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ABSTRACT

As sustainability becomes increasingly essential in construction practices, the
incorporation of concepts such as circularity and material efficiency are more
required than ever. The present research investigates how these concepts can be
effectively applied to Steel-Cross Laminated Timber (CLT) composite floor systems in
order to promote more sustainable construction methods, specifically reducing carbon
footprint. The findings are intended to benefit practicing engineers and designers, as
well as lay the groundwork for future academic research and innovation in sustainable
construction.

WSP developed the baseline steel-CLT composite floor system, which bonds composite
materials using shear studs and grout '. However, this design restricts disassembly at
the end of its lifecycle, posing challenges that limit its potential for reuse in subsequent
applications. In addition to that limitation, while the system was validated via laboratory
push-out tests, using a standardized CLT configuration across varying spans resulted
in material inefficiencies, highlighting the need for additional optimization.

To address the aforementioned drawbacks, this study develops an "optimized design”
for a Steel-CLT composite floor system that enhances both circularity and material
efficiency. The optimized system, which includes demountable shear connectors, allows
for easy disassembly and reuse, extending the life of its components. The study also
investigates the optimal CLT configuration and lay-up to maximize material efficiency,
demonstrating that adapting the CLT design to the unique characteristics of each
composite floor structure (e.g., dimensions, spans, and load requirements) is crucial for
optimal performance.

Finally, the baseline- and optimized designs were compared in terms of environmental
impact, focusing on a Life Cycle Assessment (LCA) of embodied carbon. This evaluation
highlights the environmental benefits of the optimized design, offering valuable
insights into how circularity and material efficiency can significantly reduce the carbon
footprint in constructions.

Overall, this research transforms the baseline steel-CLT composite floor system from a
linear to a circular design, thereby highlighting the significant advantages of circular
design principles within the construction industry. By advocating for the broader
adoption of circular approaches, this research underscores the potential for creating a
more environmentally sustainable future in building practices. In addition to achieving
circularity, the study focuses on optimizing the CLT design to enhance material
efficiency within the floor system. It also identifies key factors to consider when
designing CLT for composite applications, ensuring that the material is used most
effectively within this innovative context.

L Throughout the research, this system is referred to as the "baseline design."



The present paper begins with a comprehensive literature review, which provides the
foundational background necessary for the research. This is followed by a detailed
explanation of the design rules employed in the structural analysis. Next, the
application of demountable shear connectors is discussed, highlighting their role and
implications for the steel-CLT composite system. A subsequent chapter delves into the
design of CLT panels, emphasizing their dual function within composite floor systems.
Both the baseline and optimized floor systems are then presented, with an outline of
their structural characteristics and geometric configurations, followed by a rigorous
structural analysis. The study proceeds with a comparative analysis, evaluating the
structural and environmental performance of both designs. This analysis resulted in
conclusions that highlight the substantial role of circular design principles and material
efficiency in reducing the environmental impact of construction materials and systems,
as well as the crucial role that structural designers can play in advancing the
decarbonization of the built environment.
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1T INTRODUCTION

The construction industry has a significant impact on our modern world and daily lives,
however, this currently comes with a high environmental cost. The building industry,
as one of the largest construction industries, has a significant impact on energy
consumption, carbon emissions, and the depletion of finite raw materials. As a result
of the preceding causes, there is now a clear recognition of the need for critical
changes, resulting in an increased demand for sustainable practices, efficient resource
utilization, and greater environmental accountability. Therefore, extensive research has
been conducted in the field of civil engineering to investigate new sustainable
technologies.

In response to a growing demand to reduce upfront carbon in building design, WSP,
which is a global engineering consultancy, together with the University of Warwick has
undertaken research and testing to develop a steel-CLT composite floor system. This
system utilizes a grouted shear connection between the steel beam and CLT floor panel
to optimize the strength and stiffness of the floor system. This leads to a corresponding
reduction in overall steel weight and corresponding carbon emissions within EN 15804
modules A1 to A3. Building on this innovative foundation, this study aims to delve
deeper into improving the circular design aspect of this floor system, as well as
optimizing the design of the CLT components. The primary goal is to create structural
floor system that not only meets the structural requirements but also includes
demountable and reusable components, thereby promoting both system circularity
and efficiency.

To achieve this objective, the study will focus on improving structural aspects critical in
this composite floor system, such as the shear connector and the design of the CLT
panels. First, a new shear connector from the literature will be introduced, discussed,
and implemented. Following that, the design of the CLT floor will be investigated to
address the function of the CLT element in the composite system. Then, the final CLT
design will be developed to determine the optimal solution. The optimized floor
system design will then be compared with the baseline design, which uses grout for
composite action. This comparative analysis will cover both structural and
environmental aspects, revealing each system's strengths and weaknesses.

The following sub-chapters will delve into fundamental aspects required to provide
context to the research. Some of these include technical information, such as circularity
and composite floor systems. Other sub-chapters will discuss the research description,
objectives, research questions, and research structure. This will provide readers with a
detailed understanding of the research context, laying the groundwork for the
subsequent chapters.



1.1 Circular Design

Circular design is a method of designing and constructing buildings that centers on
minimizing waste and reusing materials. This approach aligns with the broader concept
of a circular economy, which emphasizes creating products and materials that remain
in a continuous loop, extending their usability for as long as possible. Unlike the
traditional linear economy, where products and materials are discarded at the end of
their first life cycle, the circular economy seeks to keep them in circulation, reducing
the need for new resources and minimizing environmental impact [1].

Linear Economy Circular Economy

Rewurce Make Uhe Dipone

O—0O—o——o

Reource Depletion

Downayde

Figure 1: Linear and circular economy [1].

The circular economy represents a shift in how society thinks about the resources it
uses. With a focus on extended life cycles, the circular economy promotes a society
where products, components, and materials are kept at their highest usefulness and
value. When applied to building design, the circular economy can create a more
environmentally friendly and resource-efficient construction industry. Circular design
can lead to reduced waste, lower carbon emissions, and smarter use of resources, all
while making our buildings more sustainable [2].

The journey into the world of circular design comes with numerous opportunities and
challenges that could reshape the construction sector. The benefits are clear, including
saving resources, cutting costs, and being more eco-friendly. However, there are
certain challenges, such as dealing with rules and regulations, industrial traditions, and
the need for innovative technologies [3].

The research will delve into the application of circular design in construction by
optimizing the baseline steel-CLT floor system from a linear design to a circular one.
This approach aims to develop efficient, reusable, and practical steel-CLT composite
floor systems, contributing to the goal of moving to a circular construction industry. In
essence, the study seeks to advance construction practices that prioritize sustainability,
environmental responsibility, and resource efficiency.

1.2 Composite Floor systems

A composite floor system, which combines different materials like steel and concrete
or steel and timber, offers several advantages in construction. These systems aim to
create stronger and more efficient flooring solutions by harnessing the unique
properties of each material. The benefits of composite floor systems can include
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enhanced sustainability through optimization of material use, ease of construction, and
reduced unit weight [6]. Additionally, they can enhance structural properties such as
stiffness and load-bearing capacity [7].

The most common composite floor system used extensively in Europe is the steel beam
and concrete floor system. In this system a concrete slab, typically cast on a thin-gauge
metal deck is connected to steel beams using steel dowels (headed studs or other shear
connectors). Both the steel beam and the concrete slab act together to form the
composite system. Another type of composite system is the timber-concrete
composite (TCC) system, which combines timber (often CLT) and concrete as composite
materials. This type of floor system utilizes various shear connectors to connect the
floor segments, enhancing the overall strength and stiffness of the floor. Yet type of
composite system is the steel-CLT composite system, which represents an innovative
approach that will be the focus of this study, as detailed in the next chapter (1.3). This
system offers a sustainable alternative to traditional steel-concrete systems, addressing
construction needs while significantly contributing to sustainability efforts by reducing
environmental impacts [8].

The design of the composite beam is a critical aspect in composite systems due to its
role in defining the structural characteristics of the floor system, as the interaction
between the composite components has a direct impact on the stress distribution
along the cross-section. That interaction can be divided into three primary categories:
no shear interaction, fully rigid interaction, and an intermediate phase known as semi-
rigid interaction.

Cg G

=
=

Figure 2: Deflection and bending stress distribution of a full cross-section (A), a cross-section comprising
three individual cross-sections connected via semi-rigid joints (B) and a cross-section comprising three
loosely superimposed individual cross-sections (C). [12]

e No Interaction:

In this category, denoted as Case C according to Figure 2 [12], the structural elements
within the composite beam do not exhibit any shear interaction. Each element behaves
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independently, leading to negligible composite action. This is the theoretical situation
of a floor slab bearing directly on a beam without any connection between the two.

e Fully Rigid Interaction:

In this category, denoted as Case A in Figure 2, fully rigid interaction occurs. The
structural elements within the composite beam act as one. With fully rigid joints, often
achieved through glued connections, they exhibit a cohesive behavior acting as a
single, rigid unit. The Euler-Bernoulli beam theory applies to the overall cross-section,
and the bending stress distribution and deflection follow specific patterns. For
example, assuming constant moduli of elasticity and dimensions of the beams, the
bending stress (o) in the outer fiber follows the relationship oa < 08 < oc = 3 0a, and
the deflection (u) adheres to the relationship ua < ug < uc = 9 ua.

e Semi-Rigid Interaction:

Source [12] emphasizes that in the semi-rigid interaction phase (Case B in Figure 2),
where shear connectors are employed, stress distribution along the beam'’s cross-
section is improved. This enhancement leads to increased load capacity and decreased
deflections. The type and stiffness of shear connectors, represented by the slip modulus
(k), become pivotal factors influencing the rigidity of the system. The load-bearing
capacity and stiffness of mechanically jointed beams, like Case B, lie between those
with no joints (Case C) and those with fully rigid (glued) joints (Case A).

In the subsequent Gamma Method chapter, the slip modulus (k) and its' role in
determining the effective bending stiffness of the mechanically jointed cross-sections
are elaborated in detail.

In summary, composite floor systems are an established approach to creating stronger,
stiffer, and more material efficient structural floor systems in modern construction. By
combining different materials and utilizing shear connectors, these systems provide a
toolbox of options for the practicing engineer to realize highly efficient solutions which
offer numerous benefits.

1.3 Problem Description and Objectives

WSP is committed to innovating structural solutions that meet modern sustainability
criteria. This commitment focuses on decarbonization of structural designs. CLT, known
for its low carbon and bio-based properties, plays a key role in this decarbonization
effort. Therefore, WSP has prioritized the development of a composite steel-CLT floor
system to replace traditional concrete floors in composite construction with CLT. In this
study, this system is referred to as the "baseline design/floor system." This novel system
being researched and tested by WSP and the University of Warwick, uses steel headed
shear studs welded to the top flange of steel beams and located in grouted pockets in
the CLT floor panels to form a sufficient composite connection, as shown in Figure 3.



While the use of grout is highly effective in realizing a stiff connection, a grouted
connection reduces the potential for demountability of the floor system at the end of
the buildings useful. Thus, it can be said that the use of grout does not align with the
principles of circular design. In which materials should be reclaimed and reused in the
market once no longer needed in the original, or current building.

o

Figure 3: 3D picture for the baseline floor system researched by WSP.

One of the primary objectives of this study is to enhance the circularity of the baseline
steel-CLT composite floor system by investigating new shear connectors that better
align with circularity criteria. This improvement aims to bridge the gap between the
innovative floor system and the fundamental goals of circular design.

The baseline system was designed and tested to assess the structural behavior of the
composite beam and the shear connector. As a result, the CLT configuration had to
remain consistent across different spans due to its critical role in forming the grout
pockets and determining the stiffness of the composite beam. The presence of a
variable cross-section along the beam's longitudinal direction further complicates the
analytical determination of its behavior, making accurate improvement of the CLT
design more challenging.

The second major objective is to refine the CLT design configuration within composite
floor structures. This aspect of the research will address the challenges related to CLT
design in a composite context, aiming to identify the optimal configuration that
enhances the material efficiency of the floor system.

By the conclusion of this study, an optimized floor system will be developed. This
system is designed to be circular, ensuring it not only performs effectively in its initial
application but also can be disassembled and reused, thereby supporting multiple life
cycles. Additionally, the optimized system will feature a revised CLT configuration that
provides adequate structural performance while minimizing floor thickness.



1.4 Research Questions

This chapter explains the key research questions required to achieve the primary goal
of improving the design of the steel-CLT floor system, with a focus on circularity and
optimizing the CLT panels. In addition to these primary inquiries, several sub-questions
have been meticulously crafted to break down the main problem into smaller portions.
These sub-questions contribute not only to a thorough understanding of the primary
research question, but also contribute to the organization of the research
methodology, and approach.

Primary Research Question:

Can the circular design of steel-CLT floor systems be realized, and what are the
structural benefits and drawbacks of this innovative solution?

How can a CLT configuration be designed to function optimally as an integral
component of the composite beam and floor system?

What are the advantages and disadvantages of the optimized floor system versus the
baseline floor system?

Sub-questions:

e How can mechanical fasteners, specifically shear connectors, be designed to
optimize the structural performance of steel-CLT composite beams while
maintaining principles of circular design and sustainability?

e Is the attainment of truly circular steel-CLT composite floors a feasible objective
with the existing body of knowledge and technological capabilities?

¢ In what ways can the steel-CLT composite floor systems be standardized to ensure
efficient implementation while adhering to circular design principles?

e What parameters are integral to the design equation, and how can these
parameters be effectively managed to achieve the optimal design?

1.5 Research Structure

As mentioned previously, the primary goals of this research are to develop a circular
design for steel-CLT composite floors and to enhance the design of the CLT panels. The
research methodology unfolds systematically, beginning with the baseline floor system
design developed by WSP, which incorporates grout as a bonding material. This design
provides the basic framework for geometry and initial parameters on which the
subsequent studies are undertaken.

However, the study begins with a comprehensive literature review, establishing a solid
technical foundation by presenting the state of art and current assumptions derived
from existing research. Following this, the application of the new demountable shear



connectors will be discussed, highlighting their impact on composite action and
structural performance of the composite floor system. The next section focuses on the
CLT panels and their dual function within composite floor structures, adding complexity
to their design. This part of the study includes the derivation of a detailed design
approach, culminating in the determination of the optimal CLT panels configuration to
be used in the final optimized design.

During the study, the Gamma method, an analytical approach to perform structural
analysis for composite beams, will be used to obtain structural results for the various
design studies. This method was chosen because it provides clarity when defining
parameters, leading to greater understanding of individual parameter impacts on the
structural behavior. The Gamma method will be discussed in detail in Chapter 2.1.

After determining the optimized design for the steel-CLT composite floor system. The
final phase begins with a comparison of the newly developed floor system to the
baseline one. This comparison, which focuses on structural and environmental aspects,
reveals each system's respective strengths and weaknesses, providing valuable insights
into design choices and requirements. The outcomes of this comparison will be
thoroughly validated, verified, and discussed.

The research concludes with a discussion that covers the insights gained throughout
the study. The findings are compiled into a comprehensive conclusion that provides
valuable insights into the design of steel-CLT composite floors as well as
recommendations for future research.



2 LITERATURE REVIEW

This chapter serves as a comprehensive guide, delving into various subjects to reveal
important scientific insights. The goal is to establish a foundational understanding that
will improve the reader's overall understanding of the topic. The focus here is on
elucidating key subjects relevant to this study using information from existing
literature.

Each subject will be thoroughly explained, followed by an additional subchapter that
establishes the link between the subject matter and the current study. This structured
approach enables the reader to systematically establish a solid scientific foundation on
every subject before delving into its relevance to the study.

The significance of this chapter stems from its role as an information repository,
containing all of the essential knowledge that will be used in subsequent chapters to
achieve the objectives outlined in the previous chapter. After completing this chapter,
the reader will have the necessary knowledge to navigate and comprehend the
following sections with ease.

2.1 Gamma Method for Mechanically Jointed Beams

The Gamma Method is a proven analysis tool in structural engineering, providing a
manual calculation method for simple mechanically jointed beams. This method,
outlined in Annex B of EC 5 [18], allows for efficient structural analysis of beams and
columns with up to three single components. Mohler, who developed the Gamma
method used elasticity relations based on Euler-Bernoulli beam theory within the cross-
section to determine the bending stiffness and stress distribution across the composite
cross-section. The relations and equations are explained in subchapter 2.1.2.

The Gamma Method is applicable solely to simply supported beams subjected to
uniformly distributed loads and centrally loaded columns. It's valid only when a
maximum of three individual components are non-abutted over the member length,
and continuous fasteners with constant stiffness along the member length are utilized.
Additionally, it assumes negligible shear deformations of the beam, making it suitable
in scenarios involving large spans [12]. In those cases, bending deformations are
significantly higher than shear deformations, so shear deformations are disregarded.

2.1.1 Relevance to The Study

Adopting an analytical approach for structural analysis offers several key advantages.
One of the primary benefits is the clear definition of parameters, which allows for their
individual impacts to be thoroughly investigated and understood. This clarity facilitates
a more precise exploration of how each parameter influences the composite beam's
behavior. Additionally, the ability to perform numerous structural analyses in a short
period of time is a significant advantage. This efficiency is particularly beneficial for
conducting parametric studies, where multiple parameters can be systematically varied
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to assess their effects on the composite beam's performance. These advantages make
the analytical approach especially valuable in this study, which aims to optimize several
parameters.

However, the gamma method's relative versatility extends across different materials,
making it a widely applied method in composite beam design. It is included in various
regulatory documents, such as EC5 for timber, where it's used for composite timber
applications. Additionally, it's integrated into EC5 Structural design of timber-concrete
composite structures for designing composite timber-concrete beams [20]. Numerous
research articles [19][21] validate the accuracy of this method in reflecting the
serviceability and ultimate response of timber-concrete composite beams in the linear
elastic phase.

This study focuses on long-span composite beams comprising steel and CLT structural
materials. The literature review indicates promising accuracy of the gamma approach
compared to full-scale test results [22]. The comparison between structural analysis
results derived from different numerical models and those determined using the
gamma method underscores its reliability.

The preceding discussion highlights the gamma method's effectiveness and
adaptability, seamlessly integrating into the design processes of various composite
structural materials. Leveraging its benefits and previous investigations, this study
employs the gamma method as an analytical approach for structural analysis in the
subsequent chapters.

2.1.2 Relations and Equations

The derivation procedure for the following relations is detailed in Annex 5 of the Timber
Engineering book [12]. The system of differential equations originates from elasticity
relations, based on beam theory, and is applied to force and moment equilibrium
under specific boundary conditions. This process results in a system of equations,
which, when solved, yield the displacement equations necessary for determining the
coefficient y:

1

Vi=15 (2.1)
_mExEjx Ay ks 22)
P= "+ 2 ‘
Where:
E; Modulus of elasticity.
A; Cross-sectional area.
S Fastener spacing in joint between individual components.
k; Slip modulus of fasteners.



l Member length.

This coefficient y is a critical parameter that acts as a reduction factor for the bending
stiffness, stresses, and shear forces, representing the semi-rigidity in the composite
cross-section. The value of y depends on the rigidity of the shear connectors linking
the different materials (composite components) in the cross-section, ranging from 0 to
1. A y value of 0 indicates no shear interaction between the individual composite
components, while y =1 signifies full interaction, also known as maximum shear
interaction.

In the effective bending stiffness equation for composite beams, the coefficient y
reduces the Steiner terms (E; * A; * a?) of the bending stiffness:

3
(ED¢y ZZ(Ei*Ii+Vi* E;xA; xa}) (2.3)
im1

Where:
(ED)s Effective bending stiffness.
I; Second moment of area.

Vi Gamma coefficient for i =1 and i =3. For i =2 which is the composite
component that passes through the neutral axis of the composite cross-sectiony, =1
(see Figure 4).

a; Distances between the center of gravity of the individual components to the
neutral axis.
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Figure 4: Example of a composite beam with three components [12].

The following graph illustrates the relationship between bending stiffness and the
coefficient y. As the y value increases, the bending stiffness also increases, primarily
due to the enhanced contribution of the Steiner term. This graph was generated using
data from the baseline design, treating y as a variable that incrementally increases in a
looped process, with the effective bending stiffness recorded at each step.
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The normal stress distribution equations are derived from moment equilibrium across
the composite cross-section, following the same assumptions. The derivation process
is also explained in Annex 5 of the Timber Engineering book [12]. The stress equations
are as follows:

Oit(c) = ‘(T;ef‘ * (2.4)
_ 0,5 * Ei * hi

Oit(cy The normal stress in the center of gravity of the individual components.
o;m  The normal stress in the outer fibers of the individual components.

M External moment.

h; Depth of individual component.

Refer to Figure 4 for the stress distribution along the composite cross-section.

Using a similar approach, the shear stress relations are determined, leading to the
derivation of the shear flow equation. The load on the fasteners is then calculated as
the product of the shear flow and the spacing between the fasteners:

¢ Vi yx By x Ay ay
o (EDes

(2.6)

Fi = tef * S (27)
Where:

tes Shear flow.
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|4 Shear force.
F; Fastener load.

s Spacing.

2.2 Pre-loaded Demountable Shear Connectors

Shear connectors are essential in composite beams because they resist the slip and the
longitudinal shear at the interface of the composite components, allowing for the
desirable composite behavior. Composite steel-concrete structures use a variety of
shear connectors, including headed steel studs, perfobond ribs, t-rib connectors,
oscillating perfobond strips, waveform strips, t-connectors, channel connectors, and
non-welded connectors [36]. The significance of these connectors lies in their ability to
improve the structural integrity and load-bearing capacity of composite beams by
rigidly or semi-rigidly combining the steel beam and floor concrete components. On
the other hand, traditional shear connections face sustainability challenges, such as
being non-deconstructible or non-recyclable, leading to energy-intensive and
environmentally damaging deconstruction processes and limited opportunities for
component reuse [36]. For instance, when traditional shear connections are removed,
they often end up in landfills, contributing to waste and environmental pollution. As a
result, there is an increased need for demountable and recoverable shear connectors,
such as pre-loaded bolted connectors in composite beams to address these
sustainability concerns and encourage environmentally friendly construction
approaches [36]. In the following paragraph, pre-loaded bolted shear connectors are
introduced, which provide the advantage of demountability and reusability, aligning
with the principles of sustainability and circularity.

The stiffness of the shear connector, represented by the slip modulus (k), is a critical
factor in determining the rigidity of composite beams and the stress distribution
through the composite cross-section under load application. This slip modulus is
directly related to the reduction factor gamma (y), indicating its significant influence
on the structural mechanics of composite systems. Determining the slip modulus
typically involves undertaking push-out tests or following prescriptive design criteria
outlined in the relevant Eurocode and that has been validated using comparable
experimental methodologies.

Overall, shear connectors are essential in composite beam design, as they play a crucial
role in realizing the required composite structural behavior. The type of shear
connector, whether demountable or not, has a direct impact on the circularity of the
composite floor system, highlighting the importance of the shear connector in realizing
sustainable design solutions.

This study will focus on the three Pre-loaded Demountable Shear Connectors
introduced at the World Conference on Timber Engineering 2023. These connectors
align with circular design principles by allowing for deconstruction and potential reuse.
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This report assigns the three shear connectors the nomenclature SCT-1, SCT-2, and
SCT-3. These connectors, described in a paper [10], were tested in the laboratory using
the standardized push-out test methodology. All three variants include an embedded
steel tube that fits into a drilled hole in the timber floor panel. Each type of connector
differs in the attached steel elements to the bottom side: SCT-1 employs a round steel
ring, SCT-2 integrates a round steel ring with a spiked timber connector, and SCT-3
incorporates a rectangular steel plate with openings and four inclined screws (see
Figure 6).

SCT-1 SCT-2 SCT-3
Figure 6: Embedded parts in the timber: SCT-1, SCT-2, and SCT3 [10].

On the top side of the steel tube, a rounded steel ring is positioned before securing
pre-loaded steel bolts through the timber part and the top flange of the steel section,
effectively connecting both cross-sections. The pre-loaded bolts necessitate the upper
steel ring to protect the timber from being crushed due to the pre-loading. Figure 7
shows the details of the geometry after assembly.

55 10, S5 S5 10 55 jr— BoltM20x210109 |

B0 %

==L 375x10, hole 322

ube $356.3 (5460)

Geka C11-80M20

- PL 7510, hole 922}

Figure 7: Details of shear connections: SCT-1, SCT-2, and SCT3 [10].

The results of the push-out test carried out by [10] are shown in Figure 8, where the
load/slip graph displays similar behavior for all three connections. The initial stage,
which is characterized by relatively high stiffness, is the result of preloading the bolts
to 70% of their ultimate strength. This preloading introduces friction between the steel
tube and bolt. This force resists the shear force between the timber panel and the steel
beam, resulting in the observed initial no slip and corresponding high stiffness; more
information on this subject is discussed in Chapter 4. Following the initial stage, an
initial slip occurs at a shear load ranging from 30 to 45 kN, depending on the SCT type.
When that slip occurs, the steel bolt shifts inside the tube until it comes into contact
with both the beam’s flange and the inner steel tube. Following contact, stiffness
increases similarly to traditional steel-timber bolt connections.
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Figure 8: Comparison of the three shear connectors' mean load/slip curves [10].

Therefore, these shear connectors offer a significant advantage in terms of initial
stiffness compared to traditional bolt shear connectors, thanks to bolt pre-loading. This
enhanced stiffness is particularly beneficial for design scenarios where the loads acting
on the shear connector do not exceed the initial phase boundary condition.
Furthermore, the push-out test results included in the paper are presented for one
shear connector. However, it's important to note that these connections are used in
pairs (see Figure 6), effectively doubling the provided stiffness. This means that the
initial stiffness provided by a pair of connectors is comparable to traditional steel shear
studs, as demonstrated later in Chapter 4. In addition to these advantages, these
connectors are designed following circular principles, allowing for demountability and
reusability, a feature not found in traditional shear studs.

2.2.1 Relevance to The Study

The previously described shear connectors are promising for integration into the steel-
CLT composite beams proposed in this study. However, applying them to this study
presents challenges, particularly in determining the slip modulus, because existing
push-out test data is based on experiments with LVL timber, which has material
properties and characteristics different from CLT. A correction factor has been
determined and used to address this mismatch so that the initial slip modulus found
in the push-out test can apply to steel-CLT composites. This procedure involves
calibrating the slip modulus value from the available push-out test data with the slip
modulus calculated using EC5, which allows the reliance on the EC5 to determine the
differences between the LVL and CLT and determining the correction factor. Chapter 4
provides a more detailed explanation of the Structural Properties and Application of
Pre-loaded Demountable Shear Connectors.

2.3 Cross-Laminated Timber Panels

Cross-laminated timber (CLT) is a highly engineered wood product that provides
structural engineers with a versatile structural material with good strength to weight
ratio for use in different structural purposes [23]. CLT is made up of several layers of
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timber lamella that are normally positioned perpendicular to one another and joined
together under pressure using adhesive. This crosswise lamination process enhances
the timber material’s structural characteristics, including improved strength and
stiffness. Furthermore, this crosswise arrangement of timber layers allows CLT
structures to efficiently transfer loads in both parallel and perpendicular directions,
improving the material's isotropic behavior. This feature enables engineers to take
advantage of CLT's strength in a variety of configurations and orientations, allowing
the designer to optimize structural performance [23].

CLT's structural characteristics make it ideal for a wide range of load-bearing
applications, including floors, beams, walls, and columns. Furthermore, the material’s
lightweight nature makes it easier to transport and assemble [23].

Due to the above advantages the use of CLT in the construction industry is rapidly
increasing [45]. Espinoza, O., Trujillo, V. R, Mallo, M. F. L., and Buehlmann, U. identified
in their paper [45] that from 1995 to 2015, CLT production increased from less than
50.000 m? per year to over 1.000.000 m® per year by 2015. CLT is quickly becoming the
market leading mass timber panel system in Europe.
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Figure 9: Global production of CLT in years [45].

Biogenic carbon refers to the carbon sequestered within timber, which reduces
atmospheric CO, levels and contributes to climate change mitigation. In lifecycle
assessments, the carbon stored in timber is factored in, making it a more sustainable
option than materials like concrete or steel. However, when timber decomposes or
burns at the end of its life, the stored carbon is released back into the atmosphere.
Proper management, such as adopting circular design principles, can extend the
duration of carbon storage by prolonging the material's lifecycle, thereby enhancing
timber's environmental benefits [13].

Figure 10 illustrates the calculation of carbon emissions for timber structures, where
biogenic carbon is distinguished from fossil carbon. During the production and
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construction phases (Modules A1-A5), biogenic carbon is transferred into the structure,
while fossil carbon is emitted. At the end of the structure's life, the biogenic carbon is
released back into the atmosphere. However, in the case of a circular design, the
structure is reused at the end of its life, extending its lifecycle and keeping the carbon
stored for a longer period [13]. Further discussion on this topic is provided in Chapter

2.6.
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Figure 10: Sequestered biogenic carbon (transfers/emissions) and fossil carbon (emissions) for a typical
timber [13].

2.3.1 Relevance to The Study

This study employs CLT panels for the structural floor, forming a composite material
on top of the I-shaped steel beams. This choice is motivated by CLT's remarkable
adaptability, allowing panels to be oriented in various directions to optimize floor
system design, and the fact that CLT is the most commonly used and available mass
timber floor panel system in the Dutch market. A CLT structure will have a strong out-
of-plane direction and a weaker out-of-plane direction at 90 degrees to the strong
direction because of its orthotropic features, which indicate that a panel's strength
varies depending on the angle between stress and fiber direction [23]. As a result, the
CLT floors have several panels that are purposefully oriented differently to improve
strength and stiffness in particular orientations.

One of the main advantages of designing CLT floors lies in the ability to customize their
strength and stiffness in two directions. By positioning certain CLT panels perpendicular
to others, the structural behavior of the CLT floor can be significantly influenced. This
provides the designer with an almost unlimited choice in panel configuration to suit
their specific situation. However, designing a CLT floor as a composite structure
introduces complexity. In contrast to designing a non-composite floor that spans
between beams, where the strong axis of the floor is usually oriented in the y-direction
(as shown in Figure 11 in black), designing a composite system involves additional
factors because, in addition to meeting structural requirements for the floor spanning
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between the beams, the CLT floor directly affects the strength and stiffness of the
composite beam.

Figure 11: 3D visualization of a typical Steel-CLT flooring system [28].

For instance, the bending stiffness of the composite beam is directly related to the
stiffness of all the components in the composite system, including the CLT panels that
work in the longitudinal direction of the beam, represented as the x-direction in Figure
11 (shown in red). Consequently, optimizing the orientation of CLT panels becomes a
complex parameter. This study conducts a parametric analysis to define the
relationship between the CLT panel setup and the composite beam's load-bearing
capacity to determine the optimal design of the CLT floors within the composite
system. This topic is further discussed in Chapter 5.

2.3.2 Equivalent CLT Cross-section

Examining a cross-section of a typical CLT panel indicates that it is made up of multiple
layers that are glued together to form a composite structure itself. At this point it is
assumed that the modulus of elasticity perpendicular to the grain, Eoo, is negligible (Eso
= 0), implying that layers oriented perpendicular to the grain make no structural
contribution [23]. This is the common assumption taken in current codified CLT design.
Furthermore, it is assumed that the modulus of elasticity parallel to the grain is equal
to the mean value of the panel’s modulus of elasticity, denoted as Eo. Again, this is the
common assumption taken in the current standards. Figure 12 depicts a CLT panel with
a bending moment (25 kNm) applied around the neutral axis to show the stress
distribution across the cross-section height when considering these assumptions.

Normal stre

Pl

Figure 12: CLT designer software [35].
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This approach becomes more complicated when designing composite beams with
both CLT and steel, as in this study. To address this complexity, a method has been
developed by [22] to homogenize the CLT floor panel. In this method, an equivalent
homogeneous cross-section replaces the CLT cross-section (see Figure 13), ensuring
that the resulting and original cross-sections are equivalent in certain structural
properties [22].
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(a) Original cross-section (b) Homogenized cross-section

Figure 13: Original vs homogenized cross-section [22].

Furthermore, a singular value for the elastic modulus, E, of the homogenized CLT panel
is derived. Notably, the dimensions of the CLT panel remain constant throughout the
homogenization process [22]. This method is known as the EA-equivalent method, and
the elastic modulus is calculated using the following equation:

Epx Ap = (EA) sy (2.8)
Ap = hg * begsy (2.9)
n
(EA)err = ZEL- * A (2.10)
i=1
n
Ei * Ai
— Atot

Where:

E}: the elastic modulus of the homogenized CLT cross-section.

Ay the area of the homogenized CLT cross-section.

ho: the height of the CLT slab.

befy: the effective width of the CLT slab.

E;: the elastic modulus of each layer depends on the orientation of the layer.

A;: the area of each layer.

2.4 Effective Width of Composite Beams

The effective width of the top flange of a beam working compositely with the floor
slab, specifically the effective flange width (be) for T-beams, is crucial for design
considerations as it denotes the part of the beam actively countering compression
forces in the cross-section. Understanding this effective flange width is paramount,
influencing force distribution within the beam and impacting overall strength and
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stiffness. Engineers, by accounting for this width, can properly design T-beams to
endure anticipated loads and perform optimally in their intended applications [29].

The flange collaborates with the beam to resist longitudinal compression forces [29],
ensuring the entire flange effectively counters compression forces in the cross-section.
It plays a pivotal role in distributing compression forces along the beam evenly,
enhancing load-bearing capabilities [29].

l‘be |

Figure 14: Effective Flange Width T-beam [29].

2.4.1 Relevance to The Study

While research on the effective width in timber structures is limited compared to
composite steel and concrete structures [30], a relevant study [30] explored the
effective width of timber composite beams under positive bending. Utilizing structural
analysis on various numerical models, the study validated results with experimental
tests, presenting a formula for determining the effective width. Unfortunately, the
formula, which is suitable for spans ranging from 6 to 10 meters [30], is not applicable
to the broader span objectives of this study. Specifically, the composite floor system
under investigation has a span of 12 meters, extending beyond the formula's valid
range.

In this study, however, a conservative approach will be used to determine the effective
width of the composite steel-CLT beam by applying design formulas from Eurocode 4
and Eurocode 5. Eurocode 4 provides guidelines for composite steel and concrete
structures, while Eurocode 5 addresses ribbed plates composed of ribs and CLT plates.
Both methods will be applied, and the lower effective width value will be selected for
structural analysis.

The Eurocode 4 design formula for determining the effective width of a composite
beam is expressed as:

befeca = bo + Z be; (2.12)
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Where:

beff
. . . ‘ »
besrca The effective width according to EC4. b,
i I be1 b I
by the distance between the centers of the outstand shear . le% ;
connectors. |

b, the value of the effective width of the concrete flange on
each side of the web, computed as L./8 but not exceeding I
geometric width b. | |

The length Le is the approximate distance between points of zero | |
bending moment, conservatively equating to the span [ in this
study as the composite beams are simply supported on the

. Figure 15: The parameters to calculate
edges. Therefore, for the composite Steel-CLT beam holds the effective width according to EC4
following: [317].
bo = O
b, =1/8
bef,ECZ =1/4

According to Eurocode 5 [18], the effective width of a composite beam consisting of
CLT plates and ribs is determined as follows:

Figure 16: The parameters to calculate the effective width according to EC5 [38].

bepscs = brin + ) bey @13)
b 0.9 (EA)' 0.45
besi = b;(0.5—0.35 (Tl) < D - ) ) (2.14)
xy

Where:

ber rcs The effective width according to ECS.

b,i»  The width of the rib.

ber;  The effective width at either side of the rib.

b; The clear distance between two ribs.

20



l The span.

(EA); The in-plane stiffness of the layers with grain parallel to x-direction per meter
width.

(GA),y The shear stiffness of the gross cross-section per meter width.

As a result, the effective width of the composite beam will be:

ber = min(bef gca > bef pcs) (2.15)
By following this method, the study ensures a conservative and accurate
determination of the effective width, incorporating both structural codes’
considerations.
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2.5 Spacing

The spacing (s) between shear connectors is
a critical factor influencing the behavior of D
composite beams, particularly in the | | l [
interaction between the steel beam and the

CLT floor system. This relationship is
Figure 17: longitudinal section of composite

quantitatively expressed in the gamma Do,

method through the gamma factor (y), a key

parameter that governs the degree of interaction within the composite beam. The
equation for the gamma factor highlights the significance of spacing, showing how it
directly impacts the y value, and thereby the level of interaction between the steel and
CLT components:

1
m2xE %A xs (2.16)
k 12
A detailed explanation of this equation and its implications can be found in Chapter
2.1.2.

1+

However, the subsequent Figure 18 illustrate the relationship between spacing and
both the gamma factor and bending stiffness. These results are based on the baseline
composite beam design, which is described in Chapter 6.1.1. Upon examining the data
for spacings of 200 and 800 millimeters, the gamma factor is found to be 0.9 and 0.69,
respectively, corresponding to effective bending stiffness values of 0.99 * 10" N/mm?
and 0.91 * 10" N/mm?. This shows an 8% reduction in bending stiffness from a spacing
increase from 200 to 800 millimeters, demonstrating the sensitivity of composite
beams to the spacing and the resultant importance of this parameter.
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Figure 18: Gamma vs Spacing (left); Effective bending stiffness vs Spacing (right)

Furthermore, spacing also influences the horizontal shear force acting on the shear
connector, as explained in Chapter 4. That Chapter will delve deeper into this
influence, offering insights into how spacing is handled within the scope of this study.
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2.6 Life Cycle Assessment and Embodied Carbon
Calculation

The life cycle assessment (LCA) is a vital method for evaluating the environmental
impacts at all stages of a product's life, from raw material extraction through
production, use, disposal or reuse. This comprehensive approach assesses how each
phase contributes to overall environmental burdens [42]. LCA examines the
environmental footprint of a product or service by measuring impacts such as energy
consumption during manufacturing, fuel usage in transportation, and ecological
effects at the end of life. This enables meaningful comparisons between different
products, materials, and processes, guiding more sustainable choices [43]. This study
will specifically focus on the Global Warming Potential (GWP) impact by utilizing the
embodied carbon impact category.

Embodied Carbon calculation serves as a comprehensive method for evaluating the
GWP of a building [15]. This assessment considers all stages, from raw material
extraction to manufacturing, construction, use, and eventual disposal or recycling [13].
By accounting for these stages, LCA provides a holistic perspective on the
environmental impact of a construction project, offering insights into areas where
carbon emissions can be minimized.

Embodied carbon refers to the total carbon equivalent associated with the production,
transportation, and assembly of building materials throughout their life cycle [13]. It
represents the total greenhouse gas emissions and global warming impact embedded
in the very structure of buildings and provides an indication of the global carbon
footprint of construction projects.

The calculation of embodied carbon is driven by the imperative to understand and
mitigate the impact construction activities have on global warming. As the construction
industry is a significant contributor to global carbon emissions, quantifying embodied
carbon is a proactive step towards sustainable practices [13][15]. It enables
stakeholders to make informed decisions regarding material selection, construction
methods, and overall project design.

The Intergovernmental Panel on Climate Change (IPCC) is clear that to prevent
significant harm to societies, man-made carbon emissions into the atmosphere must
be rapidly reduced significantly. Reducing the embodied (upfront) carbon in our
buildings is essential. However, reducing embodied carbon is consistent with broader
sustainability objectives, such as reducing environmental impact, conserving resources,
and fostering resilience. Sustainable construction practices emphasize using materials
with lower embodied carbon and adopting innovative technologies and design
strategies to enhance overall efficiency [14].

In the realm of structural materials, the choices between steel, concrete, and timber
have significant implications for embodied carbon and overall environmental impact.
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Concrete, primarily influenced by the amount of Portland Cement (PC), can be
optimized for lower embodied carbon by substituting PC with supplementary
cementing materials like Ground Granulated Blast Furnace Slag (GGBS) or Pulverized
Fuel Ash (PFA). However, the production of these alternatives is tied to carbon-intensive
industries, posing challenges for future supplies. Lowering concrete strength grades
can reduce embodied carbon, but the impact on reinforced concrete sections depends
on the associated demand for steel reinforcement. Steel's carbon factor varies based
on recycled content and production method, with electric arc furnace (EAF) steel having
a lower carbon factor than basic oxygen furnace (BOF) steel. The choice of steel
products and production technique further influences carbon factors. Timber, with its
unique biogenic carbon characteristics, sequesters carbon during growth, which can
be climatically beneficial. However, the end-of-life fate of biogenic carbon, whether
transferred out of the structure, burnt, or sent to landfill, must be considered. Reporting
of biogenic carbon in timber assessments depends on certification from sustainably
managed forests, with considerations for different life cycle stages. Each material
choice involves a delicate balance between strength, durability, and environmental
impact, highlighting the importance of informed decision-making in construction and
design [13].

While using low carbon structural materials can lead to reduced embodied carbon, the
designers have much more impact on carbon content through the optimization of the
design and using fewer materials more efficiently. This approach is much more effective
in minimizing embodied carbon in the short term. On the other hand, designing for
circularity involves ensuring that structural materials retain their highest structural state
at the end of their life cycle, allowing for their reuse. With this approach, carbon
reduction occurs over the long term with each reuse of the material.

However, embodied carbon as a key design metric has a great framework to determine
the carbon dioxide equivalent emissions along all life cycle stages. It therefore provides
a framework for assessing both upfront embodied carbon and the impacts of circularity
in building design. Figure 19 shows those 4 stages and the additional module beyond
system boundary:

1. Product Stage (Cradle to Gate): This phase, which includes Modules AT
through A3, accounts for the carbon footprint measured in kgCO2e during the
extraction, processing, manufacturing, and transportation of materials until the
product is ready to leave the factory [13]. Notably, the recycled content of a
product influences carbon emissions at this stage, regardless of its end-of-life
recycling status, which is addressed in Module D.

2. Construction Process Stage: Modules A4 and A5 address the kgCO2e
emissions associated with material transport to the construction site, energy
consumption during on-site activities (such as site huts and machinery use),
and carbon emissions associated with the production, transportation, and end-
of-life processing of materials wasted on-site [13].
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3.

Module:

2.6.1

Use Stage: Modules B1 to B7 include the kgCO2e emissions caused by the
building's use, maintenance, repair, replacement, refurbishment, and
operational energy and water consumption [13]. Module B4, which focuses on
replacement, is especially important when discussing embodied carbon during
the use stage.

End of Life Stage: Modules C1 to C4 account for the kgCO2e emissions during
decommissioning, stripping out, demolition, deconstruction, transportation of
materials away from the site, waste processing, and disposal of materials [13].

Beyond Life Cycle Impacts (Module D): This additional module provides a
more comprehensive view of environmental impacts beyond the project’s life
cycle. It calculates the net kgCO2e benefits or loads associated with recycling
materials (for example, using scrap steel in steelmaking for future projects),
energy recovery from materials (for example, energy generated by burning of
timber products), and full reuse of materials/products in comparison to
standard practices or products they would replace [13].
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Figure 19: Life cycle stages and modules [13].

Relevance to The Study

In the final phase of this study, a comparison will be made between the optimized floor
system (circular system) and the baseline floor system (linear system). This comparison
focuses on both environmental and structural aspects, using the embodied carbon

calculation as the primary metric to demonstrate the differences in environmental

impact between the two floor systems. According to the Institution of Structural
Engineers [13], "Calculating embodied carbon in the same rigorous way across all
designs will allow meaningful comparisons to be made between structural schemes,
developing our understanding of embodied carbon as well as how we can most

effectively reach net zero carbon.”
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However, calculating embodied carbon for circular systems presents unique challenges
due to its multi-cycling perspective, which introduces uncertainties and complexity in
module D [32]. Researchers like Emilie, Michael, and Mona have highlighted these
complexities, leading many studies to exclude Module D to avoid such complications
[32]. This study will investigate the whole life carbon (A-C), so Module D is excluded
from the embodied carbon calculation for simplicity.

Figure 19 illustrates that the production stage (A1-A3) accounts for roughly 50% of all
environmental impacts in the life cycle [13]. Therefore, optimizing structural materials
during this stage can significantly reduce environmental impact [32].

This study will focus exclusively on the first and second life cycles in the embodied
carbon calculation comparison. This approach is taken to avoid uncertainty about
future impacts and the potential shifting of environmental burdens to future
generations [34]. As noted by [34], the long lifespan of buildings introduces significant
difficulty in accurately determining future scenarios, which can impact the LCA of the
embodied carbon.

Since both flooring systems perform the same function, the operational stage (B1-B7)
will remain consistent and thus be excluded from the calculation. Figure 20 depicts the
life cycle stages used in this study to calculate embodied carbon for the baseline floor
system for two life cycles.
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Figure 20: Life cycle stages and modules for non-circular system.

Figure 21 depicts the life cycle stages used in this study to calculate embodied carbon
for the optimized floor system for two life cycles, characterized by the connection
between C2 in the first life cycle and A4 in the second life cycle, representing circularity
through materials reusability. It is reasonably assumed that not all materials from the
first life cycle could be reused. Therefore, the reusable percentage will skip the product
stage (A1-A3) in the second life cycle, which cannot be the case for the necessary new
materials required to complete the structure (unavoidable new materials). These
materials cause carbon emissions in the product stage at the beginning of the second
life cycle.
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Figure 21: Life cycle stages and modules for circular system.

Through a comparative carbon calculation, this study intends to highlight the
environmental benefits achieved by enhancing the circularity and material efficiency of
the steel-CLT composite floor system. This analysis will provide a clear understanding
of the positive environmental impact resulting from these improvements. The detailed
comparison will be presented in Chapter 7.
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3 STRUCTURAL DESIGN RULES

This chapter presents the design load application and the corresponding design
checks. These steps ensure that the design meets Eurocode requirements. The checks
are incorporated into a Python script that performs structural analysis using the gamma
method, followed by all structural checks for the ultimate limit state (ULS) and
serviceability limit state (SLS).

Structural analysis will be conducted on both the baseline design and the optimized
design achieved in this study. However, the shear connector in the baseline design will
not be re-checked because it has already been tested in a push-out test. Instead, the
focus will be on the optimized composite floor system using the pre-loaded shear
connector adopted in this study. This is necessary because this study applies those
shear connectors in a different setup than the original experiment described in the
literature.

The design checks clearly distinguish between the ULS and SLS states and differentiate
between the composite beam and the CLT floor, which confront different loads and
design criteria. This ensures a comprehensive evaluation of each component's
performance under relevant conditions.

3.1 Basis of Structural Design NEN-EN 1990

The structural design process under Eurocode EN-1990, Basis of Structural Design,
involves several key factors, including consequence class, load combinations for ULS
and serviceability limit state SLS, and deformation limits for SLS. These factors ensure
the reliability and safety of the structural system [39].

3.1.1 Consequence Class

To examine the most conservative design scenarios and ensure the applicability of
these floor systems for various uses, this study employs Consequence Class 3 (CC3).
CC3 accounts for major consequences such as significant loss of life, severe economic
impacts, social consequences, or environmental damage. The corresponding load
factor is Kz; = 1.1 [39].

3.1.2 Loads Combination
For the ultimate limit state, two load combination formulas are used:
Formula 6.10a:

Ker *ve,j * Gij + Krr * Vg1 * Yo1 * Q1 + Z(KFI *Yo,i * Yo, * Qk,i) (3.1)

T=1

Formula 6.10b:
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$j* Kpp *v6,j * G j + Kpp *vo1 * Qka + Z(KFI *Yo,i * Po,i * Qk,i) (3.2)

j=1

Where:

Kr; Factor applicable to actions for reliability differentiation.
Ye,;  Partial factor for permanent actions.

Gk,j  Permanent actions.

Yo  Partial factor for leading variable action.

Qx, Leading variable action.

Yo,  Coefficient for combination value.

¢ Reduction coefficient (=0,89).

Yo;  Coefficient for combination value.

Qk;  Other variable actions.

For the serviceability limit state characteristic, the following formula is applied:

Grj+ Qr1+ Z(lpo,i * Qk,i) (3.3)

j=1

Where:

Gr,j  Permanent actions.

Qx,1 Leading variable action.

Yo;  Coefficient for combination value.
Qk;  Other variable actions.

3.1.3 Deflection Limit

Since the research is investigating floor systems, the vertical deflection for the floor
system must meet the deflection requirement. According to the national annex chapter
A1.4.3 in the characteristic serviceability limit state, the recommended maximum
allowed vertical deflection of the horizontal structure can be determined as follows:

< Wmax = ﬁ (34)

w Deflection of beam/floor.

Wmax Maximum allowed deflection.

3.2 Actions according to NEN-EN 1991-1-1

This norm regulates the actions on structures and will be used to determine the
combination coefficients and the vertical actions acting on the floor system [40].

3.2.1 Combination Coefficients

The relevant combination coefficients are as follows [40]:
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 Partial factor for permanent actions y; ; = 1.35

e Partial factor for leading variable actiony,; = 1.5

e Reduction coefficient {; = 0.89

e Factor for combination value of a variable action (o) for category A (domestic,
residential areas): ¥, = 0.4

3.2.2 \Vertical Actions

To accurately calculate the vertical actions acting on the floor system, detailed inputs
regarding the geometry and weight of the structural materials are essential. The
permanent dead load, a critical factor in these calculations, is determined for each
design variation separately in the relevant chapters.

3.2.2.1 Permanent dead load

The permanent dead load represents the weight of the structure itself and any applied
finishes, ceilings, and services. This load varies between the baseline design and the
optimized design due to changes in beam and CLT panels geometry. Therefore, it is
crucial to reference the specific chapters where these calculations are detailed:

e Baseline Design: The permanent dead load for the baseline floor system is
calculated in Appendix B.1.

e Optimized Design: The permanent dead load for the optimized floor system is
calculated in Appendix B.2.

3.2.2.2 Imposed loads

Imposed loads refer to additional loads applied to the floors. For this study, the floor
system is evaluated as a residential area structure (category A) with the following
distributed loads:

For the CLT floor:

Qr1 = 2.0 kN /m?

For the composite beam:
Qk1 = 2xb =6.0kN/m

b is the distance between the composite beams, see Chapter 6.1 for more details
on the geometry of the structure.

3.3 Ultimate Limit State

The Ultimate Limit State (ULS) checks ensure that the structure has an acceptable
probability of having sufficient strength and stiffness to bear the highest loads and
forces without collapse or irreversible damage. To accurately perform these checks,
design rules from multiple Eurocodes are used.
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3.3.1 Composite Beam Design

The structural analysis using the gamma method provides the stress distribution along
the composite cross-section. To ensure safety in accordance with Eurocodes, the stress
distribution is controlled at the maximum position at the mid span.

3.3.1.1 Load Combinations
The load combinations for ULS acting on the composite beam as a distributed line load
involves the following load cases:

From Formula 6.10a:

LC1: Qdesignbeam = Kr1 * Y6,j * Gk, j (3.5)

LC2: Qaesignbeam = Krr * V,j * Gr,j + Krr * Vo1 * Vo1 * Qi1 (3.6)
From Formula 6.10b:

LC3: Qaesignpeam = $j * Kr1 * Vg j * Gk, j (3.7)

LC4: Qdesignpeam = $j * Kpr * Vg j * Gi,j + Krr * Vo1 * Qi (3.8)

From these load combinations, the critical distributed line load acting on the composite
beam can be identified.

3.3.1.2 Steel Design

The steel design focuses on cross-section checks for the steel components, excluding
local buckling and lateral torsional buckling. This exclusion is due to the steel beam in
the composite system being subjected primarily to moment forces, causing
compression only in the top flange and part of the web. The buckling of these
components can be neglected because the shear connectors provide restraint, and the
design remains within the elastic phase. Therefore, the following normal stress check
is used according to NEN-EN 1993 [41]:

ora < - 39)
Ymo

Ogd Design value of stress
fy Yield strength
Ymo  Partial factor for resistance of cross-sections

3.3.1.3 Timber Design
The cross-section checks for the timber components under bending stress according
to NEN-EN 1995 are as follows [23]:

fm,k

Ym

(3.10)

Om,y,d =< fm,d = ksys * kmod *

Where:
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Omya Design bending stress about the principal y-axis

fma  Design bending strength about the principal y-axis.

ksys  System strength factor.

kmoa Modification factor for duration of load and moisture content.
fmxr  Characteristic bending strength.

Yu Partial factor for material properties

3.3.1.4 Shear Connector Design

The optimized design incorporates pre-loaded shear connectors. Given the differences
in the configuration of these connectors compared to the original experiment
described in the literature [10], it is essential to verify their safety and applicability.

The design of the shear connectors is validated using steel design rules and the
Johansen model for timber checks. Since pre-loaded shear connectors are unique to
the optimized design, these checks are detailed in the ULS results of Appendix B.2.

In contrast, baseline design employs headed shear studs and grout as shear
connectors. These connectors have been tested in push-out experiments. The data
from these tests is used in the design, thus requiring no further investigation.

3.3.2 CLT Floor Design

The normal stress distribution in the CLT floor is evaluated at the midspan position to
ensure safety according to the relevant Eurocodes.

3.3.2.1 Load Combinations
The load combinations for ULS acting on the CLT floor as a distributed surface load
involve the following load cases:

From Formula 6.10a:

LC1: Qaesign,floor = Kpr * V6,j * Gi j (3.11)

LC2: Qaesign,floor = Kr1 * vg,j * Gi,j + Kpp * ¥g,1 * Yo, * k.1 (3.12)
From Formula 6.10b:

LC3: Quesign,floor = &j * Kpp * v j * Gy j (3.13)

LC4: Quesign,floor = &j * Kpp * Vg j * Gy j + Kpp * ¥o,1 * Q1 (3.14)

From these load combinations, the critical distributed surface load acting on the CLT
floor can be identified.

3.3.2.2 Timber Design
The cross-section checks for the timber components under bending stress according
to NEN-EN 1995 are as follows [18][23]:

32



fm,k

Omyd = fm,d = ksys * Kmoa * W (3.15)
My,d
Gm,y,d - Wx,net (316)

Where:
M, , The moment design value about the y-axis.

Wy net The panel’'s net moment of resistance.

3.4 Serviceability Limit State

The Serviceability Limit State (SLS) checks ensure that the structure meets stiffness
requirements as per the Eurocode criteria. To perform these displacement checks
accurately the design rules from several Eurocodes have been applied. The deflection
limit for both the composite beam and the floor is set as introduced in Chapter 3.1.3.

3.4.1 Composite Beam Design

3.4.1.1 Load Combinations
The load combinations for SLS acting on the composite beam as a distributed line load
involves the following load cases:

LC1: Qdesign,pbeam = Yk,j (3.17)

LC2: Qdesignbeam = Gk,j T Qi1 (3.18)

From these load combinations, the critical distributed line load acting on the composite
beam can be identified.

3.4.1.2 Creep and Stiffness Reduction
To calculate deformations in the SLS for structures consisting of components with
different time dependencies, the mean value for the final modulus of elasticity of the
CLT component (Epeanrin) and the slip modulus (kserfin) are determined using the
following expressions [18][23]:

Eers

Efin = 1+ Kuor (3.19)

Kk _ Keest
ser,fin —
! 1+ kdef

(3.20)
Where:

E.sr  The effective modulus of elasticity.
Kiese  The slip modulus was determined from the push-out test.

kqer  The modification factor for creep deformation related to the service class. For
this study, which focuses on floor systems for buildings, the structure is assumed to be
in service class 1, meaning kger = 0.6.
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3.4.2 CLT Floor Design

3.4.2.1 Load Combinations
The load combinations for SLS acting on the CLT floor as a distributed surface load
involves the following load cases:

LC1: Qdesign,floor = Gk,j 3.21)

LC2: Qdesign,floor = Gk,j + Qk,l (3.22)

From these load combinations, the critical distributed surface load acting on the CLT
floor can be identified.

3.4.2.2 Creep and Stiffness Reduction
The approach for calculating creep and stiffness reduction for the CLT floor follows the
same methodology as mentioned previously in Chapter 3.4.1.2.
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4 STRUCTURAL PROPERTIES AND APPLICATION OF PRE-LOADED
DEMOUNTABLE SHEAR CONNECTORS

This chapter continues the discussion in chapter 2.2, elaborating the structural
properties of the identified shear connectors. Here, the focus shifts to further details
concerning slip modulus determination and its application in a steel-CLT scenario.

As previously highlighted, the push-out tests conducted on these connectors revealed
a high initial stiffness, denoted as kinitai, attributed to the pre-loading of the steel bolts,
reaching 70% of their ultimate tensile strength [10].

This pre-loading generates friction force (Fricion) between the steel tube and bolt,
providing resistance to lateral forces applied during testing (Fiest). Figure 22 visually
represents the forces at play during the initial phase of the push-out test. However,
regardless of the stiffness of the composite materials, the initial slip will occur when
Fiest exceeds Fricion, indicating that the friction caused by pre-loading is insufficient to
prevent the bolt from slipping inside the tube. Thus, it is assumed that the initial slip
occurs at a specific load Feest and is solely related to the pre-loading of the steel bolts
and the friction coefficient between those elements, with no influence from the
properties of the composite materials.

Steel profile HEB 260

Fore-toading

LVL plates (650x300x144mm)

Shear connectors

Figure 22: Push-out test setup from [10], and friction resistance.

It is crucial to note that the initial stiffness kinital, Stemming from friction between steel
elements, may remain inconsistent across different timber types in composite beams
utilizing these pre-loaded bolts. Therefore, utilizing the stiffness obtained from the
push-out experiment performed on steel-LVL composition in the steel-CLT
composition is not a proven assumption, and this kind of assumption requires
validation through experiments or numerical analysis of various types of composition.
However, since that is not the focus of this study, a correction factor will be determined
using the available data from the push-out test and the slip modulus design equation
from EC5. This correction factor will be multiplied with kinital to ensure a conservative
adoption for kinital, in steel-CLT compositions.
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Thus, the kinital Value of a single shear connector has to be determined first. This number
is obtained from the load-slip graph of the push-out test at Fest < 30 kN, and it is
identical for the three types of connectors (see Figure 23). Therefore:

Load 160 1000
kinital,LVL = kinital,SCT—l = kinital,SCT—Z = kinital,SCT—S = Slip = 18

N
= 88888.89 = 89000% (per shear connector)
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Figure 23: Push-out results for SCT-1 top left, SCT-2 top right, SCT-3 bottom left, and all SCT together bottom
right [10].

This kinital is observed in all three shear connectors when the load per shear connector
(Frest) is below 30 kN. Hence, controlling the shear loads on the joint between composite
materials ensures utilization of the high stiffness of the shear connectors at the initial
stage, with Fwst not exceeding 30 kN per shear connector. Since all three shear
connectors exhibit identical behavior in the initial phase of the push-out test, they are
all deemed applicable for this study. Consequently, SCT-1 has been selected as the
shear connector for this study.

The method for determining the correction factor is detailed in Appendix A The
Correction Factor for The Slip Modulus. Through this approach, the correction factor is
established as r = 0.75. Consequently, the slip modulus for a single shear connector in
a steel-CLT composite connection is calculated as kinitaicir = Kinitaive *7 =

66750 N /mm (per shear connector).
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As previously stated, this kinitaicir, Value can be used only if the Fest does not exceed 30
kN per shear connector. However, Feest translates to Fjeint in composite beams, which
occurs from the slip between the composite materials. Understanding the structural
analysis using the gamma method is Fisssis

necessary to understand how Fjint can be T

managed and the factors influencing its

magnitude (see Chapter 2.1.2 for a more

detailed explanation). In that chapter, the
equation for determining the load on the
joint is expressed as the shear flow

multiplied by the spacing between the

shear connectors: Figure 24: Shear flow in a joint.

Fioint = teg * s 4.1)
Where:

tes: Shear flow [N/mm].
s: Spacing [mm].

This equation highlights that controlling the load on a row of shear connectors is
achievable by adjusting the spacing parameter, ensuring that Fjeint remains within the
30 kN boundary. To demonstrate this concept, a parametric study was conducted on a
simply supported composite beam subjected to an equally distributed line load q
[kN/m]. This composite beam has the exact geometry and characteristics of the
optimized design outlined in Chapter 6.1.2 that features pre-loaded demountable
shear connectors. Here, the stiffness kiniaicr is employed as the slip modulus in the
analysis, multiplied by two due to the application of connectors in pairs. Hence:
KinitalcLt,z = 2 * Kinitar,cur = 133500 N/mm.

Considering the application of shear connectors in pairs, the shear force boundary in
this scenario is 60 kN per row of connectors. Figure 25 illustrates the mechanical
scheme, providing a visual representation of the setup.

Vimax

|
|
|
T
|
|
| Vimax

Figure 25: The mechanical scheme of the composite beam.
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Figure 26 illustrates the relationship between the distributed load g and the spacing in
both the ULS and the SLS. The left graph represents ULS, while the right graph
represents SLS. The blue curve delineates the boundary where the joint force Fjoint
equals 30 kN, assisting in determining the maximum g that does not exceed the
maximum joint force acting on one shear connector. The maximum design load for
ULS (Gaesignpeamurs) 1S indicated by the horizontal dashed red line, while for SLS
(Qaesignbeam,sts) it is represented by the horizontal dashed green line. These design
load values are determined in Chapter 6.1.2.

By utilizing these graphs, the required spacing between the shear connectors can be
determined for both ULS and SLS, allowing for the effective application of the high slip
modulus value kinitaicir,2 in the composite beam design. To ensure this, the spacing value
should remain less than the contact point between the blue curve and the red or green
dashed line, facilitating the use of kinitai,cur.

\ — Fioint = 30 kN — Fjoint = 30 kN
s04—\ === q_design_beam_ULS \ ~=- qdesign_beam_SLS

100 200 300 40 500 600 100 200 300 200 500 800
s (mm) s (mm}

Figure 26: Joint load value in relation to the load/spacing in ULS left, in SLS right.

The reason for having separate graphs for ULS and SLS is due to the different behaviors
of the composite beam in each state. In SLS, the elastic modulus of the timber and the
slip modulus must be reduced to account for the impact of creep. This results in
different responses for the composite beam in ULS and SLS, necessitating individual
graphs for each state. Therefore, the spacing value s should be lower than s,,4,:

S < Smax
Smax = Min[syrs, Ss.s] = min[300 mm, 320 mm|
SyLs and sg;s are determined from the graph.
As a result, the spacing value for the final design is set to: s = 280 mm.

The application of the high slip modulus value (kinitalcir2) in the optimized composite
floor system is a significant step forward in implementing pre-loaded demountable
shear connectors into practical use. This approach not only enhances the system's
structural performance, but it also brings these connectors closer to achieving their full
potential, establishing them as strong alternatives to standard shear connectors in
composite floor systems.
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5 CLT DESIGN APPROACH AND IMPROVEMENT

Chapter 2.3 explained the significance of panel and grain direction in CLT design. This
chapter delves into the importance of CLT panels’ design within composite systems,
highlighting their dual structural functions and addressing the design challenges
involved. The optimized design of the CLT floor for this study will be presented at the
end of this chapter.

In a composite system, the CLT floor serves not only as a floor structure but also as a
crucial component of the composite beam. Therefore, the CLT must possess specific
structural properties in both directions to fulfill its dual functions effectively. Figure 27
illustrates the two sections relevant to the baseline composite floor system,
highlighting the panels active in each direction.

Figure 27: Active CLT panels in each direction (not to scale drawing).
Composite Function

The CLT panels, with their grains aligned parallel to the span direction of the composite
beam, serve as active components in the composite action of the beam. These panels
play a crucial role in enhancing the overall stiffness of the composite beam and
contribute to bearing a portion of the stress. In the baseline design, the second and
fourth layers, each 20 mm thick, function as the active panels.

Floor Structure Function

As part of the floor structure, the CLT panels with grains oriented perpendicular to the
span of the composite beam are the active layers. These panels provide the necessary
support for the floor function, ensuring load distribution across the floor surface. In the
baseline design, the first, third, and fifth layers, each 40 mm thick, perform this function,
contributing to the overall strength and stability of the floor system.

Important Design Aspects for Composite Function

Since steel is much stiffer than timber, the
neutral axis is located within the steel profile, ~_____ 1 ________
placing the timber far from this axis. This

positioning means the CLT contributes to the o .
. Figure 28: neutral axis position in the composite

composite beam's second moment of area oss section.

mainly through the Steiner theorem. The

equation for the effective bending stiffness of the composite beam using the gamma

method, with the Steiner term for the CLT highlighted, is:
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3
(El)ef = Z 1(Ei * Ii + Yi * Ei * Ai * alz) = (El)ef,steel + (El)ef,timber (61)
1=

(EDefr = (EDq + (Eeppz * I + V2 % Eefpa * Az * a5) (6.2)
The effective elastic modulus is calculated as follows (refer to Chapter 2.3.2 for details):

n
_ E; x A; _ Etimper * Az,active
Eerp = =

6.3
Atot Ay (63)

Appling 6.3 in 6.1 gives:

(El)ef — (EI)1 + ( tlmberA 2,active " 12 + Y * tlmberA2 2,active " AZ " a%) (64)
2

Etimper * Az acti
(El)ef = (El)l + ( S eTA s * 12 t+ V2 * Etimber * AZ,active * a%) (65)
2
This equation highlights the significance of the active area of the CLT, denoted as
AZ,active WhiCh iS CaICUIated as Az,active = hactive_panels * beffective- Increasmg AZ,active
by raising the number of active panels (i.e., increasing hqctive panets) results in enhanced

effective stiffness, despite potentially reducing the interaction factor y,.

To better understand this complex relationship between A;,ctive and (E)er, a
parametric study was conducted using baseline design data from Chapter 6.1.1. This
study explored how variations in hgctive panets iMmpact the effective bending stiffness,
(ED)¢f, with results illustrated in the graph below. The graph was generated by applying
Ractive panets @S @ variable in a loop function, incrementally increasing it from 0 to 200
mm and calculating (EI).f at each step through the Gamma method analysis.

leld Effective bending stiffness vs Active Cross-sectional Area of CLT (A1)
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Figure 29: Effective bending stiffness vs Active Cross-sectional Area of CLT (AT).

These results demonstrate that maximizing the active CLT area is crucial for designing
efficient composite beams. By strategically increasing hgctive paners €Ngineers can
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significantly improve the stiffness of the composite system, enhancing overall
structural performance.

Important Design Aspects for Floor Structure Function

The symmetrical design of the CLT cross- " . i

section ensures that the neutral axis

passes through its center. To optimize the Figure 30: neutral axis position in CLT floor.
floor structure, the outer panels, which have the greatest impact on the second
moment of area (I,), should be active. Thus, the position of active panels in the floor
structure is critical; the further these panels are from the neutral axis, the more effective
they are.

lllustrative Example of CLT Design Improvement

This example uses the baseline floor system as input, modifying only the CLT
configuration without changing the CLT height (hcir). The thickness of the CLT panels
used in this example is not standard production size, and it serves only to demonstrate
the benefits of altering the CLT configuration, as shown in the structural analysis results
in the table below:

Baseline Design Example CLT design
CLT 40/20/40/20/40 6/50/48/50/6
Orientation, red % T
panels are the - U .

- P -

active ones —
ULS Critical Check

Composite beam Uc =06 Uc=0.6

CLT floor uc=0.2 uc=038
SLS Critical Check

Composite beam uc =09 uc =07

CLT floor uc=0.2 uc =07

Table 1: illustrative comparison that shows how the orientation and grain direction of the CLT panels affect
the composite beam.

This example demonstrates that by optimizing the CLT panel configuration alone—
without modifying other parameters—there was a 20% improvement in the SLS
capacity, which is critical for floor performance. Specifically, the example design
exhibited 20% less deflection compared to the baseline design. These results validate
the effectiveness of the discussed design strategies for improving CLT performance
within composite systems.

Optimized CLT Design for This Study

The optimized CLT design considers market availability and cost-effectiveness,
selecting standard panel thicknesses. For fire safety, the design includes three active
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layers as floor structure components: the two outer layers and the middle layer. This
configuration ensures robustness, allowing the floor to maintain load-bearing capacity
even if one outer layer fails due to fire.

Final CLT Design:
e CLT configuration: 10/40/20/40/10
e CLT height (hcir): 120 mm

e Orientation (red panels are active in each direction):

Figure 31: illustration of the active panels in each direction of the new design (not to scale drawing).

This optimized CLT floor design, featuring revised panel thicknesses and a reduced
total CLT height, provides efficient structural performance while using 40 mm less
material than the baseline design. Therefore, the improved configuration maintains
structural integrity while increasing material efficiency.

The following chapter will present both the baseline and optimized designs, along with
their respective structural analysis results. A comparative analysis will demonstrate the
improvements achieved in the CLT design, highlighting the benefits of the
optimizations in terms of performance and material savings.
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6 STRUCTURAL ANALYSIS AND COMPARISON

This chapter provides a comprehensive structural analysis and comparison of the
baseline and optimized composite floor system designs through a case study. The
primary objective is to assess and compare the structural performance of both systems,
offering a detailed understanding of the impact of the optimizations. As part of this
case study, both floor systems are evaluated under identical functional requirements
and boundary conditions to ensure a fair and objective comparison. This consistent
methodology allows for an unbiased evaluation of how the optimizations have
influenced structural performance. The results from this analysis are critical for the
subsequent comparative evaluation and will offer valuable insights into the structural
improvements achieved in this study.

6.1 Case Study

In this case study, both the baseline and optimized designs of steel-CLT composite
floor systems are presented, along with their structural characteristics, which are used
for the structural analysis. The detailed calculations and checks involved in the
structural analysis are provided in Appendix B.

To ensure an accurate and consistent comparison, both designs incorporate the same
geometric parameters, derived from the baseline design's application in the United
Kingdom:

e Span of the composite beams, L = 12 m.

e Distance between the composite beams, b = 3 m.

Figure 32: 3D drawing and geometry of the floor system.

The following table shows the structural properties of all materials used in both the
baseline design and the optimized design of this research:

Characteristic Value [unit]
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Steel 355

Specific weight (y) 78.5 [kN/ m?]

7850 [kg/ m°]
Modulus of elasticity (E) 210000 [N/mm?]
Shear Modulus (G) 80769.2 [N/mm?]
Yield strength (f) 355 [N/mm?]
Ultimate strength (f.) 490 [N/mm?]

Timber C24

Specific weight (y) 4.2 [kN/ m?]

420 [kg/ m’]
Density-char (p;) 350 [kg/ m?]
Modulus of elasticity parallel (Eo,mean) 11000 [N/mm?]
Modulus of elasticity perpendicular (Eso,mean) 370 [N/mm?]
Shear Modulus (Gmean) 690 [N/mm?]
Partial safety factor (yy) 1.3
Characteristic strength for bending (fm«) 24 [N/mm?]
Characteristic strength for tension (f0,x) 14.5 [N/mm?]
Characteristic strength for tension perpendicular 0.4 [N/mm?]
(fr.90,k)
Characteristic strength for compression (fco,) 21[N/mm?]

Characteristic strength for compression perpendicular 2.5 [N/mm?]
(fc,90,k)

Characteristic strength for shear-torsion (fy,) 4 [N/mm?]
Mean value of density (p.cqn) 420 [kg/m?]
Concrete C30/37
Specific weight (y) 25 [kN/ m3]
2500 [kg/ m°]
Modulus of elasticity (E.) 33000 [N/mm?]
Shear Modulus (Gmean) 13750 [N/mm?]
Characteristic cylinder compressive strength (fa) 30 [N/mm?]
Steel Bar S460
Specific weight (y) 78.5 [kN/ m?]
7850 [kg/ m°]
Modulus of elasticity (Es) 210000 [N/mm?]
Shear Modulus (G) 80769.2 [N/mm?]
Yield strength (f,) 460 [N/mm?]
Ultimate strength (f.) 540 [N/mm?]
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Table 2: Materials' structural properties.

6.1.1 The Baseline Design of Steel-CLT Composite Floor System

6.1.1.1  Structural Properties

The baseline design for this research is WSP's Steel-CLT composite floor system, which
is improved to meet the study's objectives. This chapter gives an overview of the
structural characteristics of that baseline design.

The design was first developed and validated in the United Kingdom and is being
researched by WSP and the University of Warwick. Standard rolled steel beams, CLT
slabs, shear studs, grout, and transverse reinforcement form the floor system; these are
the essential structural elements of the composite system described in this chapter.

Grout pocket

CLT Floor

Shear studs

Transverse reinforcement

Steel beam
Figure 33: The composite floor system designed by WSP.

6.1.1.1.1 The Cross-Sections Properties

The table below displays the geometry and structural properties of the cross-sections
used in the baseline design. This I-profile is from the standard catalogue of UK steel
profiles.

Property Value [unit] Cross-section view
I-profile: UB 406x178x60

Height (h) 406.4 [mm]

Width (b) 177.9 [mm]

Web thickness (tw) 7.9 [mm]

Flange thickness (t) 12.8 [mm]

Root fillet radius 10.2 [mm]

Cross-section area (A) 7652 [mm?]

Second moment of area 2.16 * 1078
(1) [mm?]
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Second moment of area 120 * 1077

(I,) [mm?*]
Weight (gsscer) 0.6 [kN/m]
IS
CLT: 40/20/40/20/40
Hight (hcwr) 160 [mm] [

Layer one thickness (t1) 40 [mm]

Layer two thickness (tz) 20 [mm]

Layer three thickness (t:) 40 [mm)]
Layer four thickness (ts5) 20 [mm]
Layer five thickness (ts) 40 [mm]

Weight (G¢;r) 0.672 [kN/ m?]
Second moment of area 3.04 * 10”8
(I,) per meter width [mm?*]

Effective width:
The following approach is explained in chapter 2.4.

According to Eurocode 4:
befgcs = 7 = 3000 mm
According to Eurocode 5:
befics = brip + X by
0.9 1045
bes; = b <0. 5-0.35 (%) (%) ) — 938 mm

b.iph = Dsteel beam = 178 mm

b; = 3000 mm

L=12000 mm

(EA); = 11000 * 2 « 20 = 440000 N/mm

(GA)xy =690+ 160 = 110400 N/mm

befpcs =178+ 2 « 938 = 2054 mm

Final value of effective width is:

bes = min(bes pca ,befrcs) = 2054 mm

Orientation:

The CLT floor's strong axis is positioned perpendicular to the direction of the
composite beam. Therefore, the composite beam only has two 20 mm layers
operating in it. The grain of those layers are parallel to the span direction of the
beam.
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The equivalent elastic modulus of the CLT bey

and concrete part: i

The following equation is explained in
chapter 2.3.2.

E..o. — Y0 EixA; _ Eomean*Aicir | Ec*Aic _
eff = &i=l 4 T A A
tot tot tot )
11000%(2054—-50)*2+20 = 33000%x50%160
¢ ) =3641.2 N/
2054160 1722+160

mm?

Table 3: Cross-sections' structural properties.

For simplicity, a constant cross-section along the composite beam has been assumed,
which means that the steel transversal bars are not considered into the structural
analysis.

6.1.1.1.2 The Shear Connector Properties

WSP developed a composite floor system that utilizes steel and CLT as the primary
materials. The central challenge in this design was to identify an effective shear
connector capable of ensuring proper composite interaction between the steel and
CLT. To address this, a specific shear connector was designed and rigorously tested to
validate its effectiveness. This connector consists of shear studs welded to the top
flange of the steel I-beam, with CLT panels positioned above the beam. The
arrangement of the CLT panels creates pockets, which are subsequently filled with
grout. This grout acts as the bonding agent between the steel and CLT, facilitating
composite action. Additionally, supplementary pockets are introduced in the
perpendicular direction, reinforced with steel bars, to enhance the shear-load transfer
between the grout and the CLT slab.

However, WSP determined the following load-slip behavior from the push-out tests
that are undertaken at the University of Warwick, and the stiffness of the shear
connector is calculated to be ksc = 149.6 kN/mm up to Prc = 93 kN/stud.
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Figure 34: The load-slip graph obtained from the WSP push-out test.

6.1.2 The Optimized Design of Steel-CLT Composite Floor System

This chapter describes the final design of the steel-CLT composite floor system
developed during this research. This optimized design improves on the baseline design
by achieving the study's circularity and CLT efficiency objectives. To this end, new shear
connectors have been introduced to achieve circularity, and a novel CLT design has
been developed to optimize the dual function of the CLT panels, thereby improving
CLT efficiency. Aside from these improvements, the geometry of the structure and the
material properties remain unchanged, allowing for a logical and fair comparison of
the two designs in the following chapters.

The geometry of the optimized design maintains the same span and beam width as
the baseline design presented at the beginning of the case study, with one notable
exception: the spacing of the shear connectors. This spacing value, previously
determined in Chapter 4, was calculated based on the critical load acting on the
composite beam in both the ULS and the SLS. The resulting optimal spacing value for

the shear connectors is s = 280 mm.
()

235 f
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‘F 177.9 —=
Figure 35: Front view of steel elements; 3D drawing right.
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6.1.2.1
6.1.2.1.1

Structural Properties

The Cross-Sections Properties

Table 2 at the beginning of the case study declares the structural characteristics of all
materials utilized in the baseline and optimized designs of this study.

The table below displays the geometry and structural properties of the cross-sections
used in the optimized design only. This I-profile, which was used in the baseline design,
comes from the standard UK steel profile collection.

Property

Height (h)

Width (b)

Web thickness (tw)

Flange thickness (t)

Root fillet radius
Cross-section area (A)
Second moment of area
(1y)

Second moment of area
(1)

Weight (gsieer)

Hight (hcwr)

Layer one thickness (t1)
Layer two thickness (tz)
Layer three thickness (t3)
Layer four thickness (t.)
Layer five thickness (ts)
Weight (G¢.r)

Second moment of area
(1,) per meter width
Effective width:

Value [unit]

406.4 [mm]
177.9 [mm]
7.9 [mm]
12.8 [mm]
10.2 [mm]
7652 [mm?]
216 *
[mm?]

120 *
[mm?]

0.6 [kN/m]
CLT: 10/40/20/40/10

1018

1077

406.40

Cross-section view
I-profile: UB 406x178x60

177.90

12.8

10.20

90

120 [mm)]

10 [mm)]

40 [mm)]

20 [mm]

40 [mm)]

10 [mm)]

0.5 [kN/ m?]

6.1 * 10A7 [mm?*]

The following approach is explained in chapter 2.4.

According to Eurocode 4:
befpca =7 = 3000 mm

According to Eurocode 5:
befecs = brip + X begi

709 045
beri = b; <0- 5-0.35 (%) (Zax) ) = 626.5mm

1

b,ib = bsteel beam = 178 mm

b; = 3000 mm
L=12000 mm

(GA)xy
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(EA); = 11000 = 2 « 40 = 880000 N/mm

(GA)xy =690+ 120 = 82800 N/mm

b.fpcs = 178 + 2 * 626.5 = 1431 mm

Final value of effective width is:

bes = min(befeca ,befrcs) = 1431 mm

Orientation:

The composite beam has two 40 mm layers operating in it. The grain of those layers
are parallel to the span direction of the beam.

y
12

The equivalent elastic modulus of the
CLT and concrete part:

The following equation is explained in
chapter 2.3.2.

n  Ei*4i _ Eomean*AicLT _

E.op = YT — -
eff =1 A, Atot
11000+1431+2:40 2
1431120 =7333.3N/mm —_—

Table 4: Cross-sections' structural properties.

6.1.2.1.2 The Shear Connector Properties
The pre-loaded shear connector is employed in this design. The properties of this
connector are detailed in Chapter 4.

6.1.3 Summary of The Structural Analysis

A detailed structural analysis has been conducted for both designs, as outlined in
Appendix B. This analysis utilized the inputs, loads, boundary conditions, and design
rules discussed previously. The focus was placed on two critical cross-sections that
were assumed to be the most structurally significant and thus required evaluation in
accordance with the relevant Eurocode standards. The first critical section is located at
the midspan of the composite beam, while the second is at the midspan of the CLT
panels between the composite beams.
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Figure 36: 3D drawing showing critical sections with a red dashed line.

At these critical sections, the normal stress distribution along the cross-sections was
assessed under ULS conditions, and the displacement of the structure was evaluated
for SLS compliance. The same analytical approach was applied consistently to both
designs to ensure a fair comparison.

To determine the bending stiffness and normal stress distribution of the composite
beam, the Gamma method was employed, while standard structural mechanics
principles were used to analyze the floor structure. Python scripts were developed to
automate the structural analysis, with the specific code for each design provided in
Appendix D.

The results of the structural analysis are presented in the next chapter as Unity Check
(UC) values, which serve as a comparative measure of the performance of both designs
in terms of structural adequacy. These UC values facilitate a clear comparison of the
two designs' strengths and weaknesses under both ULS and SLS conditions.
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6.2 Structural Comparison

After completing the structural analysis in Appendix B.1 for the baseline design, the
implementation of new shear connectors and the optimized CLT design were carried
out to achieve the optimized design and perform the structural analysis in Appendix
B.2.

This chapter presents a structural comparison between the baseline design and the
optimized one. The comparison is based on results obtained from the structural
analysis of both floor systems, which includes previously discussed geometry, loads,
and checks.

Additionally, a third floor system is included in the comparison. This system consists of
the same steel beam and CLT floor from the optimized design but without interaction
between these materials, resulting in a non-composite system. The purpose of adding
the non-composite option is to highlight the added value from the composition of
structural materials and to evaluate if the gain in capacity justifies the additional
complexity of composite systems compared to non-composite ones.

This comparison considers both ULS and SLS results for all three systems. The volume
of structural materials used in each floor system, an important aspect for evaluating
material efficiency, can be found in Chapter 7.1, Table 7.

The table below presents the comparison between the three floor systems:

Baseline Optimized Optimized
. Design Design Design
State/Design Non-Composite
Unity Check

Composite Steel 0.6 0.6 0.8
ULS beam Timber 03 0.5 0.3
CLT floor 0.2 0.7 0.7
SLS Composite beam 0.9 0.9 1.5
CLT floor 0.2 0.8 0.8

Table 5: UC for three alternatives.

The results from the baseline design and the optimized design show that the
composite beam in both designs behaves similarly, despite the optimized design using
a CLT floor with a height 40 mm less than the baseline design. This difference explains
the increase in UC values for the CLT floor in the optimized design. The optimized
design demonstrates similar structural behavior to the baseline one, as both designs
have the same critical UC values. However, the optimized design uses 1.093 m? less
timber per composite floor system and 0.012 m® more steel than the baseline design,
and it eliminates the use of concrete (values from Table 7).
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The following chapter discusses the environmental impact, where the difference in
material volume is more crucial. From a structural perspective, the optimized design
performs as well as the baseline design but with fewer materials, making it more
efficient.

Stress plot along the non-compaosite cross-section
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Figure 37: Stress distribution along non-composite (top) and composite (bottom) cross-sections.

Figure 37 illustrates the stress distribution along non-composite (top) and composite
(bottom) cross-sections. The non-composite beam highlights the benefits of
composite systems by showing better stress distribution along the composite system's
cross-section in ULS. Since both designs are sufficient in ULS, this aspect might not
have significant importance in the comparison and can even be considered a plus point
for the non-composite system.

In SLS, however, the bending stiffness in the composite system (7.82 10" Nmm?) is
much higher than in the non-composite system (4.56 10'* Nmm?). This is demonstrated
in the deflection check, where the composite beam has 60% more capacity than the
non-composite beam. This substantial increase in the stiffness of the composite floor
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system is a crucial gain in capacity and one of the main benefits of composite systems
in general.

The structural comparison highlights that the optimized design not only achieves
comparable structural performance to the baseline one but also enhances material
efficiency by eliminating concrete and reducing timber usage. Moreover, the significant
increase in stiffness underscores the advantages of composite floor systems over non-
composite alternatives.

/ ENVIRONMENTAL IMPACT AND COMPARISON

This chapter compares the environmental impact of the baseline floor system (non-
circular design) and the optimized composite floor system (circular design) using
embodied carbon calculations. To perform these calculations practically, a case study
of a real project by WSP is used, with certain assumptions made to facilitate the process
without compromising the comparison's neutrality.

The methodology for calculating the embodied carbon for each design is explained in
Chapter 2.6, detailing the included life cycle stages tailored separately for the circular
and non-circular designs.

7.1 Case Study

The case study focuses on a 20-story residential building in Amsterdam, constructed
with steel columns and beams, and composite floors and core for stability. For
simplicity, the embodied carbon calculation is limited to one story of the building,
excluding the core, primary beams, and columns. Thus, the calculation includes only
the composite floor structure.

Two scenarios are considered for the embodied carbon calculation. The first scenario
examines the baseline composite floor system design, while the second scenario
examines the optimized floor system design. The optimized design is not expected to
be 100% reusable in its second life cycle due to potential damage during
deconstruction or reconstruction, variations in floor plan geometry, structural
condition, and the effects of timber creep. Therefore, the reuse of the floor system in
the second life cycle is evaluated under three different reuse percentages: 50%, 70%,
and 90%.

The embodied carbon calculation is performed for one story, starting with a 50-year
first life cycle. It then extends to a second life cycle, assuming a new project 100 km
away from the original location. For the baseline design (non-circular), all structural
materials must complete stage C (end of life), and a new floor system is created for the
second life cycle. For the optimized design (circular), stage C2 in the first life cycle
connects to A4 in the second life cycle, highlighting the benefits of material reusability.
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The floor plan dimensions for the investigated story are shown in Figure 38. The 3D
floor plan indicates that 24 floor units are used to construct one story, with each unit
having a 12-meter span and 3-meter width. Both designs use the same number of units
as the floor systems share the same geometry.

Figure 38: 3D Floor plan dimensions of the investigated story.

The input carbon factors, sourced from [44], are shown in the table below and
explained subsequently:

Used Material/Carbon A1-A3 A4 A5w C2-C4 Biogenic
Factor carbon
[kgCOze/kg]

Concrete 0.191 0.005 0.053 0.018 -

In situ concrete, Global

Average

(excludes China).

Steel* 1.550 0.183 0.010 0.018 -
Structural sections, global

rolled open sections.

Timber 0.437 0.161 0.010 1.667 -1.64
Timber manufactured

structural timber, global CLT

100% FSC/PEFC

(*): Steel elements for various applications are grouped together in one category for

convenience.
Table 6: Carbon Factors.

Additional Calculation Factors:
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A4 (Transportation):
o Concrete: Locally manufactured; 50 km by road

A4 =50 km * 0.10749 gCOe/kg/km/1,000 = 0.005 kgCO,e/kg.

o Steel: Globally manufactured; 200 km by road; 10000 km by sea
A4 =200 km * 0.10749 gCOe/kg/km/1,000 + 10000 km * 0.01614
gCO2e/kg/km/1,000 = 0.183 kgCO.e/kg.

o Timber: European manufactured; 1500 km by road
A4 = 1500 km * 0.10749 gCO,e/kg/km/1,000 = 0.161 kgCO,e/kg.
Ab5a (Site Activities): Neglected as conservatively considered to be similar for
both options and for any second life cycle.

C1 (Deconstruction/Demolition): Due to the absence of information from the
contractor, this value has been assumed to be the same for deconstruction or
demolition [13]; 3.4 kgCO.e/m? * area of the story; C1 =34 *36m *27 m =
3305 kgCOze = 3.3 tCOze.

C2 (Transportation to reuse/recycling/landfill): 100 km; C2 = 100 km *

0.10749 gCOe/kg/km/1,000 = 0.011 kgCO»e/kg.
e C3-C4:
o Steel/Concrete: 0.013 kgCO,e/kg.
o Timber: 1.66 kgCOe/kg (Wood for Good EPD EoL scenario).

The materials volume for each floor system per one unit is as follows:

Volume Baseline Design Optimized Design

[m’]

Concrete Grout pockets 0.348 - -

Steel Beam + shear studs + 0.094 Beam + shear 0.106
bars connectors

Timber Floor 5412 Floor 4319

3D one

unit

section

Table 7: Structural materials volume.
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7.1.1 Embodied Carbon Calculation for The Baseline Composite Floor System
(Non-Circular Design)

The life cycle stages and modules for the non-circular system are detailed in Chapter
2.6.1. Material weights are specified in Table 2, and carbon factors are sourced in
previous Chapter (7.1). The embodied carbon is calculated using the following LCA for
one story of the case study building.

| First life cycle | Secound life cycle |

’ PRODUCT H CONSTRUCTION H END OF LIFE ‘

|
|
: PRODUCT CONSTRUCTION END OF LIFE
PROCESS | PROCESS
Al A2 A3 A4 AS Cc1 Cc2 c3 c4 | Al A2 A3 Ad A5 c1 Cc2 c3 c4
i |
|
E 2 | | —E 7y
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Figure 39: Life cycle stages and modules for non-circular system.

The calculations are as follows:

Calculation Volum  Mass A1-A5 C1-C4 Biogenic
e [m?] [kg] [kgCO2e [kgCO2e] carbon
1 [kgCO2e]
Concrete 8.352 20880 5199 376 -
Steel 2.256 17712 30872 319 -
Timber 129.888 54552 33168 90938 -89465
Total first life - - 69239 (3 C2-C4) + C1 -89465
cycle (LC1) =
91633
Total second - - 69239 91633 -89465
life cycle
(LC2)
Whole life LC1 + LC2 = 2 * LC1 = 142874 = 143 tCO.e
carbon for

two life cycles
Table 8: Embodied carbon calculation for non-circular system.

Appendix B includes an illustrative graph of cumulative carbon emissions over time
and biogenic carbon for the baseline design.

7.1.2 Embodied Carbon Calculation for The Optimized Composite Floor
System (Circular Design)

The life cycle stages and modules for the circular system are discussed in Chapter 2.6.1.
Material weights are specified in Table 2, and carbon factors are sourced in previous
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Chapter (7.1). The embodied carbon is calculated using the following LCA for one story
of the case study building.

Secound life cycle |

| |

| First life cycle

PRODUCT CONSTRUCTION END OF LIFE PRODUCT CONSTRUCTION END OF LIFE
PROCESS PROCESS
Al A2 A3 A4 AS c1 C2_C3 G4 A1 A2 A3 A4 AS c1 C2 €3 o©4
| |
| \
g | |
5 2 |
=81 3 § | 5 § | 3
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s = £ = ‘§ = || E < é 2 § =
= = g | 3
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Raw Material Supply
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i

Non-reusablel
Materials |

Unavoidable New Materials

Figure 40: Life cycle stages and modules for circular system.

The embodied carbon calculation is performed for three cases, with different
reusability percentages (50%, 70%, and 90%) after the end of life in the first life cycle.

Case 1: 50% Reusability in the Second Life Cycle

First Life Cycle (LC1)

Calculation Volume Mass A1-A5 C1-C4 for Biogenic carbon
[m3] [kgl [kgCO.e] non-reusable for non-reusable
materials 50% materials 50%
[kgCO2e] [kgCO:ze]

Steel 2.544 19970 34808 359 *0.5 -

Timber 103.656 43535 26469 72573 *0.5 -71397 * 0.5

Total for - - 61277 (5 C2-C4) + C1 -35698

LC1 =

39771
Second Life Cycle (LC2)

Calculation Transport A1-A5 A5w for C1-C4  Biogenic
reusable new reusable LC2 carbon
materials materials materials [kgCO:e] end LC2

50% 50% 50%
From C2 to [kgCO2e] [kgCO2e]
A4 [kgCOze]
Total for 698 * 0.5 61277 * 0.5 635 * 0.5 359 + -71397
LC2 72573
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Whole life
carbon for
two life
cycles

LCT1 + LC2 =

(61277 + 39771 - 35698) + (349 + 30638 + 317 + 72932 - 71397) =

98.2 tCOze

Table 9: Embodied carbon calculation for circular system (50% reused).

Appendix B includes an illustrative graph of cumulative carbon emissions over time
and biogenic carbon for the optimized design 50% reused.

Case 2: 70% Reusability in the Second Life Cycle

Calculation

Steel
Timber
Total for
LC1

Calculation

Total for
LC2
Whole life
carbon for
two life
cycles

First Life Cycle (LC1)

Volume Mass A1-A5
[m’] [kgl  [kgCOze]
2.544 19970 34808

103.656 43535 26469

- - 61277

Transport
reusable
materials

70%
From C2 to
A4 [kgCOze]
698 * 0.7

LCT + LC2 =

C1-C4 for
non-reusable
materials 30%

[kgCO2e]

359 *0.3

72573 *0.3

G C2-C4) + C1
*0.3 =
25185

Second Life Cycle (LC2)

A1-A5
new
materials
30%
[kgCO2e]

61277 *0.3

A5w for
reusable
materials
70%
[kgCO2e]

635 *0.7

[kgCO2e]

Biogenic carbon
for non-reusable
materials 30%
[kgCO:ze]
-71397 * 0.3
-21419

C1-C4
LC2

Biogenic
carbon
end LC2

359 +
72573

-71397

(61277 + 25185 - 21419) + (489 + 18383 + 444 + 72932 - 71397) =

85.9 tCOze

Table 10: Embodied carbon calculation for circular system (70% reused).

Appendix B includes an illustrative graph of cumulative carbon emissions over time
and biogenic carbon for the optimized design 70% reused.

Case 2: 90% Reusability in the Second Life Cycle

First Life Cycle (LC1)
A1-A5 C1-C4 for
[kgCOz2e] non-reusable
materials 10%
[kgCO2e]

Mass
[kgl

Calculation Volume
[m’]

Biogenic carbon
for non-reusable
materials 10%
[kgCO:e]
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Steel 2.544 19970 34808 359 * 0.1 -

Timber 103.656 43535 26469 72573 * 0.1 -71397 * 0.1

Total for - - 61277 (3 C2-C4) + C1 -7140

LC1 =

10598
Second Life Cycle (LC2)

Calculation Transport A1-A5 A5w for C1-C4 Biogenic
reusable new reusable LC2 carbon
materials materials materials [kgCO:e] end LC2

90% 10% 90%
From C2 to [kgCO2e] [kgCO2e]
A4 [kgCO2e]

Total for 698 * 0.9 61277 * 0.1 635 * 0.9 359 + -71397

LC2 72573

Whole life LC1 + LC2 =

carbon for (61277 + 10598 - 7140) + (628 + 6128 + 571 + 72932 - 71397) =

two life 73.6 1COze

cycles

Table 11: Embodied carbon calculation for circular system (90% reused).

Appendix B includes an illustrative graph of cumulative carbon emissions over time
and biogenic carbon for the optimized design 90% reused.

7.2 Embodied Carbon Comparison

This section presents a comparison of embodied carbon emissions across two life
cycles for both the baseline (non-circular) and optimized (circular) designs. The results
are depicted in a graph that illustrates the cumulative carbon emissions over time for
each design, clearly highlighting the impact at each stage of the life cycle.

In the first life cycle, specifically after Module A, the optimized design shows a
significant reduction in embodied carbon, with all three cases reporting a value of 61.3
tCO2e. This is lower than the baseline design's value of 69.2 tCO2e. The reduction
primarily results from improvements in material efficiency applied to the CLT panels in
the optimized design. The optimized design uses 26.2 m? less timber than the baseline
design. Although the optimized design incorporates slightly more steel—0.3 m?
compared to the baseline, which also uses grout—the impact of this additional steel
on the overall embodied carbon is minimal. The substantial savings from reduced CLT
usage and the elimination of grout dominate the carbon calculation.

At the beginning of the second life cycle, the differences between the optimized cases
become more pronounced due to variations in material reusability. The gap between
the optimized designs and the baseline design widens significantly as the reusability
of materials is factored in.
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Cumulative Carbon Emissions Over Time

— Baseline Design
140 { — Optimized Design 50% Reused
—— Optimized Design 70% Reused

Optimized Design 90% Reused
End First Life-cycle

Cumulative Carbon Emissions (tCO2e)

Time (years)

Figure 41: Cumulative carbon emissions over time for all designs.

Designing for reusability, and evaluating three scenarios—where 50%, 70%, and 90%
of the materials at the end of the first life cycle are reused in the second life cycle—
leads to substantial reductions in whole life embodied carbon. Specifically, the
reductions are 32.5%, 41.5%, and 50.6%, respectively, compared to the baseline (non-
circular) design.

The biogenic carbon graph below demonstrates yet another advantage of material
reusability. Despite differences in reusability percentages between the three cases,
most of the captured carbon in the timber remains stored within the structure for twice
as long. In contrast, the baseline design results in the release of all captured carbon
into the atmosphere at the end of each life cycle.

Biogenic Carbon Graph Over Time

i

AR

-~ Baseline Design Biogenic Carbon

-~ Optimized Design 50% Reused; Biogenic Carbon

-~ Optimized Design 70% Reused; Biogenic Carbon
Optimized Design 90% Reused; Biogenic Carbon
End First Life-cycle

e Carbon Emissions (1CO2e)

Time (years)

Figure 42: Biogenic carbon graph over time for all designs.

The significant reductions in carbon emissions demonstrated in this comparison
underscore the environmental advantages of material efficiency and circular design
principles. Material efficiency plays a crucial role in lowering carbon emissions in the
first life cycle (Modulus A), offering short-term environmental benefits. Moreover,
circular design principles, particularly reusability, highlight the potential for substantial
environmental gains. Even partial reuse of materials can significantly reduce the carbon
footprint of construction projects and advance sustainable development goals.
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Additionally, circular design extends the duration of carbon sequestration within
timber structures, delaying the release of captured carbon until the end of the
material's life. This reinforces the long-term environmental benefits of incorporating
circular design into construction practices.
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8 CONCLUSION AND RECOMMENDATIONS

This study aimed to improve the Steel-CLT composite floor system, focusing on
achieving circularity, optimizing CLT design within composite concepts, and assessing

the environmental impact of improvements. Based on these objectives, the primary

research questions were formed and are answered below. Additionally, the limitations

encountered during the study are acknowledged and discussed. Lastly, given the

significant potential and challenges of the Steel-CLT composite floor system, multiple

recommendations for future research have been identified to further develop our

understanding and facilitate the practical application of this system.

Answers to Research Questions:

Can the circular design of steel-CLT floor systems be realized, and what are
the structural benefits and drawbacks of this innovative solution?

Yes, based on the technical analysis conducted, the steel-CLT composite floor
system can indeed be designed as a circular system, allowing for recovery and reuse
at the end of each life cycle. This study achieved circularity by replacing the baseline
grouted shear connectors with demountable steel bolt connectors. Recent research
focuses on developing pre-loaded demountable shear connectors, and this study
adopts these connectors due to their unique characteristics. In addition to their
demountability, these connectors offer high stiffness (slip modulus) that is
comparable to traditional shear studs used in steel-concrete composite structures.
As a result, incorporating these shear connectors transforms the steel-CLT
composite floor system from a linear design to a circular one, with minimal
reduction in stiffness, ensuring the system's structural performance is maintained.

The adaptation of these connectors was thoroughly explained in Chapter 4. The
push-out test results performed on LVL, sourced from the literature, were applied
in this study, with a correction factor introduced to determine the slip modulus for
the shear connectors in CLT applications. This resulted in a value of kipiqicr =
66.7 kN /mm (per shear connector).

In terms of structural performance under ultimate and serviceability limit states,
there are no significant structural advantages in adopting the circular design, as
both the baseline and optimized systems meet current standards. However, the
primary drawback lies in the increased complexity and potential construction costs,
driven by the higher number of shear connectors and the need to preload each
one. Additional challenges, such as ensuring proper tolerances, maintaining
temporary stability during CLT panel installation, and managing overhead work to
secure the connectors, must be addressed to develop a practical, market-ready
circular solution.

How can a CLT configuration be designed to function optimally as an integral
component of the composite beam and floor system?
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In a composite system, CLT panels play two critical roles. First, they act as an integral
part of the composite beam, significantly enhancing its stiffness and sharing the
stress applied to the composite beams. Second, they function as a floor system,
requiring sufficient strength and stiffness to span between beams effectively. This
study addresses these dual functions and conducts an in-depth investigation in
Chapter 5, focusing on key considerations for designing CLT panels in composite
systems.

By exploring various configurations of CLT floors that meet the functional
requirements of the steel-CLT composite floor system, the study demonstrates that
the material efficiency of the CLT in the baseline design can be improved. One of
the key strategies identified is maximizing the active area of CLT (4, gctive) in the
composite beam while ensuring that the top and bottom panels maintain sufficient
capacity to function as part of the floor structure in the perpendicular direction.
These panels must have a sufficiently high second moment of area ((I,) to ensure
the necessary structural performance in this orientation. For a more detailed
explanation of these concepts and design strategies, refer to Chapter 5.

As a result of this investigation, the study identifies an optimal CLT design
configuration. However, CLT panels are not currently manufactured in this
configuration due to the relatively low usage of steel-CLT composite floor systems.
Thus, the final design was adapted to account for market availability and practical
considerations, resulting in a CLT panel with a height of hcir = 120 mm, which is
25% less than the height used in the baseline design.

The structural analysis conducted on the optimized design in Appendix B.2 shows
that the changes made to improve material efficiency did not compromise the
structural performance. In fact, the optimized design demonstrated a 30% increase
in CLT floor structure unity check under ULS conditions compared to the baseline
design, while still maintaining a unity check value below one, indicating that it
meets the necessary safety requirements. In addition, the SLS analysis revealed a
60% increase in unity check for the optimized design of CLT floor structure, but it
remained within acceptable limits, confirming that the floor structure continues to
perform effectively. These results validate the improvements made to the CLT
configuration, achieving one of the research's main objectives of improving the
design and efficiency of CLT in steel-CLT composite systems.

What are the advantages and disadvantages of the optimized floor system
versus the baseline floor system?

This study addressed this question by conducting two key comparisons: a structural
comparison and an environmental impact assessment.

The structural comparison (Chapter 6.2) demonstrates the superiority of the
optimized design in several areas. Introducing a new demountable shear connector
was crucial for transitioning the design from a linear to a circular model. Despite
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the new connector having a slip modulus 10% lower than that of the baseline
design, this reduction in stiffness was compensated by optimizing other
parameters, such as the spacing between shear connectors. As a result, both the
baseline and optimized floor systems performed structurally sound, with the
optimized design successfully achieving the goal of circularity without
compromising structural integrity.

Moreover, the structural comparison highlighted the optimized design's higher
material efficiency. By eliminating concrete and reducing timber usage, the
optimized design maintained structural adequacy while achieving a 20% reduction
in timber use. This underscores the importance of developing design approaches
for CLT panels in composite systems. The design approach used in this study
resulted in more efficient material use, achieving, as previously stated, one of the
research's main objectives of improving CLT design and efficiency. Chapter 5
provides further details on the CLT design approach and design used in this study.

Additionally, when comparing the optimized composite floor system to a non-
composite system using the same cross-sections, materials, and boundary
conditions, the composite system was found to be 60% stiffer. This demonstrates
the significant capacity gain that composite floor systems offer over non-
composite alternatives, highlighting the advantages of composite design in
enhancing structural performance.

The second comparison (Chapter 7.2) focused on the environmental impact of
each design, specifically through a life cycle assessment for embodied carbon. This
analysis revealed that the optimized design resulted in lower carbon emissions
across multiple stages. In the first life cycle, at the end of Module A, the optimized
design produced 11% fewer emissions than the baseline. This reduction was mainly
due to decreased timber usage and the elimination of grout in the optimized
design.

The benefits of circularity became even more apparent when considering a second
life cycle. Depending on material reuse assumptions—ranging from 50% to 90%
reuse—the optimized design reduced embodied carbon by 32.5% to 50.6%
compared to the baseline. This substantial reduction illustrates the environmental
advantages of adopting circular design principles even though the case study
included only two life cycles. The results highlight that significant reductions in
carbon emissions can be achieved in the building industry through more efficient
material use and the adoption of circular design practices.

The disadvantage lies in the unknown variables that might affect the future
reusability of the optimized floor system. This uncertainty was addressed by
investigating different reuse scenarios, with material reusability percentages of
50%, 70%, and 90%.
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Few sub-research questions were presented alongside the primary research questions;
those questions were addressed during the study, and they served the purpose of
splitting the core questions into smaller questions to aid in the discovery of the best
approach for the study. Therefore, there is no need to go into more detail about those
sub-questions.

The Analytical Approach and Parametric Studies:

The Gamma method was employed throughout this study to perform structural
analyses on the composite beams, highlighting the effectiveness of analytical
approaches when investigating complex structures like composite beams. This method
not only provided accurate results for structural analysis but also proved invaluable in
exploring the intricate relationships between key parameters within the system.

In this study, the Gamma method was used to conduct parametric studies by varying
specific parameters within a defined range and boundary conditions. This allowed for
a detailed assessment of how changes in one parameter influenced specific outputs—
an essential aspect when working with complex composite structures. The parametric
studies enabled a deeper understanding of how seemingly minor changes in variables
can significantly impact the structural performance of composite beams.

The following parametric studies were conducted:

1. The relationship between the Gamma coefficient and effective bending stiffness
(see Figure 5).

2. The relationship between the spacing of shear connectors and the Gamma
coefficient, and consequently its impact on effective bending stiffness (see
Figure 18).

3. The relationship between the shear force acting on the joint between two
composite elements and the spacing of shear connectors (see Figure 26).

4. The relationship between the active cross-sectional area of CLT and the
effective bending stiffness (see Figure 29).

These studies demonstrate the profound role that parametric analysis plays in
understanding complex structural behaviors. By using the Gamma method, this
research was able to develop a more nuanced understanding of the interdependence
between key design factors, paving the way for more efficient and effective composite
beam designs.

8.1 Limitations

Several limitations have been acknowledged in the study and require further
investigation in future research.

e Application of Demountable Pre-Loaded Shear Connectors:
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The application of demountable pre-loaded shear connectors in Steel-CLT
composite floor system presents an innovative approach, but it requires thorough
experimental testing and validation. In Chapter 5, several assumptions were made
to estimate the initial stiffness of these connectors in the Steel-CLT system. While
these assumptions were based on theoretical models and literature, they require
experimental verification to ensure their accuracy, especially in real-world
applications.

Experimental validation is also critical for verifying the assumptions made during
the ULS analysis. One of the key assumptions was the dismissal of the potential for
plastic hinge formation in the steel components under shear loads below 30 kN.
Although supported by push-out test results, this assumption could not be fully
validated through the Johansen model, which does not incorporate pre-loading
effects in its design equations.

In conclusion, the current limitations in assessing the structural performance of
those demountable pre-loaded shear connectors underscore the need for further
experimental testing. Only through such validation can the assumptions made in
this study be fully confirmed, ensuring the reliable application of these connectors
in Steel-CLT composite floor system.

Determination of Life Cycles Number:

Although this study provides important insights into the environmental impact of
Steel-CLT composite floor systems, it is necessary to recognize the limitation in
estimating the total number of life cycles the system can perform. As a result, the
LCA was restricted to the first and second life cycles to minimize uncertainties
related to potential future impacts. This conservative approach ensures reliability
in the current analysis but leaves room for further exploration.

Future research should investigate the long-term structural performance of Steel-
CLT composite systems across multiple life cycles to better understand their
maximum lifespan. This would enable a more comprehensive LCA on embodied
carbon, revealing the full extent of the difference in carbon footprint between linear
and circular designs. By extending the analysis over several life cycles, the study
could further demonstrate the significant environmental benefits of circular design
principles, reinforcing their potential as a long-term solution for reducing the
carbon footprint of construction projects.

Vibration Considerations:

Vibration analysis was excluded from the scope of this study, meaning the design
checks did not take vibrational loads into account. However, vibrations can be a
critical factor in the performance of timber floor systems, and their impact on Steel-
CLT composite floor systems should not be overlooked.
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Given the importance of vibrational response, especially in lightweight floor
systems, further research should focus on conducting a detailed vibration analysis
of Steel-CLT systems. This would involve modeling the entire floor system and
applying appropriate damping values.

8.2 Recommendations for Future Research

In addition to addressing the limitations mentioned above, several other

recommendations for future research can help further develop this composite floor

system.

Effective Width of Composite Steel-CLT Beams:

Investigate the relationship between steel and CLT as composite elements to
determine the effective width of the composite beam more accurately. This study
used the smallest value from the two approaches described in Eurocode 4 and
Eurocode 5. A more precise investigation is needed to accurately estimate this
critical parameter, which significantly influences the structural characteristics of the
composite beam.

Tolerance of Bolt Holes:

Investigate the tolerances of bolt holes used to bind composite components and
construct shear connectors. This aspect is crucial, especially during construction,
where the deflection of the steel beam before placing the CLT floor may prevent
proper alignment of bolt holes. Enlarging the holes to solve this issue could impact
the stiffness of the shear connector, thus affecting the composite interaction.
Therefore, determining the appropriate tolerances is vital for the design developed
in this study.

Prefabrication and Transportation:

One of the main objectives of this study was to achieve a circular floor system.
Prefabricating this floor system for transportation and placement on primary
beams at the building site would be a significant advantage. A detailed study is
needed to address the challenges of prefabrication and transportation.
Prefabrication could improve the quality of shear connectors since they would be
constructed and preloaded in a controlled environment. Additionally, it would
simplify and speed up the construction and deconstruction processes, facilitating
reuse and enhancing the system's overall efficiency.

Cost Analysis:

While this study primarily focuses on the structural and environmental aspects of
the steel-CLT composite floor systems, conducting a cost analysis would add
significant value to the evaluation, given the crucial role of financial considerations
in determining the feasibility of these designs for real-world market application.
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Although the optimized, circular design offers a lower carbon footprint compared
to the baseline design, as demonstrated in the environmental comparison, this
reduction in carbon emissions may come at a higher financial cost, which could be
revealed through a detailed cost analysis.

Although the circular design offers clear environmental benefits, these come with
associated costs that may impact its market adoption. The financial burden of
reusing materials could outweigh the benefits, particularly due to the additional
expenses involved in the complex deconstruction process and transportation at the
end of each life cycle. A thorough cost analysis would reveal whether the savings
in material reuse and carbon reduction are sufficient to offset these added
expenses, providing a comprehensive understanding of the feasibility of
implementing the optimized design in practical, market-driven applications.

Recommendations for Parametric Studies:
o Optimal Shear Connector Distribution Pattern

This study primarily looked at the impact of shear connector spacing on
shear load distribution while maintaining the longitudinal distribution
pattern constant. Given that shear flow is typically a linear function, peaking
at the supports and decreasing towards the mid-span, optimizing the
distribution pattern could enhance the efficiency of shear connector usage
in a composite beam. To achieve this, a parametric study is recommended
to identify the optimal spacing distribution pattern for shear connectors.
Employing the Gamma method for structural analysis and calculating the
effective spacing (ser) using Equation 9.17 from Eurocode 5 [18] will provide
a more customized distribution pattern. This approach has the potential to
reduce the number of required shear connectors, thereby improving
efficiency and cost-effectiveness

o Steel Section Geometry

A parametric study should be conducted to explore the effects of varying
the steel cross-section on the composite beam’s performance. Although the
steel profile was treated as a constant parameter in this study, examining
alternative profiles could yield significant improvements. For instance,
evaluating the potential of using IFB beams instead of traditional I-sections
could be beneficial. IFB beams, with their wider bottom flanges, might
enhance the strength and stiffness of the composite beam. By adding more
steel to the outer bottom flange, the neutral axis of the composite beam
would shift downward. This shift can positively impact effective stiffness, as
concentrating materials at the top and bottom of the cross-section is likely
to increase effective bending stiffness. Thus, exploring various steel section
geometries could lead to more efficient composite beam designs.
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In conclusion, this study has successfully advanced the steel-CLT composite floor
system by achieving circularity and optimizing the CLT configuration design. The
structural and environmental comparisons demonstrate the significant benefits of
these improvements. Future research should build upon these findings to further
develop and refine steel-CLT composite floor systems, aiming to advance sustainable

building practices.
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Appendix A The Correction Factor for The Slip Modulus
The correction factor is determined with the help of EC5. To calculate the slip modulus
for different types of mechanical fasteners, EC5 provides several equations that are
related to the type of mechanical fasteners. However, all the equations are related to
the same two parameters: the timber material's density and the mechanical fastener's
diameter. The following equation is for bolts type of fasteners, so the ks is equal to:

pri *d

Kser = 22— (4.1)

Therefore, in this study, the pre-loaded shear connectors wanted to be utilized in the
design of steel-CLT composition without applying any changes to the diameter (d) of
the connector's bolt. However, the push-out test is applied to steel-LVL composition,
which means there will be a difference in the value of kinital due to the difference in the
density (p) between the LVL and CLT. Therefore, the correction factor is going to be
multiplied by kinita, and it is determined as follows:

, = KsercLr _ prlﬁ,sCLT — 0.75 4.2)

kser,LVL prlri,sLVL

pmuvi: 510 kg/m? (density of LVL used in the push-out test [37].

pm.cur: 420 kg/m? (density of CLT) [23].

Thus, the slip modulus for one shear connector in a steel-CLT composite connection is:

kinitar.cir = KinitarLvy * 7 = 66750 N/mm (per shear connector) 4.3)

A conservative perspective on this approach of obtaining the slip modulus may regard
it as lenient and perhaps inaccurate, as the link between timber density and stiffness
could be more complex. Thus, further analysis and validation using push-out tests are
required to overcome these challenges. While it is understood that the previously
estimated reduction factor may not reflect the exact correct slip modulus value, this
disparity can be resolved by modifying the percentage of bolt pre-loading or
increasing bolt diameter while maintaining the pre-loading percentage constant. As a
result, while this method seeks to provide an acceptable estimate of the slip modulus,
it does not eliminate the need to conduct push-out experiments on steel-CLT
compositions to validate the accuracy of this value.
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Appendix B The Structural Analysis

B.1 Baseline Design Structural Analysis
The structural design rules presented in Chapter 3 are applied here to perform the
structural analysis on the floor system and design it accordingly with the Eurocode.

The Python script used for this purpose is to be found in Appendix D.1.

Permanent dead load

For the composite beam:

The permanent dead load includes the weight of the structure itself. This consists of:
e The weight of the steel beam.
e The weight of the CLT floor, multiplied by the distance between the beams.

e The weight of the ceiling and services, taken from the existing design (Ggery, =
1.3 kN /m?), also multiplied by the distance between the beams.

e + The weight of the steel bars and grout is not considered for simplicity.

The total dead load acting on the composite beam, considered as a distributed line
load, is calculated as follows:

Ji,j = Gsteet + Gerr * b + Ggery *b = 0.6+ 0.672 *3 +1.3 %3 =6.52 kN/m
For the CLT Floor:

The total dead load acting on the floor, considered as a distributed surface load, is:
Gij = Geur + Goerp = 0.672 + 1.3 = 1.97 ~ 2.0 kN /m?

Results ULS
Composite Beam Design

Critical Load Combination
Determining the critical load combinations for ULS acting on the composite beam as
distributed line load:

From Formula 6.10a:

LC1:  Gaesignpeam = 1.1 * 1.35 % 6.52 =

9.7 kN/m

LC2:  qaesignpeam = 1.1 % 1.35 % 6.52 + 1.1 *

1.5%04%6 =13.6kN/m

18.5 kN/m

From Formula 6.10b:
LC3:  qaesignpeam = 0.89 * 1.1 * 1.35 % 6.52 = 8.6 kN /m

LC4:  Gaesignpeam = 0.89 * 1.1 * 1.35 % 6.52 +  Figure 43: A 3D representation of the load

11156 =185kN/m
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From the previous load combinations, the critical distributed line load that is acting on
the composite beam is determined from LC4: q4 y1.s maxpeam = 18.5 kN/m

Analysis Results

Performing the Gamma method on the composite beam provides the following results
by applying the previous input from the material properties, geometry, and critical line
load:

(EDes = 9.59 * 10 Nmm2
OEd,steel = Oit(c),steel + Oim,steel = 227.15 Mpa

Om,y,d = Oit(c)timber + Oim,timber = 2.82 Mpa
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Figure 44: Normal stress distribution along the composite cross-section.

Steel Design
Cross-section check:

Iy

Oka = Ymo

Opa,steel = 227.15 Mpa
fy = 355 N/mm?

Ymo =1

Uuc =0.6

Timber Design
Cross-section check:

fm,k

Omy,d < fm.d = ksys * Kmoa * Ym

Om,y,a = 2.82 Mpa
fk = 24 N/mm?
ksys =1

kmoa = 0.5
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Uc =03

CLT Floor Design
Critical Load Combination

Determining the critical load combinations for ULS acting on the CLT floor as
distributed surface load:

From Formula 6.10a:
LCT:  Qgesign floor = 1.1 % 1.35 % 2.0 = 3.0 kN /m?
LC2:  Quesign floor = 1.1% 1.35 % 2.0 + 1.1 % 1.5 % 0.4 * 2.0 = 4.3 kN /m?

From Formula 6.10b:
LC3:  Quaesign fioor = 089 * 1.1 % 1.35 2.0 = 2.6 kN /m?
LC4:  Quesign fioor = 0.89 * 1.1 % 1.35 % 2.0 + 1.1 * 1.5 * 2.0 = 5.9 kN /m?

From the previous load combinations, the critical distributed surface load that is acting
on the composite beam is determined from LC4: Qg yL.s max.fioor = 5.9 kN /m?

5.9 kN/mA2

~

\/

Figure 45: A 3D representation of the load application on the floor.
Timber Design
Cross-section check:

— fm,k
Um,y,d < fm,d - ksys * kmod * M

Myaq _ 6637.5 103
Wynet  38%105

Omy,d = = 1.75 Mpa

fk = 24 N/mm?
ksys =1

Kpog = 0.5

yu = 1.3

Uc =0.2

Results SLS
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Composite Beam Design

Critical Load Combination
Determining the critical load combinations for SLS acting on the composite beam as a
distributed line load involves two primary load cases:

LC1: Qdesign,beam = Yk,j
CIdesign,beam = 6'52 kN/m

LC2: Qdesignbeam = Yk,j + Q1
Qdesign,beam = 6.52+4+6 =1252kN/m

From these load combinations, the critical distributed line load acting on the composite
beam is identified from LC2:
da,sLsmax,pbeam — 12.52 kN/m

Creep and Stiffness Reduction

Eeff timber _ 3628.3 9
Efintimpber = = = 2267.7 N/mm

1+Kkgef 1+0.6
k 149600
k - test _ — N
serfin = Jikier  1+0.6 93500 N/mm
kdef = 0.6.

Analysis Results

Performing the Gamma method on the composite beam provides the following results
by applying the previous input from the material properties, geometry, and critical line
load:

. = 0.82

(EDes = 8.17 * 10" Nmm2

Deflection Check

L=48mm
0

W < Whpax = Py

5 q « 1%
% d,SLS,;max,beam — 414 mm
384 (El)ef

uc =09

Vibration

Assessing the fundamental frequency of the steel beam (f) using the equation f =
18/sqrt w gives a fundamental frequency of 2.8Hz. As this is below the typically
accepted limit of 3Hz, in practice additional dynamic analysis should be undertaken to
evaluate the vibrational response of the floor system. This analysis is outside the scope
of this study.

CLT Floor Design

Critical Load Combination
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Determining the critical load combinations for SLS acting on the CLT floor as a
distributed surface load involves the following load cases:

LC1: Qdesign,floor =2.0=2.0 kN/mZ
LC2: Qdesign,floor =204+20=4 kN/m2

From these load combinations, the critical distributed surface load acting on the CLT
floor is identified from LC2:

Qd,SLS,max,floor =4 kN/mz

Creep and Stiffness Reduction
Elefr  2.09 %1012

Elfm e 1706 2.09 * 10** Nmm
kdef = 06
Deflection Check
w < wmax=2%= 12 mm
" 4

W= i* Qd,SLS,max,floor b =2 mm

384 (EDeg
Uuc =0.2
Vibration

This analysis is outside the scope of this study, as previously stated.
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B.2 Optimized Design Structural Analysis
The structural design rules presented in Chapter 3 are applied here to perform the
structural analysis on the floor system and design it accordingly with the Eurocode.

The python script used for this purpose is to be found in Appendix D.2.

Permanent dead load

For the composite beam:

The permanent dead load includes the weight of the structure itself. This consists of:
e The weight of the steel beam.
e The weight of the CLT floor, multiplied by the distance between the beams.

e The weight of the ceiling and services, taken from the existing design (Gger, =
1.3 kN /m?), also multiplied by the distance between the beams.

e + The weight of the shear connectors is not considered for simplicity.

The total dead load acting on the composite beam, considered as a distributed line
load, is calculated as follows:

Ji,j = Gsteet + Gerr * b + Ggery *b =0.6+ 0.5 *3 +1.3x3 =6kN/m

For the CLT Floor:

The total dead load acting on the floor, considered as a distributed surface load, is:
Grj = Gerr + Gserp = 0.5 + 1.3 = L8 kN/m?

Results ULS
Composite Beam Design

Critical Load Combination
Determining the critical load combinations for ULS acting on the composite beam as
distributed line load:

From Formula 6.10a:

LC1:  Gaesignpeam = 1.1 x1.35%6 = 8.91 kN /m
LC2:  Gaesignpeam = 1.1 % 1.35 %6 + 1.1 x 1.5 =
04+x6=129kN/m

From Formula 6.10b:

LC3:  qaesignpeam = 0.89 * 1.1 1.35% 6 =

7.9 kN/m

LC4:  Qaesignbeam = 0.89 ¥ 1.1 *1.35 % 6 + Figure 46: A 3D representation of the load
11156 =17.8kN/m

From the previous load combinations, the critical distributed line load that is acting on
the composite beam is determined from LC4: q4 y1.s maxpeam = 17.8 kN/m

17.8 kN/m

Analysis Results
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Performing the Gamma method on the composite beam provides the following results
by applying the previous input from the material properties, geometry, and critical line
load:

(E)e; = 9.04  10'* Nmm2

OEdsteel = Oit(c),steel T Timsteel = 229.95 Mpa

Omy,d = Oit(c)timber T Oim timber = 5.03 Mpa

Stress plot timber part Stress plot Steel part
y m,y.d
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Figure 47: Normal stress distribution along the composite cross-section.
Steel Design
Cross-section check:

fy
O' S —
Ed YMmo

Opa,steel = 229.95 Mpa
fy = 355 N/mm?

Ymo =1

Uuc =0.6

Timber Design
Cross-section check:

fm,k

Om,y,d < fm,d = ksys * Kinoa * .y

Omy.d = 5 Mpa

fk = 24 N/mm?

ksys =1
Kmoa = 0.5
ym = 1.3
Uc =05
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Shear Connection Design

In Chapter 4, a critical requirement for the pre-loaded shear connectors was
introduced. This requirement specifies that the shear force acting on each connector
must not exceed 30 kN to prevent initial slip and avoid any reduction in the slip
modulus kinitaicit2. Therefore, the fundamental condition is:

Fjoint < 30 kN per shear connector
Since the shear connectors are applied in pairs, the governing force is Fgg pmqx < 60 kN.
Steel top flange checks:

The resistance of the steel flange is evaluated in this study because it differs from the
original setup tested in the literature [10]. While components like the steel bolts and
tubes were tested in the push-out experiment, where the bolt failure occurred around
96 kN—significantly higher than the 30 kN requirement—these components are not
governing and need no further checks.

In the original experiment, a HEB 260 (S355) profile was used, featuring a flange
thickness (t) of 17.5 mm. In this study, the UB 406x178x60 profile is used for the
composite beam in the floor system, with a flange thickness (t) of 12.8 mm, which is
less than the original. Therefore, the following check ensures that the steel top flange
can withstand a 60 kN shear force across the entire cross-section (30 kN per shear
connector). These checks are according to EN 1993-1-8 [41]

B 0 &

; 120 o o

T IE.JL =n @022 TN 280
0

o

L . 43.95 — et |=—

406.4

=

2

43.95

e 90

me‘] i —=— 177.9

Figure 48: Front view of the shear connector and the steel beam left drawing. Top view steel beam right
drawing.

Indication of end-edge distances and pitches:
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el =p1 =280 mm.

2 =43.95 i l | o
_ . | _ ] fz
p2 = 90 mm. > ¢ | | |
e B

do = 22 mm

el1>12do =264 mm

e2>12do = 264 mm Figure 49: Symbols for spacing of fasteners
- ' [41].

p1>22do =484 mm
p1>=24do =528 mm
All distances meet the required specifications.

Bearing resistance:

kqxap*f;*d*t .
Fyra = % = 251 kN per bolt (not governing)
— i Sub €1 | _
a, = min [1 ol 3d0]

k, = min [2.82—2 ~17;25|=25

fu = 490 N/mm?

d=20mm
tr = 12.8 mm
Ymz2 = 1.25

Design resistance of net section of steel plates loaded in tension:

For simplicity, only the top flange area is considered
active for the calculation of the net area.

Niga = M*:ﬂ = 605 kN (not governing)

M2

Aper = 1713.92 mm?

Figure 50: Net area of the
Timber checks: top flange in red.

This check is not expected to be critical since the
previous requirement of a maximum 30 kN load on each shear connector must be
fulfilled. To simplify the Johansen model calculation, the shear force acting on the joint
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is assumed to be perpendicular to the grain of all the CLT panels. This means that
during this check, all CLT panels' direction is considered uniform, with the shear force
acting in the weaker direction of these panels (perpendicular to the grain). Additionally,
the rope effect is neglected to streamline the calculation process. It's important to note
that these assumptions reduce the characteristic load-carrying capacity of a steel-to-
timber connection, but they do not compromise the reliability of the check.

The relationship between the steel plate thickness (the top flange thickness, t; =
12.8 mm) and the tube diameter (d = 35 mm) is considered a thin plate according to
the Johansen model (t < 0.5 = d). However, the Johansen model does not account for
the pre-loading of the steel bolts within the steel tube. Pre-stressing increases the load-
bearing capacity of the bolt, preventing plastic hinge formation when the load is below
30 kN. In experiments documented in the literature [10], plastic hinges formed in this
shear connection at around 96 kN. Therefore, preloading the bolts enhances the
connection's resistance capacity, as evidenced by the results of the push-out test.
Consequently, it is assumed that the steel part will not form a plastic hinge at a 30 kN
load, which is significantly lower than the 96 kN load where plastic hinges began
forming in the experiment.

Since the Johansen model does not consider the pre-loading effect in its equations,
design equations for both thin and thick steel plates have been used to determine the
load-carrying capacity for the shear connection according to EN 1995-1-1 [18].
However, failure mechanisms involving plastic hinge formation are not expected to
occur under the specified load conditions. Further investigation and additional
experiments are required to determine the impact of preloading on the Johansen
model design equations and to accurately identify the failure mechanisms.

b

Figure 51: Failure mechanisms for a steel-to-timber connection [18].

In summary, while the timber checks in this context are simplified, they still provide a
conservative and reliable assessment of the load-carrying capacity of the shear
connection. However, the failure mechanism involving the formation of a plastic hinge
in the steel parts at loads below 30 kN is not expected to occur, based on evidence
from pushout tests documented in the literature. Therefore, further research and
experimental validation are necessary to refine these assumptions and fully integrate
the effects of preloading into the Johansen model.
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For a thin steel plate in single shear (t < 0.5 d):

0.4 * fnook *t1 xd (@)
115+ \/2 * My ri * fro0k * d (b)

Fv,Rk,thin = min{

For a thick steel plate in single shear (t > d):

I{ frook *t1 xd ()
. 4xMy pi
F, pic.thick = mm{I frook ¥ty *d * ( /2 t e 1) (d)
\2.3 * \/My, gy * fro0k * d (e)

F,rr  The characteristic load-carrying capacity per shear plane per fastener.
frnoor The characteristic embedment strength perpendicular to grain.

t; The thickness of the timber.

d The fastener diameter.

M, g The characteristic fastener yield moment.

fh,9o,k _ fhok _ fhok _ 9.97 N/“mmz

koo*Sin290+c0s290  kog

frox = 0.082 % (1 —0.01 % d) * p;, = 18.65 N/mm?*
koo = 1.35+ 0.015 *d = 1.87 (for softwood)
My i = 0.3 % f 1 * d26 = 1737345.51 Nmm

fur = 560 N/mm? (steel tube class S460)
pr = 350 kg /m3

t; =120 mm

d =35mm
frox The characteristic embedment strength parallel to grain.

fur  The characteristic tensile strength.

Pk The characteristic timber density.
Results:

. (167kN (a)
Faomcanan = min{ 4’0 iy (b)

(a): Plastic hinge is not occurring according to push-out results.

(b): Plastic hinge is not occurring according to push-out results.

86



41.9 kN ©)
FU,Rk,thiCk = min< 35.1 kN (d)
56.6 kN (&)

(c): Not governing.
(d): Plastic hinge is not occurring according to push-out results.

(e): Plastic hinge is not occurring according to push-out results.

CLT Floor Design

Critical Load Combination
Determining the critical load combinations for ULS acting on the CLT floor as
distributed surface load:

From Formula 6.10a:
LC1:  Quaesign fioor = 1.1 1.35 + 1.8 = 2.7 kN /m?
LC2:  Quesignfloor = 1.1% 1.35 % 1.8+ 1.1 % 1.5 % 0.4 * 2.0 = 4 kN /m?

From Formula 6.10b:
LC3:  Quesign,fioor = 089 * 1.1 % 1.35 + 1.8 = 2.4 kN /m?
LC4:  Quesign fioor = 0.89 % 1.1 % 1.35 x 1.8 + 1.1 * 1.5 * 2.0 = 5.7 kN /m?

From the previous load combinations, the critical distributed surface load that is acting
on the composite beam is determined from LC4: Qg yL.s max.fioor = 5.7 kN /m?

5.7 kN/mA2

N

\/

Figure 52: A 3D representation of the load application on the floor.

Timber Design
Cross-section check:

— fm,k
Omy,d = fm,d = ksys * Kimod * I

Myq _ 64125+ 103
Wynet  10.2%105

Omy,d = = 6.3 Mpa

fk = 24 N/mm?
ksys =1

kmod = 05
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uc =0.7

Results SLS
Composite Beam Design

Critical Load Combination
Determining the critical load combinations for SLS acting on the composite beam as a
distributed line load involves two primary load cases:

LCT: Qdesign,beam = 6 kN/m
LC2: qdesign,beam =6+6=12 kN/m

From these load combinations, the critical distributed line load acting on the composite
beam is identified from LC2:

dd,sLs,max,beam — 12 kN/m

Creep and Stiffness Reduction

Eefftimber _ 3628.3 _ 9
Efin,timber = T+kgor = 1106 2267.7 N/mm

K _ Kkeest _ 149600
serfin = 4 kier 140.6

= 93500 N/mm

Kgef = 0.6

Analysis Results

Performing the Gamma method on the composite beam provides the following results
by applying the previous input from the material properties, geometry, and critical line
load:

Y1 = 0.85

(EDes = 7.82 + 10" Nmm2

Deflection Check
L

w < Wmax=E=48mm

5 q « 1%
— * d,SLS,max,beam — 4 1 ] 5 mm
384 (El)ef

uc =09

Vibration

Assessing the fundamental frequency of the steel beam (f) using the equation f =
18/sqrt w gives a fundamental frequency of 2.8Hz. As this is below the typically
accepted limit of 3Hz, in practice additional dynamic analysis should be undertaken to
evaluate the vibrational response of the floor system. This analysis is outside the scope
of this study.

CLT Floor Design
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Critical Load Combination
Determining the critical load combinations for SLS acting on the CLT floor as a
distributed surface load involves the following load cases:

LCT: Qdesign,floor =138 kN/mz
LC2: Qdesign,floor =18+ 2.0=3.8 kl\//ﬂl2

From these load combinations, the critical distributed surface load acting on the CLT
floor is identified from LC2:

Qd,SLS,max,floor = 3.8 kN/m2

Creep and Stiffness Reduction

El. =-tlerr _ 671107 _ 419,101 Nmm?
i ™ 14 Kger 140.6

kdef = 0.6.

Deflection Check
b

W S Whngx = 55 = 12 mm

W= % . Qd,SLs,r(n;I;;,Zoor* bt _ 9.6 mm
Uc =0.8

Vibration

This analysis is outside the scope of this study, as previously stated.
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Appendix C  Cumulative Carbon Emissions Over Time
and Biogenic Carbon
C.1 Baseline Design Graph

Cumulative Carbon Emissions Over Time

150 { — Baseline Design
=== Baseline Design Biogenic Carbon
End First Life-cycle
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Figure 53: Cumulative carbon emissions over time and biogenic carbon for the baseline design.

C.2 Optimized Design 50% Reused Graph

Cumulative Carbon Emissions Over Time

—— Optimized Design 50% Reused
=== Optimized Design 50% Reused Biogenic Carbon
End First Life-cycle

Cumulative Carbon Emissions (tCO2e)

=50

75

Time (years)

Figure 54: Cumulative carbon emissions over time and biogenic carbon for the optimized design 50%
reused.
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C.3

Cumulative Carbon Emissions (tCO2e)
=

-60

Optimized Design 70% Reused Graph

Cumulative Carbon Emissions Over Time

= Optimized Design 70% Reused
=== Optimized Design 70% Biogenic Carbon
End First Life-cycle

Time (years)

Figure 55: Cumulative carbon emissions over time and biogenic carbon for the optimized design 70%
reused.

C4

Optimized Design 90% Reused Graph
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Figure 56: Cumulative carbon emissions over time and biogenic carbon for the optimized design 90%
reused.

91




Appendix D Python Script for Structural Analysis

D.1 Baseline Composite Floor System

$matplotlib inline

import numpy as np

import matplotlib.pyplot as plt

import math

from scipy.interpolate import CubicSpline
pi = math.pi

# Function to format a large number

def format large number (number) :
order = math.floor (math.logl0 (number))
rounded = round (number / 10**order, 2)
return f"{rounded}e{order}"

#input box

Beam/Floor input
= 12000 # Length in mm

H 3

s = 400 # Spacing in mm
# Headed shear studs and groud shear connector
K = 149600 # (N/mm)

#CLT floor C24:

E mean = 11000

b = 3000 #floor span in mm

I floor = 3.04 * 10**8 # secound moment of area mm"4
EI_floor = I_floor * E_mean # floor's bending stiffness
perpendicular to the composite beam

# Steel input s355
E2 = 210000 # Young's modulus in MPa (N/mm"2)

bf = 177.9 # Width of steel flange in mm

hf = 12.8 # Height of steel flange in mm

bw = 7.9 # Width of steel web in mm

hw = 380.8 # Height of steel web in mm

Af = bf * hf # Cross-sectional area of steel flange in mm"*2
Aw = bw * hw # Cross-sectional area of steel web in mm"2

hs = hf * 2 + hw # the steel profile height

# Timber composite component input C24

E eff = 3641.2 # Equivalent Young's modulus for the CLT in
composite beam in MPa (N/mm"2)

hl = 160 # Height in mm

# Determining effective width

bl EC4 = 1/4

EA i = E mean * 2 * 20 # E mean * number of active layers *
thickness N/mm

GA xy = 690 * 160 # N/mm
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bl EC5 = bf + 2* b * (0.5 - 0.35 * (b/1)**0.9 * (EA_i/GA xy)**0.45
)
bl

min(bl_EC4, bl_EC5) # the effective Width in mm

Al

hl * bl # Cross-sectional area of CLT in mm"2

h = hl + hs # the totale height of composite beam

print (f"the totale height of composite beam {h} mm")
print (£f"the effective Width of composite beam {bl} mm")

# Create figure and axes
fig, ax = plt.subplots()

# Draw timber profile

timber x = [-bl/2, bl/2, bl/2, -bl/2, -bl/2]
timber y = [h, h, h-hl, h-hl, h]
ax.plot(timber x, timber y, 'b-', label='Timber')

# Draw steel profile

steel x = [-bf/2, bf/2, bf/2, bw/2, bw/2, -bw/2, -bw/2, -bf/2, -
bf/2]

steel y = [h-hl, h-hl, h-hl-hf, h-hl-hf, h-hl-hf-hw, h-hl-hf-hw, h-
hl-hf, h-hl-hf, h-hl]

ax.plot(steel_x, steel y, 'r-', label='Steel')

# Add bottom steel flange

bottom flange x = [-bf/2, bf/2, bf/2, -bf/2, -bf/2]
bottom flange y = [0, 0, hf, hf, 0]

ax.plot(bottom flange x, bottom flange y, 'r-')

# Set labels and title

ax.set xlabel ('Width (mm) ')

ax.set _ylabel ('Height (mm) ')

ax.set title('Cross-section of Composite Beam')

# Set aspect ratio
ax.set_aspect('equal',6 adjustable='box')

# Add legend
ax.legend()

# Show plot

plt.grid(True)
plt.show()

#ULS
print ("\nULS:")

#Gamma method in ULS

pl = (pi**2 * E eff * AL * s) / (K * 1%*2)
gammal = 1 / (1 + pl)
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zy = ((gammal * E eff * A1 * (hl / 2 + hf * 2 + hw) +
E2 * Af * (hf / 2 + hw + hf) +
E2 * Aw * (hw / 2 + hf) +
E2 * Af * (hf/2)) /

(gammal * E eff * Al + E2 * (Af * 2 + Aw))) # Neutral
axis position from the bottom of the whole cross-section
al =hl / 2 + hf * 2 + hw - zy # Distance from the center of
gravity of CLT to the the neutral axis
a2tf = hf / 2 + hw + hf - zy # Distance from the center of gravity
of steel top flange to the the neutral axis
a2w = zy - hf - hw / 2 # Distance from the center of gravity of
steel web to the the neutral axis
a2bf = zy - hf / 2 # Distance from the center of gravity of steel
bottom flange to the the neutral axis

EIeff = (E_ eff * (bl * hl**3 / 12 + gammal * Al * al**2) +
E2 * (bf * hf**3 / 12 + Af * a2tf**2 + bw * hw**3 / 12
+ Aw * a2w**2 + bf * hf**3 / 12 + Af * a2bf**2))

#Composite Beam Design:

print("\nResults Composite beam:")

print (£f"gammal: {gammal:.2f}")

print (f"EI_eff = {format_ large number (EIeff)} N*mm"2")

q_ULS _beam = 18.5 # kN/m
Ml = 1/8 * q ULS _beam * 1**2 # Moment at mid span in N*mm
Vmax = q ULS beam * 1 / 2 # Shear force at support point in N

# Stress in Steel
2 = Ml * E2 * a2w / EIeff # Stress at the center of gravity
= Ml * E2 * (hf+hw+hf) / 2 / EIeff
sb = @2 + Ehﬁ # Stress at the outer bottom fibers

print("Stress in Steel:")

print(f"o outer bottom fiber of steel profile at the mid span
position: o _Ed = {osb:.2f} MPa")

print (f"o_Rd = {355} MPa")

print(£"UC = {osb/355:.1£f}")

# Stress in Timber
@1 = Ml * gammal * E eff * al / EIeff # Stress at the center of
gravity
loml = M1 * E eff * hl / 2 / EIeff

tt= @1+ Ehl # Stress at the outer fibers of the timber

max_timber = 1 * 0.5 * 24 / 1.3 # k(sys) * k(mod) * fm / gamma (m)
F = Vmax * gammal * E eff * A1l * al * s / EIeff # Force on the one
fasterner

print ("\nStress in Timber:")

print(f"o outer top fibers of CLT at the mid span position:
{ott:.2£f} MPa")

print (f"o_max timber = {o_max_ timber:.1f} MPa")

print (£"UC = {ott/oc_max timber:.1f}")

94



#Floor Design:

Q ULS = 5.9 # kN/m*2

M2 = 1/8 * Q ULS * b**2 # Moment at mid span in N*mm
# Stress in Timber

ELﬁloor =M2 / I floor * (hl /2) # N/mm*2

print("\nResults CLT floor:")

print (f"Stress CLT floor: {o_floor:.1f} MPa")
print (f"o_max timber = {o_max timber:.1f} MPa")
print (£"UC = {o_floor/c_max_ timber:.1f}")

#SLsS
print ("\nSLS:")

#Gamma method in SLS

# Creep impact

k def = 0.6

E fin E eff / (1+k_def)
K fin K / (1+k_def)

pl = (pi**2 * E fin * Al * s) / (K_fin * 1%%*2)
gammal = 1 / (1 + pl)

zy = ((gammal * E fin * A1 * (hl1 / 2 + hf * 2 + hw) +
E2 * Af * (hf / 2 + hw + hf) +
E2 * Aw * (hw / 2 + hf) +
E2 * Af * (h£/2)) /

(gammal * E fin * Al + E2 * (Af * 2 + Aw))) # Neutral
axis position from the bottom of the whole cross-section
al =hl / 2 + hf * 2 + hw - zy # Distance from the center of
gravity of CLT to the the neutral axis
a2tf = hf / 2 + hw + hf - zy # Distance from the center of gravity
of steel top flange to the the neutral axis
a2w = zy - hf - hw / 2 # Distance from the center of gravity of
steel web to the the neutral axis
a2bf = zy - hf / 2 # Distance from the center of gravity of steel
bottom flange to the the neutral axis

EIeff = (E_fin * (bl * hl**3 / 12 + gammal * Al * al**2) +
E2 * (bf * hf**3 / 12 + Af * a2tf**2 + bw * hw**3 / 12
+ Aw * a2w**2 + bf * hf**3 / 12 + Af * a2bf**2))

#Composite Beam Design:

print ("\nResults Composite beam:")

print (f"gammal: {gammal:.2f}")

print (f"EI_eff fin = {format large number (EIeff)} N*mm"2")
q_SLS beam = 12.52 # kN/m

#Deflection check

w_max = 1/250

wl = (5/384 * q SLS beam * (1)**4) / Eleff # Deflection in mm
print (f"w_beam = {wl:.1f} mm")

print (f"w_max = {w _max:.1f} mm")
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print (£"UC = {wl/w_max:.1£f}")

#Floor Design:

print("\nResults CLT floor:")

EI floor fin = EI_floor / (l+k_def)

print (f"EI_floor fin: {format_ large number (EI_floor fin)} N*mm"2")

#Deflection check

Q SLS = 4 # kN/m"2

w_floor max = b/250

w_floor = 5/384 * Q SLS * (b)**4 / EI_floor fin
print (f"w_floor = {w_floor:.1f} mm")

print (f"w_max floor = {w_floor max} mm")

print (£"UC = {w_floor/w_floor max:.l1f}")

print ("\nULS loads:")
print (£"Q ULS = {Q ULS:.2f} kN/mm*2" )
print(f"q ULS _beam = {q_ULS_beam} kN/m")

print ("\nSLS loads:")
print (£"Q SLS = {Q_SLS:.2f} kN/mm*2" )
print (f"q_SLS beam = {q_SLS_beam} kN/m")

# Calculate the slope of the line connecting points 3 and 4

slope_34 = (hs/2 - 0) / (o2 - (o2 + [om2))

# Calculate the x-coordinate of the intersection point with the
horizontal line at hs
X_intersect 34 = @2 + EhZ + (hs - 0) / slope 34

# Plotting
# Plotting the vertical line
Plt'PIOt([ol 0]/ [01 h]l 'k__')

# Marking point 3
plt.plot (o2 + , 0, 'ro'")
plt.text (o2 + , 0, 'o_Ed', verticalalignment='top')

# Marking point 4
plt.plot (o2, hs/2, 'ro')
plt.text (o2, hs/2, 'o_i,t(c)', verticalalignment='bottom')

# Drawing the line connecting points 3 and 4
plt.plot([o2 + [om2, x_intersect 34], [0, hs], 'g-')

# Drawing the horizontal line
plt.plot([-355, 355], [hs, hs], 'k--")

# Setting plot limits and labels

plt.x1im(-300, 300) # Set the same limits for both axes
plt.ylim(-50, h+50) # Set the same limits for both axes
plt.xlabel('c Steel')

plt.ylabel('h')

plt.title('Stress plot Steel part')
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# Displaying the plot
plt.grid(True)
plt.show()

# Calculate the slope of the line passing through points 1 and 2
slope = (al + zy - h) / qgl —latt)

# Calculate the x-coordinate of the intersection point with the
horizontal line at hs
x_intersect = (hs - (al+zy)) / slope +|@1

# Plotting
# Plotting the vertical line
Plt'PIOt([OI 0]/ [01 h], 'k__')

# Marking point 1
plt.plot(-jojtt, h, 'ro')
plt.text(-jott, h, 'o m,y,d', verticalalignment='bottom')

# Marking point 2
plt.plot(-jofl, al+zy, 'ro')
plt.text(-jol, al+zy, 'o_i,t(c)', verticalalignment='bottom')

# Drawing the line connecting points 1 and 2
plt.plot([ﬂgtt, -x_intersect], [h, hs], 'b-"')

# Drawing the horizontal line
plt.plot([-10, 10], [hs, hs], 'k--")

# Setting plot limits and labels
plt.xlabel('c Timber')
plt.ylabel('h')

plt.title('Stress plot timber part')

# Displaying the plot

plt.grid(True)
plt.show()
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D.2 Optimized Composite Floor System

$matplotlib inline

import numpy as np

import matplotlib.pyplot as plt

import math

from scipy.interpolate import CubicSpline
pi = math.pi

# Function to format a large number

def format large number (number) :
order = math.floor (math.logl0 (number))
rounded = round (number / 10**order, 2)
return f"{rounded}e{order}"

#input box
# Beam/Floor input
1

= 12000 # Length in mm
280 # Spacing in mm

s

# pre-loaded demoutable shear connectors (pair)
K = 133500 # (N/mm)

#CLT floor C24:

E mean = 11000

b = 3000 #floor span in mm

I floor = 6.1 * 10**7 # secound moment of area mm"4

EI floor = I_floor * E mean # floor's bending stiffness
perpendicular to the composite beam

# Steel input s355

E2 = 210000 # Young's modulus in MPa (N/mm"2)

bf = 177.9 # Width of steel flange in mm

hf = 12.8 # Height of steel flange in mm

bw = 7.9 # Width of steel web in mm

hw = 380.8 # Height of steel web in mm

Af = bf * hf # Cross-sectional area of steel flange in mm*2
Aw = bw * hw # Cross-sectional area of steel web in mm"*2

hs = hf * 2 + hw # the steel profile height

A steel = Af * 2 + Aw

# Timber composite component input C24

E eff = 7333 # Equivalent Young's modulus for the CLT in composite
beam in MPa (N/mm"*2)

hl = 120 # Height in mm

# Determining effective width

bl EC4 = 1/4

EA i = E mean * 2 * 40 # E mean * number of active layers *
thickness N/mm

GA xy = 690 * 120 # N/mm

bl EC5 = bf + 2* b * (0.5 - 0.35 * (b/1)**0.9 * (EA_i/GA xy)**0.45
)

bl = min(bl_EC4, bl_ECS) # the effective Width in mm
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Al = hl * bl # Cross-sectional area of CLT in mm*2

h = hl + hs # the totale height of composite beam

print (f"the totale height of composite beam {h} mm")
print (£f"the effective Width of composite beam {bl} mm")

# Create figure and axes
fig, ax = plt.subplots()

# Draw timber profile

timber x = [-bl/2, bl/2, bl/2, -bl/2, -bl/2]
timber y = [h, h, h-hl, h-hl, h]
ax.plot(timber x, timber y, 'b-', label='Timber')

# Draw steel profile

steel x = [-bf/2, bf/2, bf/2, bw/2, bw/2, -bw/2, -bw/2, -bf/2, -
bf/2]

steel y = [h-hl, h-hl, h-hl-hf, h-hl-hf, h-hl-hf-hw, h-hl-hf-hw, h-
hl-hf, h-hl-hf, h-hl]

ax.plot(steel_x, steel y, 'r-', label='Steel')

# Add bottom steel flange

bottom flange x = [-bf/2, bf/2, bf/2, -bf/2, -bf/2]
bottom flange y = [0, 0, hf, hf, 0]

ax.plot(bottom flange x, bottom flange y, 'r-')

# Set labels and title

ax.set xlabel ('Width (mm) ')

ax.set _ylabel ('Height (mm) ')

ax.set title('Cross-section of Composite Beam')

# Set aspect ratio
ax.set _aspect('equal',6 adjustable='box')

# Add legend
ax.legend()

# Show plot

plt.grid(True)
plt.show()

#ULS
print ("\nULS:")
#Gamma method in ULS

pl = (pi**2 * E eff * AL * s) / (K * 1%*2)
gammal = 1 / (1 + pl)

zy = ((gammal * E eff * Al * (hl / 2 + hf * 2 + hw) +
E2 * Af * (hf / 2 + hw + hf) +
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E2 * Aw * (hw / 2 + hf) +

E2 * Af * (hf£/2)) /

(gammal * E eff * Al + E2 * (Af * 2 + Aw))) # Neutral
axis position from the bottom of the whole cross-section
al =hl / 2 + hf * 2 + hw - zy # Distance from the center of
gravity of CLT to the the neutral axis
a2tf = hf / 2 + hw + hf - zy # Distance from the center of gravity
of steel top flange to the the neutral axis
a2w = zy - hf - hw / 2 # Distance from the center of gravity of
steel web to the the neutral axis
a2bf = zy - hf / 2 # Distance from the center of gravity of steel
bottom flange to the the neutral axis

EIeff = (E_ eff * (bl * hl**3 / 12 + gammal * Al * al**2) +
E2 * (bf * hf**3 / 12 + Af * a2tf**2 + bw * hw**3 / 12
+ Aw * a2w**2 + bf * hf**3 / 12 + Af * a2bf**2))

#Composite Beam Design:

print("\nResults Composite beam:")

print (£f"gammal: {gammal:.2f}")

print (f"EI_eff = {format_ large number (EIeff)} N*mm"2")

q_ULS beam = 17.8 # kN/m
Ml = 1/8 * q ULS_beam * 1**2 # Moment at mid span in N*mm
Vmax = q ULS beam * 1 / 2 # Shear force at support point in N

# Stress in Steel
2 = M1l * E2 * a2w / EIeff # Stress at the center of gravity
= M1l * E2 * (hf+hw+hf) / 2 / EIeff
sb = @2 + EhZ # Stress at the outer bottom fibers

print("Stress in Steel:")

print(f"o outer bottom fiber of steel profile at the mid span
position: {osb:.2f} MPa")

print (f"o_max steel = {355} MPa")

print (£"UC = {osb/355:.1f}")

# Stress in Timber
@1 = Ml * gammal * E eff * al / EIeff # Stress at the center of
gravity

1 =M1 * E eff * hl / 2 / EIeff
E$t= @1+ Ehl # Stress at the outer fibers of the timber
ELmax_timber =1%* 0.5 * 24 / 1.3 # k(sys) * k(mod) * fm / gamma (m)
F = Vmax * gammal * E eff * Al * al * s / EIeff / 2 # Force per
fasterner

print ("\nStress in Timber:")

print(f"o outer top fibers of CLT at the mid span position:
{ott:.2£f} MPa")

print(f"oc_max timber = {o_max timber:.1f} MPa")

print (£"UC = {ott/c_max timber:.1£f}")

#Joint load

print ("\nJoint load check:")
print (£"F joint: {F/1000:.2f} kN < 30")
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#Floor Design:

Q ULS = 5.7 # kN/m*2

M2 = 1/8 * Q ULS * b**2 # Moment at mid span in N*mm
# Stress in Timber

ELﬁloor =M2 / I floor * (hl /2) # N/mm*2

print("\nResults CLT floor:")

print (f"Stress CLT floor: {o_floor:.1f} MPa")
print (f"o_max timber = {o_max timber:.1f} MPa")
print (£"UC = {o_floor/c_max_ timber:.1f}")

#SLsS
print ("\nSLS:")

#Gamma method in SLS

# Creep impact

k def = 0.6

E fin E eff / (1+k_def)
K fin K / (1+k_def)

pl = (pi**2 * E fin * Al * s) / (K_fin * 1%%*2)
gammal = 1 / (1 + pl)

zy = ((gammal * E fin * A1 * (hl / 2 + hf * 2 + hw) +

E2 * Af * (hf / 2 + hw + hf) +

E2 * Aw * (hw / 2 + hf) +

E2 * Af * (hf£/2)) /

(gammal * E_fin * Al + E2 * (Af * 2 + Aw))) # Neutral
axis position from the bottom of the whole cross-section
al =hl / 2 + hf * 2 + hw - zy # Distance from the center of
gravity of CLT to the the neutral axis
a2tf = hf / 2 + hw + hf - zy # Distance from the center of gravity
of steel top flange to the the neutral axis
a2w = zy - hf - hw / 2 # Distance from the center of gravity of
steel web to the the neutral axis
a2bf = zy - hf / 2 # Distance from the center of gravity of steel
bottom flange to the the neutral axis

EIeff = (E_fin * (bl * hl**3 / 12 + gammal * Al * al**2) +
E2 * (bf * hf**3 / 12 + Af * a2tf**2 + bw * hw**3 / 12
+ Aw * a2w**2 + bf * hf**3 / 12 + Af * a2bf**2))

#Composite Beam Design:

print ("\nResults Composite beam:")

print (f"gammal: {gammal:.2f}")

print (f"EI_eff fin = {format_large number (EIeff)} N*mm"2")
q_SLS_beam = 12 # kN/m

#Deflection check

w_max = 1/250

wl = (5/384 * q SLS beam * (1)**4) / Eleff # Deflection in mm
print (f"w_beam = {wl:.1f} mm")
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print (f"w_max = {w_max:.1f} mm")
print (£"UC = {wl/w_max:.1£f}")

#Floor Design:

print("\nResults CLT floor:")

EI floor fin = EI_floor / (l+k_def)

print (f"EI_floor fin: {format_ large number (EI_floor fin)} N*mm"2")

#Deflection check

Q SLS = 3.8 # kN/m*2

w_floor max = b/250

w_floor = 5/384 * Q SLS * (b)**4 / EI_floor fin
print (f"w_floor = {w_floor:.1f} mm")

print (f"w_max floor = {w_floor max} mm")

print (£"UC = {w_floor/w_floor max:.l1f}")

print ("\nULS loads:")
print (£"Q ULS = {Q ULS:.2f} kN/mm*2" )
print (f"q ULS _beam = {q_ULS_beam} kN/m")

print ("\nSLS loads:")
print (£"Q SLS = {Q_SLS:.2f} kN/mm*2" )
print (f"q_SLS beam = {q_SLS_beam} kN/m")

# Calculate the slope of the line connecting points 3 and 4

slope_34 = (hs/2 - 0) / (o2 - (o2 + [om2))

# Calculate the x-coordinate of the intersection point with the
horizontal line at hs
X_intersect 34 =[§2 + Ehﬁ + (hs - 0) / slope 34

# Plotting
# Plotting the vertical line
Plt'PIOt([ol 0]/ [01 h]l 'k__')

# Marking point 3
plt.plot (o2 + [om2, 0, 'ro')
plt.text(§2 + Eh&, 0, 'o_Ed', verticalalignment='top')

# Marking point 4
plt.plot (o2, hs/2, 'ro')
plt.text (o2, hs/2, 'o_i,t(c)', verticalalignment='bottom')

# Drawing the line connecting points 3 and 4
plt.plot([o2 + [om2, x_intersect 34], [0, hs], 'g-')

# Drawing the horizontal line
plt.plot([-355, 355], [hs, hs], 'k--")

# Setting plot limits and labels

plt.x1im(-300, 300) # Set the same limits for both axes
plt.ylim(-50, h+50) # Set the same limits for both axes
plt.xlabel('c Steel')

plt.ylabel('h')
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plt.title('Stress plot Steel part')

# Displaying the plot
plt.grid(True)
plt.show()

# Calculate the slope of the line passing through points 1 and 2
slope = (al + zy - h) / qgl —latt)

# Calculate the x-coordinate of the intersection point with the
horizontal line at hs
x_intersect = (hs - (al+zy)) / slope +|@1

# Plotting
# Plotting the vertical line
plt.plot ([0, O], [0, h], 'k--")

# Marking point 1
plt.plot(-jojtt, h, 'ro')
plt.text(-jott, h, 'o m,y,d', verticalalignment='bottom')

# Marking point 2
plt.plot(-jofl, al+zy, 'ro')
plt.text(-jol, al+zy, 'o_i,t(c)', verticalalignment='bottom')

# Drawing the line connecting points 1 and 2
plt.plot([ﬂgtt, -x_intersect], [h, hs], 'b-"')

# Drawing the horizontal line
plt.plot([-10, 10], [hs, hs], 'k--")

# Setting plot limits and labels
plt.xlabel('c Timber')
plt.ylabel('h')

plt.title('Stress plot timber part')

# Displaying the plot
plt.grid(True)
plt.show()

# Calculate the slope of the line connecting points 3 and 4
slope_34 = (hs/2 - 0) / (o2 - (o2 + [om2))

# Calculate the x-coordinate of the intersection point with the
horizontal line at hs
x_intersect_ 34 =|§2 + Eh& + (hs - 0) / slope 34

# Plotting
plt.figure(figsize=(18, 10))

# Plotting the vertical line
plt.plot ([0, 0], [0, h], 'k--")

# Marking point 1

plt.plot(—@tt, h, 'ro')
plt.text(ﬂﬂtt, h, 'om,y,d', verticalalignment='bottom')
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# Marking point 2
plt.plot(-jojl, al+zy, 'ro')
plt.text(-jol, al+zy, 'o_i,t(c)', verticalalignment='bottom')

# Drawing the line connecting points 1 and 2
plt.plot([{ﬂtt, -x_intersect], [h, hs], 'b-"')

# Marking point 3
plt.plot(o2 + [om2, 0, 'ro’)
plt.text(EZ + Ehﬂ, 0, 'o_Ed', verticalalignment='top')

# Marking point 4
plt.plot(o2, hs/2, 'ro')
plt.text(lo)2, hs/2, 'o_i,t(c)', verticalalignment='bottom')

# Drawing the line connecting points 3 and 4
plt.plot(ﬂﬂZ + Eﬁa, x_intersect 34], [0, hs], 'g-'")

# Drawing the horizontal line
plt.plot([-355, 355], [hs, hs], 'k--"')

# Setting plot limits and labels

plt.x1im(-320, 320) # Set the same limits for both axes
plt.ylim(-20, h+20) # Set the same limits for both axes
plt.xlabel('c [Mpa]')

plt.ylabel('h [mm]"')

plt.title('Stress plot along the composite cross-section')

# Displaying the plot
plt.grid(True)
plt.show()

#ULS
# Determining the spacing between shear connectors

# Initialize lists to store w, Q2, s, and Fjoint
Q2 values = []

s_values = []

Fjoint values = []

# Iterate over increasing values of Q2 and s
for s in range (100, 601, 10): # Iterate over Q2
for Q2 int in range(l, 10000): # Iterate over s
Q2 = Q2 int /100
# Calculations
pl = (np.pi**2 * E eff * Al * s) / (K * 1*%*2)
gammal = 1 / (1 + pl)

zy = ((gammal * E eff * AL * (hl / 2 + hf * 2 + hw) +
E2 * Af * (hf / 2 + hw + hf) +
E2 * Aw * (hw / 2 + hf) +
E2 * Af * (hf£/2)) /

(gammal * E eff * Al + E2 * (Af * 2 + Aw)))

al hl1 / 2 + hf * 2 + hw - zy
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a2tf = hf / 2 + hw + hf - zy
a2w = zy - hf - hw / 2
a2bf = zy - hf / 2

EIeff = (E_eff * (bl * hl**3 / 12 + gammal * Al * al**2) +
E2 * (bf * hf**3 / 12 + Af * a2tf**2 + bw * hw**3

/ 12 + Aw * a2w**2 + bf * hf**3 / 12 + Af * a2bf**2))

w2 = (5/384 * Q2 * (l)**4) / EIeff # Deflection in mm

M=1/8 * Q2 * 1**2 # Moment at mid span in N*mm
Vmax = Q2 * 1 / 2 # Shear force at support point in N

2 =M * E2 * a2w / EIeff
= M * E2 * (hf+hw+hf) / 2 / EIleff
@sb = @2 + Eh2 # Stress at the outer fibers
F = Vmax * gammal * E eff * Al * al * s / EIeff / 2 # Force

per fasterner

# Break if Fjoint exceeds 30000

if F > 30000:
#print (£f"F joint: (F:.2f}")
#print (£"Q2: {Q2}, s: {s}")
Q2 values.append (Q2)
s_values.append(s)
Fjoint_values.append (F)
break

# Plotting

plt.figure(figsize=(10, 6))

plt.plot(s_values, Q2 values, '-', label='Fjoint = 30 kN')
plt.axhline (y=q ULS beam, color='red',6 1label='q design beam ULS',

linestyl

e=l__l)

plt.xlabel('s (mm)')
plt.ylabel('q (kN/mm)')

plt.lege

nd ()

plt.grid(True)
plt.show()

#SLS

# Determining the spacing between shear connectors

# Initialize lists to store w, Q2, s, and Fjoint

Q2 value
s_values

s = []
=[]

Fjoint values = []

# Iterate over increasing values of Q2 and s

for s in
for

range (100, 601, 10): # Iterate over Q2
Q2 int in range(l, 10000): # Iterate over s
Q2 = Q2 int /100
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# Calculations

k_def = 0.6

E_fin = E_eff / (1+k_def)
K_fin = K / (1+k_def)

pl = (pi**2 * E fin * Al * s) / (K_fin * 1%%*2)
gammal = 1 / (1 + pl)

zy = ((gammal * E fin * A1 * (hl / 2 + hf * 2 + hw) +
E2 * Af * (hf / 2 + hw + hf) +
E2 * Aw * (hw / 2 + hf) +
E2 * Af * (hf£/2)) /
(gammal * E fin * Al + E2 * (Af * 2 + Aw))) #
Neutral axis position from the bottom of the whole cross-section

al =hl / 2 + hf * 2 + hw - zy # Distance from the center
of gravity of CLT to the the neutral axis

a2tf = hf / 2 + hw + hf - zy # Distance from the center of
gravity of steel top flange to the the neutral axis

a2w = zy - hf - hw / 2 # Distance from the center of
gravity of steel web to the the neutral axis

a2bf = zy - hf / 2 # Distance from the center of gravity of
steel bottom flange to the the neutral axis

EIeff = (E_fin * (bl * hl**3 / 12 + gammal * Al * al**2) +
E2 * (bf * hf**3 / 12 + Af * a2tf**2 + bw *
hw**3 / 12 + Aw * a2w**2 + bf * hf**3 / 12 + Af * a2bf**2))

w2 = (5/384 * Q2 * (1l)**4) / EIeff # Deflection in mm

M=1/8 * Q2 * 1**2 # Moment at mid span in N*mm
Vmax = Q2 * 1 / 2 # Shear force at support point in N

2 =M * E2 * a2w / EIeff
=M * E2 * (hf+hw+hf) / 2 / EIeff
sb = @2 + EhZ # Stress at the outer fibers
F = Vmax * gammal * E eff * A1l * al * s / EIeff / 2 # Force
per fasterner -

# Break if Fjoint exceeds 30000
if F > 30000:
#print (£f"F joint: {(F:.2f}")
#print (£"Q2: {Q2}, s: {s}")
Q2 values.append (Q2)
s_values.append(s)
Fjoint values.append (F)

break
# Plotting
plt.figure(figsize=(10, 6))
plt.plot(s_values, Q2 values, '-', label='Fjoint = 30 kN')
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plt.axhline (y=q_SLS beam, color='green',
label='qg design_beam SLS', linestyle='--"')
plt.xlabel('s (mm)"')

plt.ylabel('q (kN/mm) ')

plt.legend()

plt.grid(True)

plt.show()
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