ULS) and serviceability limit state
(SLS) requirements. To address this issue, a Python script was
incorporated into the optimization process to ensure that none of
the setups or constraints were prioritized at the expense of others.
In FIG 31.1 shows the parametric and optimization flowchart used
inthisinvestigation. Similarly, In Appendix A can, be seen complete
Grasshopper and Python scripts.




TR e 30 TN Py e
Araby Rty Corteairt Cprririon
ared resan

ULS
TS T

Penalization
of mass

Fig 31.1: Optimization flowchart research.




4.3. Results and discussion:

In the previous chapter, was discussed the creation of a
parametric model designed to evaluate the dynamic response
of a high-rise building with timber as its primary load-bearing
and stabilizing system. The model was crafted to incorporate @
glulam frame capable of dissipating vertical loads and a CLT core
responsible for dissipating the accelerations caused by wind forces.
A parallel model was also developed to evaluate the performance
of twin models with a slight variation in the core material further
to understand the structural performance of such systems. This
second model replaced the CLT core with concrete to investigate
the behaviour, potentialities, and challenges of such a design. By
creating these two models, the investigation gathered the data to
compare the reactions of both structures and assess the strengths
and limitations of each system. This information is relevant in
informing future building designs and construction practices.

The results and observations of the previous parametric study
aims to give insight to answer the following questions:

1. What strategies can be applied to replace the concrete core

as a lateral stabilizer component?

2. To what extent is it possible to reduce the use of metal alloys

in the joints of timber components?

3. How do the wind loads affect the feasibility of a timber
highrise?

4.3.1. Glulam frame and CLT core

The optimization process for the structure involves a glulam
frame and CLT core system, which aims to identify the best possible
solutions from thousands of potential options, enabling the use of
timber as the primary load-bearing material for high-rises without
requiring hybridization with other materials.

An evolutionary algorithm was used to analyze various
combinations of inputs, including the core thickness, glulam
types for columns and beams, and the lower and upper widths
for the cross-section of columns and beams. Additionally, three
potential rotational stiffness values for joints (100000, 200000,
and 300000 KNm/rad) were evaluated dynamically to ensure
that design constraints were met. The genome was configured
to minimize material usage while adhering to rigorous constraints
of modularity, serviceability, and limited state regulations. The
optimization maintained a global deflection limit of 0.204, an
inter-storey drift limit of 0.0075, and an acceleration limit of 0.39
m/s2.

However, a Python script was included in the post-processing
stage to avoid potential conflicts between constraints. This script
helped to ensure that the optimization prioritized rotational
stiffness values based on their mass, penalizing those with higher
masses to reduce their potential for use.

As a result, the optimization compensated for global stiffness




and stability through other model components, such as columns, (M)opossum

beams, and core, which prioritized timber mass over steel mass. Optimize! Sefiings Expert Results
The values used for the rotational stiffness of joints were 100000 Obj Parameters
KNm/rad: 23.9 kg, 200000 KNm/rad: 36 kg, and 300000 KNm/ 6500553.6 14.000000.6.000000.1.000000.11.000000.13.000000.8...
rad: 57 kg. 6500553.6 14.000000,6.000000,1.000000,11.000000,13.000000.8...
65739936 14.000000,6.000000,1.000000,12.000000,13.000000.8...
, N . o o 65991216 15.000000,6.000000,1.000000,11.000000.7.000000,14...
Finally, penalization was implemented, limiting the utilization
65991216 15.000000,6.000000,1.000000,11.000000.7.000000,14...
of the structural components more than once to avoid potential 6600864 15.000000.6.000000.1.000000,11.000000,7.000000.14._
double or even more times stresses than a real component can 6665587.2 15.000000.4.000000,1.000000,12.000000,16.000000.6...
withstand. By implementing these measures, the optimization
process ensured the best possible solution for the given constraints,
(M)opossum

resulting in an efficient, stable, and sustainable high-rise structure

. . : Optimize! Set
option configuration. P

Optimization Type Convergence

. . . Minimi Maximi
- Total Iterations evaluated (Set of potential solutions): 1035 O winirize O Maximize

- Best value: 650055 Optimization Algorithms
RBFOpt (fastand good ) w

Run Optimization

Start Stop Iteration: 1035 Best Value: 650055

Fig 32: Optimization result: Iterations and best value.
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Fig 32.1: Optimization results: rotational stiffness participation.




For modularity and simplicity, the
optimization was able to take only
one option of the cross-section for
columns and beams; in the case of
rotational stiffness, the components
were according to the demands
selected in the specification previously
explained. Components final sizing
after optimization:

Columns: 1300x800mm

Core thickness: 1400mm

Beams: 300x200mm

Rotational stiffness:
100000KNmM/rad: 26 storeys
200000KNm/rad: 1 storeys
300000KNmM/rad: 6 storeys

ULS and SLS results:
Global deflection: 0.08983
Inter-storey drift: 0.003918
Utilization beams and columns:
0.929067
Utilization core: 0.974764

Fig 33: Axial stress beams and columns and stress core
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Fig 34: Displacements beams and columns and core




Discussion:

After 1035 iterations, the most optimal option for the structural
design of a glulam frame and CLT core was selected, the option
650055. The analysis revealed that in order to meet the limit and
serviceability limit state requirements according to Eurocode
NEN-EN 1998-1 (EC8), the core plays a predominant role in the
global stiffness of the structure, utilizing 94% of the maximum
mass allowed in this investigation compared to only 46% for the
columns and 36% for the beams.

The longer area of the columns was oriented perpendicular to
the predominant wind pressure to resist the load. The thickness
of the CLT core is inversely proportional to the rotational stiffness
required by the joints. In this particular case, with a constant CLT
core of 1400mm, the predominant rotational stiffness required is
100000KNm/rad, accounting for 78.8% of the total, while 3% is
attributed to 200000KNm/rad and 18.2% to 300000KNm/rad.
This significant reduction in the ecological footprint of the building
is due to the reduced amount of steel required in the connection
columns and beams. The mass of steel in the configuration of
100000KNm/rad is the lowest, with 23.9kg vs the 36 and 57kg from
the 200000 and 300000KNm/rad, respectively. Additionally,
the selection of glulam type GL32c, which has one of the highest
weight-to-strength ratios in the European market, enabled a

reduction in the cross-sections of beams and columns due to the
material’'s mechanical properties.Other references with lower
qualities would have increased the size of the cross-sections,
exceeding the size constraints set in the parameters.

The stress distribution varies among the components. For
columns, the highest concentration of compressive stresses is
located on the lower floors due to the vertical loading of the
structure and decreases exponentially in proportion to the height,
from 3.49KNcm2 of compression to 1.39KNcm2 of tension at the
highest point. The beams face constant perpendicular distributed
vertical loads that remain as constant, resulting in compression
on the top face and tension on the bottom.Additionally, stresses
increase perpendicular to the cross-section as the height increases
due to the wind pressure. The higher the location of the beam, the
higher the stresses near the joints. The core behaves according
to Bernoulli's beam theory, with the highest concentration of
compression at the bottom of 5.88KNcm?2 and tension of 2.63e-
03 KNcm2 at the highest part due to wind pressure.

The optimization resulted in a net floor area of 84%, which is
highly efficient compared to the minimum of 75% required for a
functional floor space. Due to design constraints of modularity,
the core will always have a participation of 12% of the total, with
its internal percentage varying according to the thickness of the
shear walls. The columns had a participation of 4% of the total
areaq.




4.3.2. Glulam frame and concrete core

This structural configuration uses materials with mechanical and
manufacturing processes very different; for that reason and the
circularity guidelines adopted in this investigation, the steel joints
will connect the frame with the core, avoiding any permanent or
pollutant hybridization. The Joint design configuration is based on
two perpendicular steel plates; one will be slotted in the centroids
beam using timber-steel penetration bolts, and the other will be
attached to the core with screws anchored for concrete. The joint
types can be found in chapter 5, design case.

The optimization process for the structure involves a glulam frame
and concrete core system, which aims to create data that makes
it possible to analyze and compare it with the proposal of glulam
frame and CLT core. This optimization searches for solutions from
thousands of potential options, enabling the use of timber as the
primary load-bearing material for vertical loading in high-rises and
reinforced concrete as lateral stabilizer. An evolutionary algorithm
was used to analyze various combinations of inputs, including the
core thickness, glulam types for columns and beams, and the lower
and upper widths for the cross-section of columns and beams.

Additionally, three potential rotational stiffness values for

joints (100000, 200000, and 300000 KNm/rad) were evaluated
dynamically to ensure that design constraints were met. The
genome was configured to minimize material usage while
adhering to rigorous constraints of modularity, serviceability, and
limited state regulations. The optimization maintained a global
deflection limit of 0.204, an inter storey drift limit of 0.0075, and
an acceleration limit of 0.39 m/s2.

However, a Python script was included in the post processing
stage to avoid potential conflicts between constraints. This script
helped to ensure that the optimization prioritized rotational
stiffness values based on their mass, penalizing those with higher
massestoreducetheirpotentialforuse. Asaresult,the optimization
compensated for global stiffness and stability through other model
components, such as columns, beams, and core, which prioritized
timber mass over steel mass.The values used for the rotational
stiffness of joints were 100000 KNm/rad: 23.9 kg, 200000 KNm/
rad: 36 kg, and 300000 KNm/rad: 57 kg. By implementing these
measures, the optimization process ensured the best possible
solution for the given constraints, resulting in an efficient, stable,
and sustainable high-rise structure option configuration.

- Total Iterations evaluated (Set of potential solutions): 1140
- Best value: 476945




(M)opossum For modularity and simplicity, the optimization was able to take
only one option of the cross-section for columns and beams; in

Optimize! Settings Expert Results
P J P the case of rotational stiffness, the components were according

Obi Parameters to the demands selected in the specification previously explained.
4769452 8 7.000000.6.000000.9.000000.2.000000.3.000000.14.0... Components final sizing after optimization:
4974590 4 7.000000.6.000000,10.000000,2.000000,3.000000.14....

4914590 4 6.000000.6.000000.10.000000.2.000000.3.000000.14... . Columns: 1400 x 300mm

4975790.4 7.000000,6.000000,10.000000,2.000000,3.000000,15... . Core thickness: 700 mm

4975790 4 5 000000.6.000000.10.000000.2.000000.3.000000.15... . Beams: 350x700mm

4975790 4 6.000000.6.000000,10.000000.2.000000.3.000000,15.... . Rotational stiffness:

5059728 7.000000.6.000000,11.000000,2.000000,3.000000.14.... . 100000KNm/rad: 18 storeys
200000KNm/rad: 14 storeys
300000KNmM/rad: 1 storeys

(M)opossum

Optimize! Settings Expert Results ULS and SLS results:

Optimization Type Convergence

© Minimize () Maximize - Global deflection: 0.054933

Inter-storey drift: 0.003056
Optimization Algorithms . Utilization beams and columns: 0.921482
RBFOpt( fastand good ) % . Utilization core: 0.352703

Run Optimization

Start Stop lteration: 1140 Best Value: 476545

Fig 35: Optimization result: Iterations and best value.
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Discussion:

After conducting 1140 iterations, option 476945 was selected as
the most optimal design for a glulaom frame and concrete core
structure. The analysis showed that the core played the most
significant role in the global stiffness of the structure, as expected,
but the columns also actively helped to dissipate wind pressure
due to their cross-sectional shape of 1400x300mm facing the
shorter width perpendicular to the predominant wind pressures.

The self-weight and toughness of the concrete core reduced the
rotational stiffness requirement needed in timber joints. For this
particular case, a core thickness of 700mm required a rotational
stiffness of 100000KNmM/rad in 55% of the joints, while 42%
required 200000KNm/rad and only 3% required 300000KNmM/
rad. This indicates that the concrete core provides more global
stiffness and requires less stiffness of joints related to height. But
also shows that the evolutionary algorithm punished more the
mass quantity in the concrete core than in the steel joints.

The use of glulam type GL32c was the option selected to meet
the load requirements for a high-rise building. Despite this, the
structural system had a mass reduction of 40% for the columns
and 22% for the beams compared to the glulam frame and CLT
core.

This resulted in a net floor area of 86%, which is higher than if
only timber was used as the load-bearing material. Due to design
constraints of modularity, the core will always have a participation
of 12% of the total, with itsinternal percentage varying according to
the thickness of the shear walls. The columns had a participation of
2% of the totalarea. The stress distribution was not as planned, due
to the rectangular cross-section shape, which caused compressive
stress to increase more than in more symmetrical cross-sections.
However, the values were still within the range of ULS. The highest
concentration of compressive stresses was located in the central
part of the structure, with the corner columns being exposed more
to tension. On the lower floors, the highest compression stress was
2.09KNcm2 at the base, decreasing exponentially in proportion to
the height.

The beams faced constant perpendicular distributed vertical
loads, resulting in compression on the top face and tension on
the bottom. Additionally, stresses increased perpendicular to the
cross-section as the height increased due to wind pressure. The
higher the location of the beam, the higher the stresses near the
joints. The highest concentration of compression was 5.88KNcm?2
at the bottom, and tension was 2.63e-03 KNcm?2 at the highest
part due to wind pressure.




4.4. Environmental impact of the structural systems

. Glulam frame and CLT core . Glulam frame and concrete core
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In this subchapter, a preliminary analysis of the environmental
impact of the two models is realized. The analysis aims to
understand the environmental feasibility of building a structure
with timber as the primary material of the load-bearing system.

In order to have an accurate and realistic analysis, this study
will take the same parameter stipulated in chapter 4.1and 4.2 as
designconstraints adding the results of the structural optimizations
made in the subchapters 4.3.1and 4.3.2.

Parametric model components for both cases:
Building height: 102m
Beams total: 2448
Columns total: 1360
Cores: 1
Joints: 4752

For the configuration glulam frame and CLT core the following

data will be analyzed:

Columns: 4243.2m3
Cores: 6054.72m3
Beams: 3965.76m3

Rotational stiffness:
100000KNmM/rad: 3744 units:11.79m3
200000KNm/rad: 144 units
300000KNmM/rad:864 units

Results:
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For the configuration glulam frame and concrete core the Discussion:
following data will be analyzed:
The structural configuration: Glulam frame and CLT core was

- Columns: 1713.6m3 a challenging case study. The mechanical properties of these
- Core: 3227.28m3 two materials are good, but their performance decreases due
- Beams: 3598.56m3 to the nature of the accelerations that high-rise structures must
- Rotational stiffness: withstand.

. 100000KNmM/rad: 2592 units

- 200000KNm/rad: 2016 units In order to fulfil ULS and SLS considerations, the sizing of

. 300000KNmM/rad: 144 units the cross sections was the most relevant factor; the low self-

weight ratio of these two materials was one of the factors

Results: that considerably decreased their performance resisting wind
accelerations, especially in the upper sections of the structure.

ST This situation generated overpressure and maximum utilization
of the core, arriving at 94% of the maximum allowable mass on

this investigation and over the dimension of columns and beams

W Corgrety ooig

] I I above their loading needs to increase the self-weight.
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CLT core, an element that in the optimization required much
mass to be structurally feasible as a stabilizer component, was
the element that contributed more to the overall impact of the
structure, followed by the columns and beams, respectively, for
the oversizing required to create higher self-weight and contribute
to the global stiffness of the structure.

On the other hand, the optimization helped to reduce the mass
of steel required in the joints; a situation in the full spectrum of
the analysis was a better outcome for the total environmental
impact of the structure. The CLT core has a carbon footprint of
2,600,000 kilograms of CO2, which accounts for 38% of the total
carbon footprint. The Glulam columns have a carbon footprint of
1,790,000 kilograms of CO2, which accounts for 26% of the total
carbon footprint. The Glulam beams have a carbon footprint of
1,680,000 kilograms of CO2, which accounts for 25% of the total
carbon footprint.

The steel joints also contribute to the carbon footprint, with
the 100000KNm/rad joint having a carbon footprint of 487,000
kilograms of CO,, which accounts for 7% of the total carbon
footprint. The 200000KNm/rad joint has a carbon footprint
of 28,400 kilograms of CO,, which accounts for 1% of the total
carbon footprint. Finally, the 300000KNm/rad joint has a carbon
footprint of 268,000 kilograms of CO2, which accounts for 3% of

thetotalcarbonfootprint. Accordingtothe dataprovided, the total
carbon footprint of a construction project that includes CLT core,
Glulam columns and beams, and various steel joints of different
specifications is 6,853,400 kilograms of CO2. See Appendix C2:
CO2 concentration material parametric study: Glulam frame and
CLT core.

The structural configuration: Glulam frame and concrete core
were more efficient regarding mechanical efficiency vs weight
ratio. The concrete core, due to its high strength-to-weight ratio,
the optimization only needed 50% of the total mass that a CLT
core needed to achieve the same structural performance. It is
important to remark that this mass reduction is relevant for the
ecologicalimpact because less material is needed. However, it did
not affect or benefit the net floor area due to the increase of the
core thickness was established to happen in a determined area
only destinated to this function.

Similarly, the concrete by itself was able to resist better the
accelerations made by the wind, which generated a considerable
diminution of the cross sections of other elements, like the columns,
that had a reduction of 40% of the total mass required. Evenifitis
important to remark that in this configuration, the participation of
steel joints was superior, also because the reduction of the beams
and columns cross sections needing more rotational stiffness.




1%
10% = Concrete core
89 PRI = Glulam Beams
\ = Steel joint 200000KNm/rad
= Glulam columns

n Steel joint 100000KMNm/rad

u Steel joint 300000KNm/rad
18%

Fig 43 2:Co, footprint Glulam frame and
concrete core participation.

The data presents that the concrete core, with a carbon footprint
of 983,000 kg CO2, accounts for 25% of the total carbon footprint.
The Glulam columns, with a carbon footprint of 724,000 kg CO2,
contribute 18% to the overall carbon footprint. The Glulam beams,
with a carbon footprint of 1,520,000 kg CO2, represent the largest
contributor, accounting for 38% of the total carbon footprint. The
steel joints also contribute significantly, with the T00000KNm/
rad joint contributing 337,000 kg CO2, the 200000KNm/rad joint
contributing 395,000 kg CO2, and the 300000KNm/rad joint
contributing 44,600 kg CO2.

These three steel joints together account for 19% of the total
carbonfootprint. Overall, the carbon footprint of this configuration
is4,003,600 kg CO2,indicating that the materials and components

used in the construction process have a significant environmental
impact. See Appendix C3: CO, concentration material parametric
study: Glulam frame and concrete core
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Fig 44: Total environmental impact Glulam frame and concrete core - Glulam frame and
CLT core .




In conclusion, the study found that for the case of a 34 storey
building, the Glulam frame and CLT core configuration were
challenging due to the low self-weight ratio of the materials, which
decreased their performance in resisting wind accelerations.

Oversizing of the components was required to increase self-
weight and contribute to the global stiffness of the structure
situation that increased very much ecological impact. The CLT
core contributed the most to the overall carbon footprint, followed
by the Glulam columns and beams. Steel joints also contributed
significantly but less due to materials optimization, which prioritizes
the sizing of biobased materials.

On the other hand, the Glulam frame and concrete core
configuration were more efficient regarding mechanical efficiency
vs weight ratio. The concrete core required only 50% of the
total mass needed for a CLT core to achieve the same structural
performance and could resist wind accelerations better, reducing
40% of the total mass required for columns. However, the
participation of steel joints was also higher in this configuration.

Overall, both configurations had a significant environmental
impact; the configuration of the Glulam frame and CLT core
perform less in highrises, being until now, a better option is the
use of concrete core or some hybridization; this option could

have an enormous potential of reducing the footprint of timber
as main load bearing structural system for highrises. Although it
is important to note that the glulom and CLT core configuration
offers higher end-of-life potential compared to concrete core
options. This is because the design of the timber components and
steel joints allows for disassembly and reconfiguration, resulting in
a longer lifespan and increased durability.

Thisoptionisless vulnerable to ending up in alandfill or becoming
obsolete due to its dependence on a concrete core that cannot be
disassembled. Additionally, in the event that the structure reaches
the end of its life cycle, the glulam components can be repurposed
for other structures due to their modularity and simplicity.
Alternatively, they can be used as biomass for energy generationin
a controlled and certified facility. However, for more accurate joint
optimization, a case study should also include the joints of CLT,
which can significantly impact the structure's ecological footprint.




4.5. Conclusions:

What strategies can be applied to replace the concrete core as
a lateral stabilizer component?

The parametric model highlighted the crucial role of the core
in the global stiffness of highrise structures. Subchapter 4.3.1
demonstrated how a CLT core can replace a concrete core
entirely, despite requiring considerable mass to meet the limit
and serviceability parameters. In contrast, subchapter 4.3.2
revealed that a concrete core required only 50% of the mass
required for a CLT core to achieve the necessary stiffness. FIG
45 shows that global deflection and inter-storey drift is inversely
proportional to the core thickness. However, subchapter 4.4.
indicated that the glulam and CLT core resulted in 2849800 KgCo?2
more emissions than the configuration with a concrete core.

Two strategies can be considered to avoid the need for a concrete
core. The first is to reduce the height of the highrise to a level
where wind pressure does not require a CLT core thicker than
1000mm. Alternatively, adding more self-weight to the structure
may be possible by implementing a composite material that can
be used with CLT or glulam. FIG 46 shows how the self weight of the
structural components determines the thickness of the core. This
hybridization should have lower embodied energy than concrete
and not create permanent connections that would hinder the
potential for reuse, repurposing, or recyclability.

Mass and global deflection

0.12607

0.12000
5
S 011000
8]
qi_J 0.1035
3 0.10000
o
£
e} 0.0%9000
0] 0.08983
0.08000
0.07843
50 100 150 200
Thicknesscore (cm)
Mass and interstorey drift
Q007000
. 0.006000
= 0.005000
g
£ 0.004000
x.-:' CLO03435
0.003000
0 100 150 200
Thickness cora (cm)
Fig 45: Global deflection and interstorey drift vs mass, CLT core and glulam frame
configuration.
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To what extent is it possible to reduce the use of metal alloys in
the joints of timber components?

The feasibility of replacing steel with carpentry joints for high-
rise structures was found to be deficient in mechanical behavior
and economically and technically impractical, as explained in
subchapter 3.1.1. Instead, optimizing the amount of material
in metal joints was a more realistic and feasible solution.

The parametric model in subchapters 4.3.1. and 4.3.2. provided
valuable insights into the structures’ dynamic response and stress
concentrations. The analysis revealed that the height and self-
weight of the building were directly related to the demand for
rotational stiffness in the joints. Higher rotational stiffness requires
more material, resulting in higher embodied energy and cost. The
global stiffness given by the core plays a direct role in the rotational
stiffness requirements of the joints; FIG 47 shows this relation.

Structural optimization was a crucial tool for reducing the amount
of steelinthe connections. Thiswas achieved by integrating several
factors into the same optimization, including cross-sections of the
frame and core and rotational stiffness values of 100000,200000,
and 300000 KNm/rad.

Stiffness and core thickness
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Fig 47: Rotational stiffness and core thickness, CLT core and glulam frame configuration.




The genome was set up to minimize the mass of all components,
with a penalty of mass added to the rotational stiffness of 300000
KNm/rad, which multiplied its real mass, increasing the real value
for optimization. This approach allowed the Opossum (Multi-
Objective Particle Swarm Optimization) to prioritize the rotational
stiffness of 100000 and 200000 KNm/rad while compensating for
the self-weight of timber elements with higher mass. As a result,
in the Glulam frame and CLT core configuration, the joint with @
rotational stiffness of 200000 KNm/rad was used in 26 out of the
34 storeys, as it had the least mass. Inthe case of the Glulam frame
and concrete core, the joint with a rotational stiffness of 300000
KNm/rad was needed only in the last storey. It is important to note
that this was possible due to the compensation of the self-weight
of the timber elements, and the optimization process ensured the
best mechanical performance while reducing the amount of steel
in the connections.

How do the wind loads affect the feasibility of a timber
highrise?

The parametric model revealed that wind pressure is a crucial
factor that significantly affects the feasibility of timber highrises
in numerous ways, particularly in terms of structural mechanics. As
outlined in subchapter 4.2.3.2. the height parameter is a crucial
factor that affects the overall performance of the structure as itis

directly correlated to the horizontal loads, such as wind pressure.

The pressure exerted by wind increases exponentially with
height, which requires greater stiffness in the upper areas of the
structure. This exponential pressure increase, in turn, demands a
higher global stiffness that the structure must fulfill to meet the
limit and serviceability state requirements. The structural analysis
and optimization have been carried out to achieve the necessary
global stiffness in subchapters 4.3.1. and 4.3.2. For glulam
frames with two types of cores, two crucial factors have been
applied to ensure accurate mass and high mechanical properties
performance of materials.

However, it is important to note that wind pressure is not the only
factor that should be considered when assessing the feasibility
of timber highrises. Other analyses, such as the structure’s
environmental impact, must also be evaluated to ensure a well-
rounded and sustainable design. While structural feasibility is
undoubtedly an important factor to consider when evaluating
the feasibility of a timber high-rise, it is not the only one. Other
important analyses, such as an evaluation of the ecologicalimpact
of the structure, must also be considered. As was demonstrated in
subchapter 4.4., the environmental impact of a structure can be
significant, even whenitis constructed using sustainable, biobased
materials.




For example, the analysis showed that the glulam frame and CLT
core produced aconsiderably higher amount of CO,concentration
compared to a glulam frame with a concrete core. Therefore, it
is essential to consider the mass efficiency of various structural
configurations to identify the options with the least negative
impact. A balanced and multi-feasible approach is necessary
when evaluating the feasibility of a timber high-rise.

This means that the structural and environmental feasibility
of different design options must be compared and evaluated to
identify the most optimal solution.

The net floor area plays a critical role in the structural analysis
of timber high-rise buildings, as demonstrated in subchapters
4.3.1 and 4.3.2. These subchapters shed light on how a high-rise
structure requires a higher global stiffness to achieve accurate
mass and mechanical performance of materials, which can lead
to a significant reduction in the net floor area if no constraints are
established. Inthe case of the glulam and CLT core, before the final
optimization, the cross-section of the components did not have a
size limit, resulting in column options with a width of over 1700mm,
thereby affecting the architectural plan and considerably reducing

the available floor area.

Therefore,itisessential to evaluate the total height of the building
toanalyze the structural system and the material more appropriate

for each case. In the particular case of this investigation, the net
floor area of the glulam and concrete core was only 2% better.
However, it is important to note that this slight difference was
mainly due to the optimization constraint of maintaining the
net floor area above 80% by limiting the maximum sizing of the
columns and beams. In situations without this constraint, the
oversizing of the columns will be a factor that affects the floor

plan.

The economical feasibility is out of the scope of this
investigation.

Additional remarks:

This investigation into the ecological footprint of timber high-
rises has found that reducing the number of joints in the structure
can significantly reduce its impact. Connecting columns every 2 or
3 storeysinstead of every single storey reduces the number of joints
needed, leading to more sustainable and efficient construction.

One of the assumptions made in this investigation is that the
structure’s core behaves according to Bernoulli's beam theory.
This simplification allowed for optimizing joints between different
CLT components as a single element.
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5.1. Circular economy and sustainable structure design:
This chapter will help to answer the following question:

How can modular timber systems lead to highrise buildings that
are technically feasible and adaptable to future use scenarios?

According to Brand (1995) and his theory of building layers, the
structure has the longest lifespan among the components of a
system. In the context of the circular economy, the design of the
structure in this project incorporates various factors that promote
sustainability and efficient use of resources.

Onekeyfactorinvolves minimizingresource consumptionand waste
generation. Thisis achieved by designing structural components to
be durable, modular, and easily repairable. Reducing the amount
of materials used in manufacturing and consumption minimizes
waste generation, thereby reducing the environmental impact.
Sustainable production practices are also integral to the design.
without the use of harmful chemicals. Considering the entire
lifecycle of products, from sourcing raw materials to their eventual
disposal, ensures minimal environmental impact throughout.
Efficient and responsible resource utilization is another
crucial principle. The design of structural components
and processes focuses on maximizing resource efficiency
while minimizing waste generation. This approach helps
decrease the overall demand for raw materials, contributing

to a more sustainable production and consumption model.
Promoting the extension of product and component lifespans
through repair, refurbishment, or repurposing is encouraged.
Emphasizing product reuse reduces the need for new items,
resulting in resource conservation and waste reduction.
Recycling plays a vital role in circular structural design.
Waste materials are processed and transformed into new
products or raw materials. For instance, timber can be
reprocessed or used as biomass. Recycling contributes to
resource conservation, reduces landfill waste, and decreases
energy and environmental impact during production.
By integrating these interconnected factors, the circular structural
design enables a more sustainable and resource-efficient
approach. Prioritizing waste reduction, sustainable production,
resource efficiency, product reuse, and recycling contributes to

developing a circular and sustainable economy.

produce

CIRCULAR

Fig 26: Circular economy scheme https://www.researchgate.net/
figure/Presenting-the-6éRs-of-circular-economy _fig1_.357870104




5.2. Design for modularity and simplicity:

The design process for the modular multipurpose structure
began with establishing guidelines that would enable the
creation of a cohesive building, so a grid was implemented to
facilitate connectivity and complementarity between the various
componentsofthesystem. The gridwasbased onastandard unit of
0.6m and multiples, allowing for the standardization of all building
components. This range of values provides functional alignment
between small and macro scales. It allows for an exponential
proportionality between the architectural components (such as
partition walls and facade panels) and the structural components
(such as columns and beams), resulting in a complete modular
system.

The structural optimization made on previous chapter’s
demonstrated the practicality of maintaining a single grid of
6x6m while using a limited variety of component types. Utilizing
a singular cross-section for columns and beams significantly
reduces the complexity of the assembly process. This approach
also facilitates the replacement of spare parts and enables the
potential reuse of system components in future projects. The
standardized commercial cross-section and length sizing further
enhance the feasibility of incorporating these components
into other endeavours. Overall, this optimized design simplifies
construction and enhances the system’s versatility and potential
for resource efficiency.

Fig 26.1: Interoperability of different architectonic

scales




5.3. Design for (dis)assembly criteria:

After modularity, design for disassembly is one of the most
important key factors to consider from the early stages of a project
to avoid the obsolescence of any building. Crowther (2005) set a
list of criteria to consider, and that was readapted to this project
to have an applicable disassemble design also following the Brand
(1995) concept of a building environment conformed by different
layers with different timespans due to user requirements, durability
factors or the dynamism and changing panorama of the users.

The demountability criteria is conformed by five groups that
integrate all the physical components and stages of a project:
materials, connections, manipulation, design and management.
These groups have a specific list of principles that defines each
group’s scope and goal. The principles are classified as Highly
relevant, relevant, or not relevant in terms of recyclability,
remanufacture, reuse and relocation potential in 3 different scales:
material, component, and building, see FIG 14.1and 14.2.
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The remarks and prioritization conclusion of the criteria for this
particular study case were:

- Materials:

The selection criteria are focused on selecting options with the
highest potential to be recyclable/reuse ultimately so that the
hybridization of the components with hazardous materials would
not happen. Similarly, material efficiency is a priority; for that
reason, the optimization of the use is a predominant constant.

For this project, this means that using a biobased material such
as timber as the main load-bearing component is optimized to
have the most efficient structure configuration possible in terms
of material use. Implementing any permanent connection will not
happen, allowing the exchangeability and potential reuse of the
components in other projects or in a controlled and sustainable
transition of the component into biomass to recover part of the
embodied energy.

- Connections:
A reduced number of connectors, components, and types not

only reduce the environmental and monetary cost of the project
but also facilitate the process of dis(a) assembly. Similarly, the

connection must be accessible and durable. This will create a less
complex system that will facilitate and make the project more
feasible.

This project implements Joints made of stainless steel, a material
discussedinthe material analysis subchapter, with high mechanical
and durable performance qualities. This criterion makes the joints
able to tolerate not only the load stresses but also the possibility
of being disassembled multiple times, a relevant characteristic in
the life span of a product. Additionally, implementing commercial
screws and bolts in the slotted-in plate system allows them to be
compatible with traditional steel structures. Such compatibility
makes them components appropriate to use in other structures.

- Manipulation:

Sizing of components proportional to human scale and the
compatibility of commercial equipment are principles of high
relevance. The sizing of the components it's a factor that must
be considered. Today the sizing of components is limited by
external factors different from the manufacture, transportation,
and consequent access to the construction site are the relevant
limitation factors.




The project implements a multiscale interoperativity of
structural and architectural components. This allows the assembly
of components on at small and big scale. Depending on the
demands and restrictions of the construction site. The individual
size of the components can be manipulated by 2-3 construction
workers, making easier the manipulation on-site and developing
a “‘column by column system®. On the other hand, if its more
practical to preassembly elements out of site and transport them
as preassembled modules, this is also a practical possibility. the
only factor to consider is the transportation limitations.

- Design:

The design and implementation of a structural grid are vital
for enabling interoperability among all system components. This
entails adopting an open system concept that embraces modular
and standardized parts, ensuring independence from other
systems and facilitating prefabrication.

The project uses as one of the main constraints a structural grid
of 6x6m and multiples; this generates interoperability of different
scales and optimal architectural flexibility that makes the building
optimal to adapt to future scenarios.

- Management:

The management plays a crucial role in the project where
identifying and minimizing the number and types of components
will provide faster and more efficient identification of the elements
that will facilitate the disassembly process.

The implementation of structural optimization in this project,
following a grid and a minimum amount of types of components as
constraints, facilitates considerable the management of the (dis)
assembly and change of spare parts. Utilizing a single reference
of column and beam and only three options of stiffness joints
facilitate considerable piece management.




5.4. Structural kits:

The most predominant timber highrises built until today are
similar to many other types of conventional structures. The lack
of modularity and the implementation of permanent pollutant
connections make it very complicated to implement an end-of-life
panorama. For this situation, an opportunity to develop a modular
set of pieces for highrises could be one of the solutions to achieve
the ambitious goals of the circularity of the timberhighrise industry.
The group of components conform to the structural kit, a package
of previously analyzed components that fulfill all the ULS and SLS
considerations but also the circular principles of modularity and
design for disassembly.

The construction kits were created to build the modular high-
rise: a structural kit. These kits are versatile and functional for
small and large-scale uses and are designed to be interoperable
with each other. This interoperability provides a wide range of
architectural options and allows for a highly adaptable system
that can be applied to various uses and requirements. The result
is a flexible and versatile building that can be tailored to meet the
variety of needs of its users.

Joints
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Fig 45 :Constituent parts of the structural kit.




The structural kit is a versatile package of building components
designed to meet a range of scale requirements. It includes
prefabricated columns, beams, trusses, and cores made of Glulam
and CLT, with options for S (6x6x3m), M (6x6x6m), L (18x6x12m), and
XL (30x6x18m) configurations. The components are connected
using steel joints with various rotational stiffness specifications to
meet specific project requirements.

The manufacturing and assembly methodology of the structural
kit emphasizes compatibility between components and joints
while avoiding any permanent connections between them. This
means the components are prefabricated in a specialized EWPs
manufacturing facility, pre drilled and milled for easy assembly.
Similarly, the steel joints are also prefabricated with all the screws
and bolts necessary for quick and efficient on-site assembly.
Overall, this approach allows for a faster, more efficient, and
sustainable construction process while maintaining the highest
structural integrity and safety levels.

The scales are a standard combination of the components,
which is an example of the multiple scales and configurations this
set of pieces can achieve. The following measurements of the
different scales are given considering the vectorial length of the
components; the element’s cross sections vary depending on its
mechanical requirements. S scale is a module of 4 columns of 3m

height connected by four beams of 6m. M scale is a module of
4 columns of 6m height connected by four beams of 6m. These
two groups of components create glulam frames that can be pre-
assembled before installation or assembled in pieces, depending
on the needs and limitations of the construction place. L scale is
a module of 4 columns of 12m height connected by two beams of
6m and two trusses of 18m. An XL scale is a module of 4 columns
of 16m in height connected by two beams of 6m and two trusses
of 30. The cores are conformed by prefabricated panels that
conform to the box. Fig 46 Shows a representation of the multi
scale modularity.
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Fig 46 :Multi scale modularity.




5.41. Beams

The development of structural components was guided by
simplicity and modularity. To enable easy configuration of
beams, the establishment of the structural grid and component
homogenization as parameters in the parametric tool. The beams
were designed to be manufactured from the most optimal material
reference, glulam GL32c, based on the requirements determined
in the analysis conducted in the previous chapter. The potential
sizing of the beams ranges from 450mm to 1200mm for the upper
and lower width and a cross-section height of 450mm to 1200mm.

Similarly, the total length will vary depending on the mechanical
requirements and will be within the range of 4500mm to 5550mm.
The beam design is symmetrical and uses standardized joints to
simplify the assembly process. Pinned connectors are used to
connect the beams to the columns at the extreme points of the
element. The beams are pre-cut and drilled precisely to match the
type of joints, which reduces onsite work and ensures high assembly
precision. Furthermore, the non-permanent connection allows for
exchangeability, disassembly, and potential recyclability.

Fig 47: Standard beam length.

Fig 48: Beam connection detail.




5.4.2. Columns

Asinthe beams, The development of columns was guided by the
conceptsof simplicity and modularity. Toenable easy configuration
of these components, the establishment of the structural grid and
component homogenization were parameters in the parametric
tool.

The beams were designed to be manufactured from the
most optimal material reference, glulam GL32c, based on the
requirements determined in the analysis conducted in the previous
chapter. The potential sizing of the beams ranges from 450mm
to 1200mm for the upper and lower width and a cross-section
height of 450mm to 1200mm. Similarly, the total length will vary
depending on the mechanical requirements and will be within the
range of 4500mm to 5550mm.

The column design uses standardized joints to simplify the
assembly process. Pinned connectors are used to connect the
columns to the beams at the extreme points of the element.
The columns are pre-cut and drilled precisely to match the type
of joints, which reduces onsite work and ensures high assembly
precision. Furthermore, the non-permanent connection allows for
exchangeability, disassembly, and potential recyclability.
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Fig 49: Standard column length.

Fig 50: Column to column connection details: bottom connection (left) and top connection
(right).




5.4.3. Core

The core is a crucial element that determines the structure’s
overall stiffness and height potential. The mechanical properties
and thickness of the core significantly influence the structure’s
performance, serviceability level, and even the sizing of cross-
sections of other components. Therefore, determining the
thickness of the core is an important factor to consider during the
assembly phase, especially for taller buildings.

The core’s size is considerably larger than the other components
of the structural system, and for modular construction, the shear
walls conform to a module of 9xé6m. This configuration allows for
eight shear walls, with two per face, that can cover the height of
three storeys. Additionally, this configuration allows for maximum
sizes that are transportable by commercial trucks, which facilitates
logistics for distribution and assembly. Moreover, working with
large components is also better for the dynamic response of the
structure, as it reduces the number of connections and increases
the structural integrity.




5.4.4. Joints

The parametric model highlights the crucial role of rotational
stiffness in determining the structural behaviour of high-rise
buildings under dynamic loads. To maintain structural integrity,
rotational stiffness values typically range from 50,000 KNm/rad
to 300,000 KNm/rad, depending on the required stiffness. For
example, joints with rotational stiffness of 50,000 KNm/rad are
suitable for components located in the high-rise where h=b, while
100,000 and 200,000 KNm/rad are required for h=2b and h>2b,
respectively, and 300,000 KNm/rad to h>2b. It is important to
highlight these valuesbased onhavingacentralcore asastabilizing
component against horizontal loads. The stiffness requirements
may vary depending on the structural system employed.

In order to achieve optimal mechanical performance, the kits
joints will be made of slotted-in plates crafted from stainless steel
grades s355-690, as specified in the material analysis section.
Unlike many joint designs that utilize two slotted-in plates, this
kit's design features a single plate at the centroid of the beam.
This approach minimizes the number of cuts made perpendicular
to the cross-section of the timber, preventing the division of the
cross-section into three thinner components.

Each joint consists of two plates that are welded perpendicular
to one another, with precise axial alignment and rotational
resistance. To maintain the modularity and disassembly of the
design, the timber component and joint will not be permanently
joined. During assembly, the joint will be pre-installed into the
column using high-strength bolts, followed by installing the beam
on-site. For trusses, the joints will pre-assemble the top and
bottom chords and install them with the webs on-site.

This preliminary design was created in consideration of rotational
stiffnessrequirements andsizingdesign constraints.The preliminary
Joints design part of the structural kit of this investigation is based
on the sizing calculations made by Felicita M. (2021).To see the
complete information and complete data can be seenin Appendix
B: Joints design, B2:B22 design base.




Fig 51:Joint Column - Column and Column - Beam 100000 KN m/rad rotational stiffness Fig 52: Joint Column - Column and Column - Beam 200000 KN m/rad rotational stiffness
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Fig 53: Joint Column - Column and Column - Beam 300000 KN m/rad rotational stiffness. Fig 54: Joint truss Chords - webs




5.4.5.Truss:

The trussis the only component of the structural kit that was not
evaluated in the parametric model, due to the fact that the use
of trusses in timber and additionally in the context of highrises is
highly uncommon, and the goal of the analysis was to understand
the dynamic behavior of a frame with central core. Designing a
circular component with both modularity and sustainability in
mind presented a significant challenge. The challenge arose from
the fact that a truss, due to its geometric configuration and load
distribution requirements, comprises multiple components that
are inherently dissimilar. The chords and webs within each section
must be of identical scale to achieve a modular truss.

The scope of the modularity needed to be defined, whether
it should be at the macro scale or at the structural component
scale. If the modularity is at the macro scale, the webs and chords
need to have cross-sectional constraints to align with other
components in the system, such as columns or beams. This level
of modularity would require the webs and chords to have 90°
ending faces, avoiding diagonal cuts in the timber, thus allowing
the beams or columns to be reused in other scenarios.However,
to achieve this, the truss nodes would need to be the components
connecting the different parts of the truss, making necessary a
cold formed joint which would concentrate all the stresses in the
metallic joint, requiring additional material with a high embodied
energy to make it stiff enough to resist high loads.

Alternatively, achieving modularity at the structural component
scale would eliminate the possibility of reusing truss components
as columns or beams but still maintain the possibility of reusing
the truss or part of it as the same component in future projects.
This approach results in timber elements that can only be used
to construct the truss. However, their geometrical configuration
facilitates load distribution. It reduces stresses in the joints,
reducing the required material and simplifying the joint design as it
requires only a slotted-in steel plate. For this reason, this approach
was selected as the preferred option. Fig 55 Shows the macro and
components scale modularity.

Fig 55: Truss macro and component scale modularity possibilities.
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6.1 Location

Fig 10: Merwe-Vierhavens panoramic view 1970°s (Rotmans J., Weel van der S., 2005)

The Merwe-Vierhavens area comprises about 200 hectares; The
site is located between the borders of Schiedam and Rotterdam-
West. This part of the port of Rotterdam was completed in
1930, aiming to receive large ocean-going vessels, positioning
Rotterdam as one of the most important commercial ports for the
Netherlands and countries of central Europe. The port was heavily
damaged in WW Il and was quickly rebuilt and expanded in the
following years. Rapid industrialization, water and soil pollution,
and the drastic reduction of labour caused urban decay between
the 1970s-80s. Today, most of the land is used mainly for Storage
and transhipment and is owned by the port authority and the
municipality (Rotmans J., Weel van der S., 2005).

By 2030 Rotterdam wants to be the pioneer in being a “living
laboratory” of implementation on the big scale of the economic
transition from a linear to a circular economy (Rotterdam circular
2020). In 2017, the municipality and the port authority entered a
unique collaboration to create M4H, an ambitious urban renewal
project in Niew-Mathenesse. The initiative wants to transform a
deteriorated industrial area into an innovative living and working
environment, optimally equipped for the innovative manufacturing
industry and with a mix of working, living, culture, catering, sports
and education (Ruimtelijk Raamwerk M4H., 2020).




Fig 11: Spatial framework Merwe-Vierhavens (Ruimtelijk Roamwerk M4H., 2020).

Urbanistic goals of the master plan:

- Create an urban residential environment on and around the
Maerwepieren.

- Develop the area as a testing ground and showcase for the
circular future of the city and port.

- Realize and open innovation environment with diverse mix use
of companies, education, and sustainable manufacture.

The master plan is divided into five districts to create a mixed
environmentthatgeneratesanactiveanddynamicneighbourhood.

M4H Rotterdam, according to the project’s spatial framework,
is an area where experimentation with new products or processes
is possible. New technologies are conceived, tested, and applied.
These new technologies are based on digitization, robotization,
additive manufacturing, and the application of new, renewable
energy and materials. This goal makes the district a testing ground
and showcases the new economy. For that reason, the timber
highrise will be developed in the sector categorized as: “urban
communities-Merwehaven” the sector of the master plan with
the highest mix-use requirements in a dynamic and circular urban

context.




6.2. Design brief:

Following the circular goals of the M4H master plan and the
Gemeente Rotterdam the circular highrise will have the following
design brief:

Project Description:

The Circular Highrise is a sustainable and adaptable building
designed with the principles of design for disassembly, adaptability,
modularity, and durability. The building is designed to address
the challenge of construction waste generated by infrastructure
obsolescence, set a standard for high-rise design that is
environmentally and socially responsible, and create a symbiotic
relationship between the building and its environment.

Use:
Mix use: Cultural (Black box, library, art gallery), housing (flexible

configuration), public space at different levels

Height:
Max height 105m.

Design Concept:

The Circular Highrise is a modular and completely demountable
building, allowing it to be prefabricated, relocated, expanded, or
reconfigured to meet the changing needs of occupants or the city.
The building prioritizes sustainability, versatility, and longevity of
its structural system. The components are easily removable and
recyclable, considerably reducing waste generation. The building
uses modular components, simplifying the disassembly process
and allowing for easy repair and maintenance over time. The
structure allows the building to increase its floor area vertically as
additional square meters are required. The interior spaces of the
building are flexible and adaptable, allowing for changes to the
building’s layout and function over time.

Goals and Objectives:

1. To address the challenge of construction waste generated by
infrastructure obsolescence.

2. To set a standard for high-rise design that is environmentally
and socially responsible.

3. To create a symbiotic relationship between the building and
its environment, following the renovation plan and goals of the
spatial framework of M4H.

Materials:
The building is constructed with prefabricated engineered wood




6.3. Design strategy:

Timber is a highly efficient material for low-rise construction,
offering numerous advantages that make it more competitive
than traditional construction materials. However, when it comes to
high-rise buildings, the implementation of timber poses challenges
due to its insufficient self-weight and strength, which are essential
for load-bearing materials in tall structures. In contrast, concrete
and steel have unquestionable advantages over timber in high-
rise constructions.

In Chapter 4, the structural analysis was conducted to compare
two variations of a 102m tower with a 36m square base. The
structural systems examined included a modular frame of 6xé6m
and a centralcore made of Glulam-CLT core and Glulam-concrete
core. The analysis revealed that the traditional slender high-rise
design used in both configurations put the biobased option at a
disadvantage due to its inferior mechanical properties compared
to traditional construction materials.

Considering a slenderness ratio of 3:1, the structural analysis
tested the structural configurations limit state based solely on
their mechanical properties. This factor directly impacts the
dynamic response of a high-rise structure, regardless of the

material used for the core. Implementing a slender high-rise
design using solely timber as the load-bearing system disregards
the limitations of the material's mechanical properties. In
the case of a 102m timber tower, the cross-sections of the
components become technically impractical and result in high
environmental and financial costs. However, by reevaluating the
concept of timber high-rise buildings and opting for more suitable
typologies, the challenges posed by horizontal accelerations can
be addressed, leading to a feasible and more efficient use of the
material. For the purposes of this investigation, a slenderness ratio
of 1:1 was chosen for the study case, meaning that the height of
the building is equal to its width or depth. This results in a cubic
shape, creating a compact and stiff structure. Buildings with a
slenderness ratio of 1:1are geometrically the most stable and least
prone to issues such as excessive lateral deflection or buckling.

Slenderness superior to 1:1 behaves as Bernoulli's beam theory;
for that reason, The transition from a vertically rectangular shape
to a cubic configuration amplifies the support area, resulting in
higher global stability and reduced dependence on core stiffness.
The cubic shape creates a stiffer system. This was evident in the
analysis of chapter 4. where the deflection of the system under
a given horizontal load was directly proportional to its length.
Adopting a slenderness ratio of 1:1 makes the system more rigid
and experiences smaller deflections than other typologies.




Taking into consideration the change slenderness ratio for a
better material and structural performance and the ambitious
architectural program, the building is conceptualized as a
combination of high and low rise, considering a cube as the natural
equilibrium between the horizontal and the vertical. The circular
high-rise is designed with the concept of a city within a city, serving
as both a residential and cultural landmark that is integral to the
urban renovation plan and economic transition of the city.

Located on the waterfront in the Gelileopark area, the high-rise
isacrucial elementin the transformation of the surrounding blocks
into a vibrant urban neighborhood, offering a self-contained
and multi-functional building. The vertical city concept aims
for a compact and efficient urban environment that maximizes
the use of available space. The project’s particular location
potentializes the idea of creating a new cultural hub for Rotterdam
and an experimentation showcase of circularity in the building
environment through implementing modular timber construction
to a complex architectural program.

The DNA of the project came from the idea of mixing two
different spatial configurations, one the vertical densification of
the highrises and the horizontal and dynamic relation of a city in
the ground floor. For that reason, the traditional slenderness and
verticality of arectangular volumetry of conventional highrises was

not applicable technically and spatially. The understanding of the
circulation as a variable that shapes the city and the architectural
volume was clear, were the verticality of the densification and the
horizontality of an active city should be implemented.




1. Vertical typology 2. Horizontal typology
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3. Vertical & Horizontal 4. Spiral circulation

Fig 57: Volumetric Massing




The cubestarts aprocess of modification whereits centralinterior
partis extracted to create a courtyard. This central patio will serve
as the epicenter of the volume, establishing a connection between
the building and its surroundings. The solidity of the faces of the
volume began to deconstruct through an open peripheric and
spiral circulation that runs from the bottom to the top, allowing a
multilevel connection and space generation. One of the project’s
goals is to generate a dynamic project avoiding challenges of
traditional high rises like social isolation and inaccessibility to
public space. For that reason, the cultural uses are located in the
vertical extremes of the building, with an important component of
housing and open circulation in between.

The theater and art gallery are located on the ground floor,
creating with the courtyard a gathering space in the middle of
the building with a direct metropolitan connection with flows that
come from the west, allowing a multidirectional relation of the
volume with the city and the surrounding public space network.
The spiral peripheral circulation connects the ground floor to the
top of the building, generating a walkable and multilevel public
space until the public library is located on the building’s top floor,
providing different views of the city and the harbour.
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6.4. Structural design strategy:

Theintegrationofvariousscaleswithinthesamestructurepresents
the primary challenge of this project. Spaces such as the theatre,
art gallery, and public areas necessitate significantly larger spans
thanresidential sections. Consequently, a multiscale configuration
must be implemented to address this demand. To achieve this,
the building’s structure has been divided into three distinct
groups: small, medium, and large spans. These different spatial
requirements emphasise the priority of ensuring compatibility
among multiscale components. This compatibility is crucial
for effectively integrating functions with diverse spatial needs.
As outlined in chapters 4 and 6.3, the parametric model highlights
the significance of height, slenderness, and core variables.
These factors play a decisive role in the structure’'s stability
and serviceability. Thus, it becomes essential to consider these
challenging factors as potential strengths for this particular
project.

The architectural program’s complexity makes it impractical
to implement the typology of a conventional and slender high-
rise due to the different space requirements. To address this
challenge, the change in slenderness ratio from 1:3 to 1:1 resulted
in a more geometrically stable and feasible shape structurally

and architecturally. The cube’s total volume is reduced to have a
usable area along the volume's perimeter. At the same time, the
central region remains hollow to ensure adequate natural light
and ventilation levels, creating a square ring shape. The massing
configuration forms a central patio with four perpendicular faces
surrounding it, which are interrelated in a multilevel way by four
cores positioned at the central areas of the corners of the square-
shaped ring.

The results from the parametric model presented in Chapter 4
demonstrate the significant stress levels a single core configuration
must endure. However, implementing a cubic shape with four
cores makes stress dissipation much more manageable. This is
attributed to the multi-level stability configuration inherent in
the geometry, which enables different parts of the structure to
collaborate and facilitate distributed dissipation of wind-induced
accelerations. As a result, this promotes enhanced efficiency and
stability in the overall structure while simultaneously alleviating the
stressesimposed on asingle core. Figure 59 illustrates the structural
configuration of the building, showcasing the implementation of
the cubic shape with four cores.
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Fig 59 :Structural configuration
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Fig 60 :

Structural configuration Theater (orange section).

Following the colour code depicted in FIG 59, as we move
upwards from the bottom, clusters with smaller and medium
spans are represented by varying shades from brown to light
blue. These colour variations reflect the different structural
configurations resulting from changing spatial requirements
driven by the architectural program. The medium-span spaces
are designated for the multilevel public area and the library
on top of the building. To achieve functional spaces within the
medium-scale configurations, an 18m span is necessary. For
this purpose, a Warren truss system is employed, a truss type
suitable for medium-span lenghts and highly compatible with
the multiscale layout between the small and medium scales.
The18mspanisachieved by creating three series of “V"shapesusing
the webs of the truss,each covering a émspan. This aligns precisely
with the small-scale glulam frames. Each truss cord facilitates an
equidistant and uniform distribution of loads along the entire 18m
truss length. This configuration ensures structural integrity and
stability within the medium-span area while accommodating the
multiscale compatibility required in the overall design.




Fig 61: Correlation of different scales in one cluster, frame and truss

The cubic shape of the building is formed by a sequence of layers
of clustersthatcreatetwodifferentstructural systemswith different
dynamic reactions to the wind. The four cores in the corners
function as a core and frame typology, while the long facades
between the corners behave as a frame system. Sections 4.3.1.and
4.3.2. of the parametric model demonstrate the importance of the
coreinthe stability system of the building, as well as its significance
for global stiffness. Moreover, the model provided insights into
how a structure without a horizontal stabilizer system responds
to horizontal accelerations. The glulam frames between the four
cores are exposed to strong accelerations, requiring high-strength
components and joints to maintain ultimate service limits. Since
these frames lack a core the subchapter 6.5. will evaluate the
dynamic response of this configuration.




Fig: Construction process module




Fig: Construction process module
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6.5. Dynamic response structure:

Since the volumetry of the building changed, an additional study
regarding its dynamic response was made to analyse and see the
behaviour of the structure with the implementation of a square
ring shape configuration with four cores. The optimization process
for the structure involves a glulam frame and CLT core system,
which aims to create data that makes it possible to analyze
and compare it with the parametric models of the single tower
typology. This optimization searches for solutions from thousands
of potential options, enabling the use of timber as the primary
load-bearing material for vertical loading in high-rises and CLT as
lateral stabilizer. An evolutionary algorithm was used to analyze
various combinations of inputs, including the core thickness, glulam
types for columns and beams, and the lower and upper widths for
the cross-section of columns and beams.

Additionally, three potential rotational stiffness values for
joints (100000, 200000, and 300000 KNm/rad) were evaluated
dynamically to ensure that design constraints were met. The
genome was configured to minimize material usage while
adhering to rigorous constraints of modularity, serviceability, and
limited state regulations. The optimization maintained a global
deflection limit of 0.204, an inter storey drift limit of 0.0075, and

an acceleration limit of 0.39 m/s2.

However, a Python script was included in the post processing
stage to avoid potential conflicts between constraints. This script
helped to ensure that the optimization prioritized rotational
stiffness values based on their mass, penalizing those with higher
massestoreducetheirpotential foruse. Asaresult, the optimization
compensated for global stiffness and stability through other model
components, such as columns, beams, and core, which prioritized
timber mass over steel mass. The values used for the rotational
stiffness of joints were 100000 KNm/rad: 23.9 kg, 200000 KNm/
rad: 36 kg, and 300000 KNm/rad: 57 kg. By implementing these
measures, the optimization process ensured the best possible
solution for the given constraints, resulting in an efficient, stable,
and sustainable high-rise structure option configuration.

- Total Iterations evaluated (Set of potential solutions): 340 for
the time os optimization was not possible a higher number
- Best value: 247472
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Fig 62 : Axial stresses




For modularity and simplicity, the optimization was able to take
only one option of the cross-section for columns and beams; in
the case of rotational stiffness, the components were according
to the demands selected in the specification previously explained.
Components final sizing after optimization:

Columns: 1400 x 300mm
Core thickness: 700 mm
Beams: 350x700mm
Rotational stiffness:

100000KNm/rad: 4 storeys
200000KNm/rad: 23 storeys
300000KNmM/rad: 6 storeys

ULS and SLS results:

Global deflection: 0.145234

Inter-storey drift: 0.006845

Utilization beams and columns: 0.921482
Utilization cores: 0.869

Fig 63 : Displacements.




Conclusion and discusion:

After conducting 340 iterations, option 247472 was selected as
the most optimal design for a glulaom frame and concrete core
structure. The analysis revealed that, in order to meet the limit and
serviceability limit state requirements according to Eurocode NEN-
EN 1998-1 (EC8), the cores play a predominant role in the global
stiffness of the structure, experiencing the highest concentration
of stresses.

To resist the load, the longer area of the columns was oriented
perpendicular to the predominant wind pressure. The thickness
of the cross-laminated timber (CLT) core is inversely proportional
to the rotational stiffness required by the joints. In this particular
case, the CLT cores achieved a thickness of 80cm, with the
predominant rotational stiffness required being 100,000 kNm/rad,
accounting for 13% of the total. Additionally, 68.6% is attributed
to 200,000 kNm/rad, and 18.4% to 300,000 kNm/rad. The higher
mass concentration of steel is due to the use of the two heavier
configuration of rotational stiffness, which has a weight of 36kg
and 57kg for 200,000 and 300,000 kNm/rad, respectively. This
led to the selection of glulam type GL32c, which has one of the
highest weight-to-strength ratios in the European market.

The stress distribution varies among the components. For
columns, the highest concentration of compressive stresses is

located on the lower floors due to the vertical loading of the
structure, gradually decreasing exponentially in proportion to the
height, from 1.68 kN/cm of compression to 1.392 kN/cm of tension at
the highest point. The beams experience constant perpendicular
distributed vertical loads, resulting in compression on the top face
and tension on the bottom face. Additionally, stresses increase
perpendicularly to the cross-section as the height increases due to
the wind pressure. The higher the location of the beam, the higher
the stresses near the joints. The two cores facing the predominant
winds experience tension in the bottom close to 1.34 kN/cm, while
the cores located on the opposite side of the predominant winds
act more in compression, stabilizing the structure.

The analysis revealed that the geometrical shape significantly
benefitedtheareasnearthecore. Asaresult,therequiredthickness
of the core decreased from 1.4m to 0.8m when compared to the
analysis conducted in Chapter 4. This reduction in thickness is
reasonable and brings about a more efficient design. However, the
glulam frame located between the cores presented a challenge.
This area lacks any vertical stabilizer component and relies solely
on the rotational stiffness of the joints to maintain the required
ULS and SLS considerations. To address this, it is recommended
to consider the area between the cores as a critical zone and
incorporate a hybrid system of slabs. This will increase the self-
weight of this area and consequently reduce the stresses on the
joints, allowing for a smaller cross-section of the components and
an overall best structural performance.
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Conclusions




7.1. Conclusions:

Modularity in the circular highrise:

How can modular timber systems lead to highrise buildings that
are technically feasible and adaptable to future use scenarios?

The building is designed to showcase both modularity and
timeless adaptability. These two concepts are interrelated and
work together to create an efficient and enduring system. The
modularity of structural systems should be incorporated into
the design phase and continued throughout construction.The
lack of multidisciplinary coordination thaot understands the
dynamic nature of cities, users, and building layers has led to the
obsolescence and demolition of many constructions.

The structure of a building has the longest lifespan but is often
wasted or minimized. Modular design and disassembly of structural
systems is key to creating a building environment that can adapt
to current and future scenarios. The dynamic requirements of
today’s world require us to rethink how we approach static systems
and adapt them to meet changing needs. The structural kit is a
versatile and functional system of building components designed
to meet a wide range of scale requirements. The prefabricated
Glulam and CLT columns, beams, trusses, and cores are designed
tobeinteroperable with each other, providing the building industry

with a wide range of architectural options. The steel joints used
to connect the components are prefabricated to meet specific
project requirements, and the components are pre-drilled and
milled for easy assembly on-site. This approach enables faster,
more efficient, and sustainable construction processes while
maintaining the highest structural integrity and safety standards.
With a range of configurations available, the structural kit is a
flexible and adaptable system that can be tailored to meet the
variety of needs of its users today and in 100 years.

The implementation of the five factors of the circular economy
use, reduce, recycle, reuse, and produce - was crucial in establishing
sustainable and efficient management principles for the
infrastructure project discussed in this study.

The initial stage focused on production, highlighting the
significance of the origin and manufacture of construction
components. The ecological analysisinsubchapter4.4emphasized
the importance of considering the entire life cycle of raw materials,
from their use to disposal. Regarding timber, it is important to
emphasize that certified sources, such as the Forest Stewardship
Council International or EU-certified wood agencies, should be
utilized to ensure a sustainable origin.

Maximizing the use factor was achieved through two main
factors. First, the multiscale modularity of the structure enabled
a simplified and minimal amount of components, facilitating easy




replacement and repair and thereby extending the structure’s
lifespan. Second, high-quality materials like stainless steel grades
355-390 and Glulam reference GL36C were implemented to
ensure durability and reliability.

Reduction was accomplished through the efficient use
of resources, employing various strategies outlined in this
investigation. The structural optimization discussed in Chapter 4
andsubchapters6.5highlightedtheimportance of designingbased
on performance to reduce material usage. The analysis results
demonstrated that critical components, such as steel connections,
could be optimized to decrease mass without compromising
ULS and SLS requirements. Additionally, the modular design of
structural components facilitated precise material use, enhancing
material efficiency and simplifying post-life management.

Considering the life cycle perspective was a crucial aspect of
this investigation. As mentioned in Chapter 1, the obsolescence of
structures poses significant challenges in the built environment.
Therefore, the concept of design for disassembly was implemented
in Chapter 5, allowing all structure components to be dismantled
and reused in other constructions. The high-quality raw materials
and commercial modularity of the components made this process
simple and feasible. However, it is important to consider the
long-term durability of timber components and recommend
implementing their reuse in less demanding load-bearing
conditions than their current use.

Finally, to complete the loop, the recycling stage is addressed.
Timber in its current form is not directly recyclable due to the glue
used in creating Engineered Wood Products (EWP). Although
EWP captures CO2 in the material, the process of creating it
makes sustainable recycling unfeasible. Therefore, after use and
reuse, the best option for this material is to utilize it as biomass.
Many facilities in Europe produce biomass sustainably, effectively
reducing the emission of pollutants during combustion and
recovering some of the energy expended during manufacturing.

Related to the dynamic response of timber highrise strcutures,
This investigation discusses the feasibility of timber high-rise
structures and the various factors that must be considered when
evaluating them. The parametric model presented in subchapters
4.3.1.and 4.3.2. highlighted the crucialrole of the corein the global
stiffness of high-rise structures. Subchapter 4.3.1. demonstrated
how a CLT core could replace a concrete core entirely, despite
requiring considerable mass to meet the limit and serviceability
parameters.

In contrast, subchapter 4.3.2. revealed that a concrete core
required only 50% of the mass required for a CLT core to achieve
the necessary stiffness. However, subchapter 4.4. indicated that
the glulam and CLT core resulted in significantly more emissions
than the configuration with a concrete core.




The investigation explores two strategies that can be considered
to avoid the need for a concrete core. The first is to reduce the
height of the high-rise to a level where wind pressure does not
require a CLT core thicker than 1000mm. Alternatively, adding
more self-weight to the structure may be possible by implementing
a composite material that can be used with CLT or glulam.

The feasibility of replacing steel with carpentry joints for high-rise
structures was found to be deficient in mechanical behaviour and
economically and technically impractical. Instead, optimizing the
amount of materialin metal joints was a more realistic and feasible
solution. The parametric model provided valuable insights into
the structures’ dynamic response and stress concentrations. The
analysis revealed that the height and self-weight of the building
were directly related to the demand for rotational stiffness in the
joints. Structural optimization was a crucial tool for reducing the
amount of steel in the connections.

Wind pressure was the crucial factor that significantly affected
the feasibility of timber high-rises in numerous ways, particularly
in structural mechanics. The height parameter is a crucial factor
that affects the overall performance of the structure. The
structural analysis and optimization were carried out to achieve
the necessary global stiffness, considering the exponential
increase and demandings of horizontal accelerations.The massing
study conducted in Chapter 5 proved to be a significant factor
to consider. It analyzed the performance of a 1:1 slenderness

ratio with a four-core implementation. The study revealed that
the volumetric shape enabled the use of CLT (Cross-Laminated
Timber) cores with a thickness of less than 1m. However, it also
resulted in increased stress in the middle sections of the structure
frame, necessitating higher rotational stiffness requirements. To
address this, it became necessary to implement a composite or
hybrid slab system to increase the self-weight of these areas.

The structural and environmental repercussions are factors that
should be considered when evaluating the feasibility of a timber
high-rise. The environmental impact of structure configurations
must also be evaluated to ensure a well-rounded and sustainable
design. amount of CO; concentration. A balanced and multi-
feasible approach is necessary when evaluating the feasibility of
a timber high-rise, considering the structural and environmental
feasibility of different design options.

Finally, the net floor area plays a critical role in the structural
analysis of timber high-rise buildings. These buildings require a
higher global stiffness to achieve accurate mass and mechanical
performance of materials, which can significantly reduce the net
floor area if no constraints are established.




7.2. Reflection:

Timber is a remarkable material that has gained increasing
importance in the construction industry. Its qualities as a
natural carbon storage make it attractive for environmental
reasons. Additionally, the constant innovation in Engineered
Wood Products (EWP) industry has made them more
efficient and competitive, positioning them as alternatives to
traditional construction materials. However, it is crucial to put
timber into context and address its limitations, particularly
when considering its applicability in high-rise structures.

The requirements of high-rises demand structures with

mechanical  properties capable of  withstanding high
multidirectional loads and stresses. Timber, a lightweight and
weaker material compared to concrete and steel, puts it at a clear
disadvantage in meeting the stringent standards of structural
performance. The parametric studies conducted in Chapters 4
and 6 highlighted the complexity of implementing timber as the
primary load-bearing material. Achieving the Ultimate Limit
State (ULS) and Serviceability Limit State (SLS) requirements
necessitated larger mass and constant oversizing of cross sections
of different structural components, compromising its sustainable

advantage due to the increased material consumption.

Timber can meet ULS and SLS requirements in the context of
high-rises of approximately 100 meters or less. However, achieving
acceptable levels of performance efficiency requires evaluating
the shape, slenderness, and reduction of the net floor area. In
such cases, a hybridization approach, combining timber with other
materialslike steel,cangenerate betterstructuralperformance and
efficiency. If it's not permanently mixed with chemicals or concrete,
the steel’'s recyclability and the timber’s non-polluting nature
make this hybridization strategy optimal for high-rise structures.
Itis essential to recognize that using timber as a sustainability goal
should not be unthinkingly assumed as automatically sustainable.
A sustainable structural design needs to conduct parallel life cycle
analyses to assess the real impact of design decisions. Applying
the circular economy concepts of: produce, use, reduce, reuse,
and recycle, along with its associated principles, will generate
a sustainable structural design. The primordial positive impact
of timber in structural design lies primarily in low-rise structures
and high-rises that utilize the non-permanent hybridization of
components.
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Appendix A:

Grasshopper Script




Appendix C: Material analysis

C1 Environmental impact materials:
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C1 Environmental impact materials:
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C1 Environmental impact materials:
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Appendix B: Joint Design
B2 - Base Design:

This subchapter of the appendix B, shows the literature and B22A

products in the market used as reference for the design of the
joints applicable for the investigation.

B22B

r= 106 mm
- 150 mm
75 mm
F= 118 mm
B21:
Rothoblaas, a timber beam company, utilized a hidden support system as a reference
point for their assembly methodology. The system involves connecting a metallic joint to a
surface, wall, or beam and then interlocking the beam with the plate using a guide bolt. The
joint's high-strength bolts, featuring deep and medium perforation, ensure uniform stress
distribution across the metal plates. This approach makes the methodology used joint an 630 mm
Fig B22A: RS: 100000 KN m/rad (Felicita M., Fig B22B: RS: 100000 KN m/rad
Ly il P 2021). (Felicita M., 2021)
VIRK oy T L s i I wllh D
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Fig B21: Alumidi: concealed support with and without holes Rothoblaas).
B21: S40 mm D90 mm
The steel plates designed by Felicita M. (2021) are an important base for the joint design
of the construction kit, being very valuable in the sizing of the plates and its rotational Fig B22C: RS: 200000 KN m/rad Fig B22D: RS: 300000 KN m/rad

stiffness data. (Felicita M., 2021).

(Felicita M., 2021).




Appendix C: Material analysis

C1 Environmental impact materials:

C1A: Aluminum alloys C1B: Aluminum pure
\nsys Eco Audit Report \nsys Eco Audit Report
Product name SC Aluminium allows Product name SC Aluminium pure
Country of use Netherlands Country of use Netherlands
Product life (years) 100 Product life (years) 100
Summary: Summary:
Draegy B C3X3 noipring I Crsegy B O] hoodprina
103 g

A5

Belative contribution of life phase (%)
]

Belative contribution of life phase (%)
]

A5

1080 1080
Wiyieral Manufacien  Tramapon (2] Cagass Eol polersal Wiyieral Manufacien  Tramapon (] Cagpaeal Eol polersal
Energy details CO2 footprint details Energy details CO2 footprint details
Phase Energy Energy CO2 footprint CO2 footprint Phase Energy Energy CO2 footprint CO2 footprint
(MJ) (%) (kg) (%) (MJ) (%) (kg) (%)
Material 3.99e+04 97.8 2.64e+03 97.6 Material 3.98e+04 98.0 2.58e+03 97.7
693 1.7 51.8 1.9 623 1.5 46.7 1.8
[Transport 54.3 0.1 3.91 0.1 [Transport 54.3 0.1 3.91 0.1
Use 0 0.0 0 0.0 Use 0 0.0 0 0.0
Disposal 140 0.3 9.78 0.4 Disposal 140 0.3 9.78 0.4
[Total (for first life) 4.08e+04 100 2.71e+03 100 Total (for first life) 4.06e+04 100 2.64e+03 100
[End of life 3.31e+04 2.11e+03 [End of life -3.36+04 2.056+03
SC Aluminium allows.prd NOTE: Differences of less than 20% are not usually significant. Page 1/5 SC Aluminium pure.prd NOTE: Differences of less than 20% are not usually significant. Page 1/5

See notes on precision and data sources. Sunday, April 30, See notes on precision and data sources. Sunday, April 30,
2023 2023




Appendix C: Material analysis

C1 Environmental impact materials:

C1C: Coated steel C1D: Lead alloys
\nsys Eco Audit Report \nsys Eco Audit Report
Product name SC coated steel Product name SC Lead alloys
Country of use Netherlands Country of use Netherlands
Product life (years) 100 Product life (years) 100
Summary: Summary:

Drssgy (I CO7 Rooipeinet Drssgy (I CO7 Rooipeinet

A5 A5

Belative contribution of life phase (%)
-]
|
|
|
Belative contribution of life phase (%)
-]
|
I
|

1080 1080
Wiyieral Manufacien  Tramapon (2] Cagass Eol polersal Wiyieral Manufacien  Tramapon (] Cagpaeal Eol polersal
Energy details CO2 footprint details Energy details CO2 footprint details

Phase Energy Energy CO2 footprint CO2 footprint Phase Energy Energy CO2 footprint CO2 footprint
(MJ) (%) (kg) (%) (MJ) (%) (kg) (%)
Material 7.98e+03 90.4 601 90.6 Material 6.45e+03 94.9 521 95.5
592 6.7 44.5 6.7 87.5 1.3 6.56 1.2
[Transport 118 1.3 8.47 1.3 [Transport 118 1.7 8.47 1.6
Use 0 0.0 0 0.0 Use 0 0.0 0 0.0
Disposal 140 1.6 9.78 1.5 Disposal 140 2.1 9.78 1.8
[Total (for first life) 8.83e+03 100 664 100 Total (for first life) 6.79e+03 100 546 100

[End of life -5.996+03 444 [End of life “4.746+03 387

SC coated steel.prd NOTE: Differences of less than 20% are not usually significant. Page 1/5 SC Lead alloys.prd NOTE: Differences of less than 20% are not usually significant. Page 1/5
See notes on precision and data sources. Sunday, April 30, See notes on precision and data sources. Sunday, April 30,
2023 2023




Appendix C: Material analysis

C1 Environmental impact materials:

C1E: Lead coated copper C1F: Stainless steel
\nsys Eco Audit Report \nsys Eco Audit Report
Product name SC Lead coater copper Product name SC Stainless steel
Country of use Netherlands Country of use Netherlands
Product life (years) 100 Product life (years) 100
Summary: Summary:
Draegy B C3X3 noipring I Crsegy B O] hoodprina
103 g

A5

Belative contribution of life phase (%)
-]
|
|

Belative contribution of life phase (%)
-]
|

A5

1080 1080
Wiyieral Manufacien  Tramapon (2] Cagass Eol polersal Wiyieral Manufacien  Tramapon (] Cagpaeal Eol polersal
Energy details CO2 footprint details Energy details CO2 footprint details
Phase Energy Energy CO2 footprint CO2 footprint Phase Energy Energy CO2 footprint CO2 footprint
(MJ) (%) (kg) (%) (MJ) (%) (kg) (%)
Material 1.06e+04 95.7 692 95.2 Material 1.45e+04 91.9 1.09e+03 91.9
222 2.0 16.7 2.3 1.03e+03 6.5 76.9 6.5
[Transport 118 1.1 8.47 1.2 [Transport 118 0.7 8.47 0.7
Use 0 0.0 0 0.0 Use 0 0.0 0 0.0
Disposal 140 1.3 9.78 1.3 Disposal 140 0.9 9.78 0.8
[Total (for first life) 1.11e+04 100 727 100 Total (for first life) 1.58e+04 100 1.18e+03 100
[End of life -8.156+03 ~496 [End of life 1.13e+04 -836
SC Lead coater copper.prd NOTE: Differences of less than 20% are not usually significant. Page 1/5 SC Stainless steel.prd NOTE: Differences of less than 20% are not usually significant. Page 1/5
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Appendix C: Material analysis Appendix C: Material analysis
C1 Environmental impact materials: C2: CO2 concentration material parametric study: Glulam

frome and CLT core

C1G: Terne coated steel

CLT core:
\nsys Eco Audit Report
Energy Eng CO2 footprint CO2 footprint
Product name SC terne coated steel Fhixsie (170] ﬁ‘l" (kg) )
Country of use Netherlands Marerial B 11a+0T K] FET [
Product life (years) 100 Manulaciure o oo ] oo
s ranspon 5.6%e+04d 01 4.1e=03 0z
ammary: [ 0 0.0 ] 0.0
|Dhml & 05a+0h 10 4 Masld 16
r. B 0 ctgind
. : Total (for first Ie) 5.1Te+07 100 L51e+06 100
105 End of life potentlal <& 11e+0T 2 GGe+0G
CLT core. ped HOTE. Differences of bess than 209 are nod usually ssgndficant Fage 173
Glulam column:
£ s
'E- Chass Enarngy Enargy CO2 footprint €02 footpring
£ ) () ika) [
o [ | Marerial 4 FBa+0T 589 1.T8e+06 582
i Manulacture 1] oo 1] oo
TR T 3 93a+0d o1 7 BTa+03 o2
E [ [1] [X1] [1] (X1}
1 Disposal 4 Ma+05 10 2 9Ti404 16
i 0 1 | [Tatal {for first Iifis) 4. 3307 100 1.83a+06 100
[End of il potential 4 7807 1 90+08
Gilulam column ped HOTE: Déferences of less than 20% are not usually significant Page 1/3
~108. .
Wateral  Manfactes  Traneport Use Ouposal  Eol potersal Glulam beam:
Energy details CO2 footprint details
(a{il] int n
Phase Energy E:;}w [EEFET coz hmﬁp-‘i t
Phase Energy Energy CO2 footprint CO2 footprint [ u M
(MJ) (%) (k) (%) trial 407 939 1.68¢=06 g2
Material 6.43e+03 88.4 553 89.8
590 8.1 243 72 nufaciure o aa i [X7]
Transport 18 1.6 847 14 TSt I T3e+M 0.1 2 6Be+03 0.2
Use 0 0.0 0 0.0
Disposal 140 1.9 9.78 1.6 0 0.0 0 [
[Total (for first life) 7.286+03 100 616 100 1 3 9Teels 1.0 2 TBesld 16
(S 4780103 420 atal {for first life] 40407 100 1.710+06 100
ol lite potential Fr -1 6Be+06
lulam bearm. ped HOTE. Differences of bess than 20% ang nol wiually Sgadcant FPage 1/3
SC terne coated steel.prd NOTE: Differences of less than 20% are not usually significant. Page 1/5
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C2: CO2 concentration material parametric study: Glulam C3: CO2 concentration material parametric study: Glulam
frame and CLT core frame and concrete core
Joint 100000KNm/rad Concrete core:
Energy Energy COZ loolprint | C0Z lootprint Enver TOz i | oz o
Prase ) %) fka) %) Phass Mirr Elmn :oi;w :qm
[Material b A506 i) 870y B4 Material B Getls 04 S Bantls FTH]
nufacture 4 Ba05 EE J4%peld EE |m“mﬂ 0 00 0 ]
Transport 1 68e+03 0o [F] 00 [Transport 5 o0 T ]
[ [ 8.0 [ 8.0 [hsar 0 50 B T0
Disposal 1.T3g+04 03 125403 0z [Disposal 1.61e+06 19.6 1.13e+05 103
Tolal for first i) .47e-08 od i3l AL Total (for hrst Ife) B21e+06 00 11e+06 100
lEnd of lite potential 5 498406 FEE) End of lile potental 1 7
Jond 100000Enm: prd HOME Dhfferences of kess than 20% ane nol usually sgreficant Fage 1/3 concrele core prd NOTE. Diflerences of less than 20% are not usually signibcant Page 173
Joint 200000KNm/rad Glulam column:
Phase Energy Encrgy 02 footpring CO2 footprint . Energy Energy COZ bootpring COZ lootprint
' (M) %) (kg %) (M) (%) (kg) %)
|Material 3.T6as05 531 282404 53.1 al 1.732+07 989 T HMa+ils 98 7
|Manutactura 2 6Tes0d 3 Za+03 {3 [ [T [ 0.0
Transport a7 5 0.0 Tz 0.0 Transport 1610+04 oA 1 160+03 [
s o 0.0 o 0o Use [} oo a 0.0
Disposal 1.0de+03 0.3 26 0z [Dispresal 1716405 10 1 20+04 16
[Tetal (for first life) A4.04e+05 100 J.03e04 100 okal {for first life) 1.75a+07 104 T. a5 100
[End of life potantial .3 Tha+05 .2 Be+0d of life potential A.73e+07 7 2e+05
Jowt F00000knm. ped NOTE: Diiferences of less than 20% are nol usually significant Page 173 Glkam colamn.prd MNOTE: Dviferences of less than 20% are nol usually sgrefcant Page 173
Joint 300000KNm/rad Glulam beam:
—_— Eneray Eneray COZ footprint | COZ footprint o Energy Energy COZ footprint | COZ footprint
L] ™) {kg) %) M) %) [kg) (%)
Material 3 5Te0b a9 7 2 EBpsD5 a7 al 3832407 ELE] 1.52e+06 ag2
Manufacture [] (3] ] o0 nulacture [] (1] 1] 0.0
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C3: CO2 concentration material parametric study: Glulam

frame and concrete core

Joint 100000KNm/rad

Fhase Energy Energy COZ fooiprint | COZ footpring
) %) (kg) %
4 fir+l 931 1 3re+0h 931
nufscture J19e+05 [ 2.5+ 6.6
FI-MM 1. 16e+03 00 39 0.0
Liase a oo 1] 0.0
|Elpull| 1 24e+04 03 BET 02
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Joirt 100000knm prd HOTE: Differences of lest than 30% are not usually significant Paga 1713
Joint 200000KNm/rad
Phase Energy Enargy COZ footpring COZ lootpring
M) %] fkgl %]
Matirial 5. 2Te+06 931 3950405 931
Manufacture 3 T3a+05 bk 7 Ba+ld b6
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Lbsax a L] a 00
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End of life potantial L. 2T+ 06 -3. 952405
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E E 0 foolprint COR footprint
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ufacture Q 0.0 1] 0o
Transport 124 0.0 1.1 oy
Lsar 1] aa 1] oo
Dsposal 1.64e+02 0.3 115 03
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The construction kits were created to build the modular high-
rise: a structural kit. These kits are versatile and functional for
small and large-scale uses and are designed to be interoperable
with each other. This interoperability provides a wide range of
architectural options and allows for a highly adaptable system
that can be applied to various uses and requirements. The result
is a flexible and versatile building that can be tailored to meet the
variety of needs of its users.

The structural kit is a versatile package of building components
designed to meet a range of scale requirements. It includes
prefabricated columns, beams, trusses, and cores made of Glulam
and CLT, with options for S (6x6x3m), M (6xéx6m), L (18x6x12m), and
XL (30x6x18m) configurations. The components are connected
using steel joints with various rotational stiffness specifications to
meet specific project requirements.

The manufacturing and assembly methodology of the structural
kit emphasizes compatibility between components and joints
while avoiding any permanent connections between them. This
means the components are prefabricated in a specialized EWPs
manufacturing facility, pre drilled and milled for easy assembly.

Similarly, the steeljoints are also prefabricated with all the screws
and bolts necessary for quick and efficient on-site assembly.

Overall, this approach allows for a faster, more efficient, and
sustainable construction process while maintaining the highest
structural integrity and safety levels.

The scales are a standard combination of the components,
which is an example of the multiple scales and configurations this
set of pieces can achieve. The following measurements of the
different scales are given considering the vectorial length of the
components; the element’s cross sections vary depending on its
mechanical requirements. S scale is a module of 4 columns of 3m
height connected by four beams of 6m. M scale is a module of 4
columns of 6m height connected by four beams of ém.

These two groups of components create glulam frames that
can be pre-assembled before installation or assembled in pieces,
depending on the needs and limitations of the construction place.
L scale is a module of 4 columns of 12m height connected by two
beams of 6m and two trusses of 18m. An XL scale is a module of 4
columns of 16m in height connected by two beams of 6m and two
trusses of 30.

The cores are conformed by prefabricated panels that conform
to the box. Fig 46 Shows a representation of the multi scale
modularity.




