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Steel-Timber Composite Beams as an Alternative to Conventional Steel and Glulam
A Structural and Sustainability Assessment

DIMITRIOS CHRISTOS KARYDAS

RASHID MOHSEN

Department of Architecture and Civil Engineering

Chalmers University of Technology

Abstract

Steel and timber can be combined into hybrid structural elements known as steel-
timber composite (STC) beams, offering improved structural performance while
reducing embodied carbon and cost compared to conventional alternatives. Despite
their potential, no dedicated Eurocode provisions currently exist for STC beam de-
sign, limiting their adoption in practice and motivating the need for further research.

This study investigates two STC configurations: STC-1, consisting of a steel HEA
section with a glulam element positioned above the top flange, and STC-2, a glu-
lam beam reinforced with a steel plate on its bottom surface. Both configurations
are designed using Newmark’s partial-interaction theory and optimized through a
parameter sweep in MATLAB, in which Life Cycle Assessment(LCA) and Life Cy-
cle Cost (LCC) analyses are performed on the candidate configurations to obtain
their COy emission and cost performance, with a Marginal Abatement Cost (MAC)
framework subsequently applied as the selection criterion. The optimized STC con-
figurations are then compared against pure steel and pure glulam reference beams.
LCA and LCC analyses are conducted across span lengths ranging from 3 m to
12 m, with nonlinear finite element simulations in Abaqus being performed for two
representative spans of 7 m and 12 m under office and shopping mall load cases.

Results show that STC beams can offer environmental and economic advantages
beyond a threshold span length, with STC-1 achieving CO5 reductions of up to 20%
relative to the steel reference beyond approximately 5 m, while STC-2 reduces cost
up to 30% compared to the glulam reference beyond approximately 9 m. Finite el-
ement analysis confirms that both configurations exhibit ductile behavior governed
by steel yielding, with failure modes and load-displacement responses varying be-
tween configurations and span lengths. These findings demonstrate that Newmark’s
partial-interaction theory provides a viable design basis for STC beams in the ab-
sence of dedicated Eurocodes.

Keywords: Steel-timber composites (STC), Partial interaction, Newmark method,
Life cycle assessment (LCA), Life cycle cost (LCC), Marginal Abatement Cost
(MAC), Eurocode, Finite element analysis (FEA).
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Sammanfattning

Stal och trd kan kombineras till hybrida barande element, kdnda som stal-tra-
kompositbalkar (STC), vilket ger forbéattrad strukturell prestanda samtidigt som
inbdddat koldioxidavtryck och kostnad minskar jamfort med konventionella alter-
nativ. Trots denna potential saknas i dagslédget specifika Eurokod-bestdammelser for
dimensionering av STC-balkar, vilket begriansar deras anvindning i praktiken och
motiverar behovet av vidare forskning.

Denna studie undersoker tva STC-konfigurationer: STC-1, som bestar av en stal-
HEA-profil med ett limtrédelement placerat ovanfor den 6vre flinsen, och STC-2,
en limtrabalk forstdrkt med en stalplat pa dess undersida. Bada konfigurationerna
dimensioneras med hjélp av Newmarks teori for partiell samverkan och optimeras
genom en parametersvep i MATLAB, dar livscykelanalys (LCA) och livscykelkost-
nadsanalys (LCC) utfors pa de framtagna konfigurationerna for att erhalla de-
ras koldioxidutslapp och kostnadsprestanda, varpa ett ramverk for marginell ut-
slappsminskningskostnad (MAC) déarefter tillimpas som urvalskriterium. De opti-
merade STC-konfigurationerna jamfors sedan mot referensbalkar av rent stal och
rent limtrd. LCA- och LCC-analyser utfors éver spannlangder fran 3 m till 12
m, med olinjara finita-elementsimuleringar i Abaqus utforda for tva representativa
spannlédngder, 7 m och 12 m, under lastfallen kontor och kopcentrum.

Resultaten visar att STC-balkar kan erbjuda miljoméssiga och ekonomiska forde-
lar bortom en viss troskelspannléngd, dar STC-1 uppnar koldioxidminskningar pa
upp till 20 % relativt stalreferensen bortom cirka 5 m, medan STC-2 minskar kost-
naden med upp till 30 % jamfort med limtrareferensen bortom cirka 9 m. Finita-
elementanalysen bekriftar att bada konfigurationerna uppvisar ett segt beteende
styrt av stalets plasticering, dar brottmoder och last-forskjutningssamband varierar
mellan konfigurationerna och spannléngderna. Dessa resultat visar att Newmarks
teori for partiell samverkan utgér en anvindbar dimensioneringsgrund for STC-
balkar i avsaknad av specifika Eurokoder.

Nyckelord: Stél-tra-kompositer (STC), Partiell samverkan, Newmarks metod, Livs-
cykelanalys (LCA), Livscykelkostnad (LCC), Marginell utsldppsminskningskostnad
(MAC), Eurokod, Finita elementmetoden (FEA)

vi



Acknowledgements

This master’s thesis was conducted at Chalmers University of Technology during
the spring semester of 2026 and comprises 30 credits. The report is written at the
Department of Architecture and Civil Engineering and investigates how steel and
timber can be combined to form composite beam elements, evaluating their mechan-
ical, environmental, and economic performance.

We would like to deeply thank our supervisor, Yutaka Goto, and our examiner, Mah-
bube Subhani, for their tremendous support and guidance throughout this project.
Their expertise has been essential to the completion of this thesis.

Dimitrios Christos Karydas & Rashid Mohsen, Gothenburg, June 2026

vii






List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in

alphabetical order:

CLT
EPD
FEA
GA
GWP
LCA
LCC
LCCA
LCI
LTB
MAC
PUR
STC

Cross-Laminated Timber
Environmental Product Declaration
Finite Element Analysis
Genetic Algorithm

Global Warming Potential
Life Cycle Assessment
Life Cycle Cost

Life Cycle Cost Analysis
Life Cycle Inventory
Lateral Torsional Buckling
Marginal Abatement Cost
Polyurethane
Steel-Timber Composite

ix






Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Roman letters — uppercase
A, Cross-sectional area of steel beam
Ay Cross-sectional area of timber element
C Total cost
Cino Initial investment cost
Crnat Material procurement cost
Ctap Fabrication cost
Clirans Transportation cost
Clonst Construction and installation cost
E Total embodied carbon
E, Elastic modulus of steel
B, Elastic modulus of timber
Ey, FEy, E3 Direction-dependent elastic moduli of glulam
El Full-interaction flexural stiffness of composite section
YEI Sum of individual flexural stiffnesses
EA Composite axial stiffness
Fonr Longitudinal shear force
Fy ra Design shear resistance of a single connector
G2, Gi3, Gog Shear moduli of glulam
1 Second moment of area of steel beam
Is¢ Effective second moment of area
K, Connector stiffness per unit length
Koo, Slip modulus at serviceability limit state

X1



K, Slip modulus at ultimate limit state

L Beam span length

Ly Connector spacing

M Total bending moment

My, My Bending moments in steel and timber elements

Ni, Ny Axial forces in steel and timber elements

P, Active power of load demand

Vi fuli Longitudinal shear force at full interaction
Roman letters — lowercase

ag Unit longitudinal flexibility of shear connection

ay Passive slip strain coefficient

as Active slip strain coefficient

a4 Unit slip curvature

by Flange width of steel section

b, Timber width

fed Design compressive strength of timber

fima Design bending strength of timber

Jya Design yield strength of steel

h1, ho Distances from element centroids to interface

hg Total height of steel section

hy Timber depth

n Modular ratio (Es/Ey)

Nopr.min Minimum number of connectors per row

Nrows Number of connector rows

q Uniformly distributed load

S Interface slip

v Deflection

YN A Elastic neutral axis position

Zg CO4 emission factor for steel

2 COg emission factor for glulam
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Greek letters — uppercase

At Time discretization step
Greek letters — lowercase

€1, €9 Interface strains in steel and timber elements

Eslp Slip strain

n Degree of shear connection

~ Partial interaction factor

K Curvature

A Characteristic slip parameter

V12, 13, Vo3 Poisson’s ratios of glulam

Pt Characteristic density of timber

Ps Characteristic density of steel

Os,Ed Design bending stress in steel

Ot.Ed Design bending stress in timber
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1

Introduction

1.1 Background

The construction sector is a major driver of global greenhouse gas emissions, ac-
counting for approximately 38% of the global total and around 40% of global energy
consumption [1]. This has placed the industry under increasing pressure from in-
ternational agreements such as the Paris Agreement and the Kyoto Protocol [2]. In
2022, the Swedish National Board of Housing, Building and Planning (Boverket)
reported total emissions from the sector of 17.7 million tonnes of COy equivalents,
including imported materials, while domestic construction and real estate activities
accounted for 10.8 million tonnes (22.1% of Sweden’s total emissions). As illustrated
in Figure 1.1, these emissions arise from new construction, renovation, real estate
management and building heating [3].

Miljoner ton
COZE
25
20 Uppvarmning
15 m Fastighetsférvaltning
10 ®m Renovering, om- och
1 tillbyggnad
5 m Nybyggnad
0
0 ® O ~ N9 5 1D © M~ 0 O O — N
[ I e R e N NN
o O O O O O O O O O O O O O O
(o Y B A At At I A A I A |

Figure 1.1: Total greenhouse gas emissions from the construction and real estate
sector by sub-sector, 2008-2022 [3].

A significant share of the impact is linked to concrete, the world’s most widely used
construction material, whose footprint is largely driven by cement production, an
energy intensive process that emits substantial COy through both fuel combustion
and chemical calcination. In a Swedish context, cement production plays a central
role in these emissions. In 2020, 2.8 million tonnes of cement were produced in
Sweden, resulting in approximately 1.9 million tonnes of COs emissions from the
country’s two cement plants. Around 90% of the cement used domestically is pro-
duced within Sweden, while the remaining share is imported from nearby European
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countries [4].

Reducing reliance on conventional concrete is a central challenge for the industry,
especially given Sweden’s climate targets. The Swedish Environmental Protection
Agency (Naturvardsverket) mandates that the nation reach net-zero emissions by
2045, followed by negative emissions [2]. However, current trends show that re-
ductions are not happening fast enough [5]. This gap underscores the need for
transformative shifts in construction practices rather than minor adjustments, re-
quiring new materials and methods that align with national sustainability goals [2].

In response to these challenges, engineered wood products such as glued laminated
timber (glulam) and cross-laminated timber (CLT) have gained considerable at-
tention over the recent decades, enabling the construction of multi-story timber
buildings to increase [6]. Timber is a renewable material, has low embodied energy,
and stores carbon throughout its lifecycle, allowing timber structures to achieve sig-
nificantly lower carbon footprints than steel or reinforced concrete [7]. Despite these
advantages, timber also exhibits inherent limitations arising from its natural char-
acteristics. As an anisotropic material, timber generally possesses lower stiffness,
strength and durability compared with conventional structural materials. Conse-
quently, its application in structural components requiring long service lives, high
load-bearing capacities, or strict deflection control is often restricted [8].

To overcome these structural restrictions while maintaining sustainability objec-
tives, steel-timber composite (STC) systems have gained increasing attention in
recent years. By combining the high strength and stiffness of steel with the low em-
bodied carbon and high strength-to-weight ratio of timber, STC systems can exploit
the complementary properties of both materials [9]. This composite approach offers
the potential to reduce material consumption and greenhouse gas emissions while
maintaining high structural efficiency. However, achieving this potential requires
careful design and detailing, as the overall performance of STC systems is strongly
influenced by the distinct material properties of steel and timber, the characteristics
of their connections, and long-term durability considerations [10].

Another restriction is the lack of a unified Eurocode framework for STC systems.
Unlike steel-concrete composites, which have been used and codified for decades,
STC systems are relatively new, and the complex behavior of their connections
makes the standardization difficult. This lack of design standards creates uncer-
tainty and makes it harder for STC systems to be widely used in practice [10].
Therefore, alternative analytical methods need to be applied to design these com-
posite beams. One such method is the Newmark partial interaction theory, first
proposed by Newmark et al. [11] in 1951 for steel-concrete composite beams. This
method accounts for the composite action between two materials, capturing the rel-
ative displacement that occurs at their interface. Given the absence of a dedicated
design standard for STC systems, the applicability of this theory is of particular
interest.
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Ultimately, the suitability of a structural system cannot be judged on mechanical
performance alone. A design that is structurally sound and low-carbon may still be
impractical if it is cost prohibitive, and in many cases, systems designed to reduce
environmental impact are associated with higher financial costs [7]. Thus, there is
a need for a systematic evaluation that accounts for structural, environmental, and
economic performance simultaneously. By comparing various STC configurations
against conventional solutions using a genetic algorithm-based approach, this thesis
aims to identify the specific conditions under which these systems can effectively
reduce the carbon footprint while remaining economically feasible.

1.2 Aim

This research aims to evaluate steel-timber composite elements based on mechani-
cal performance, environmental impact, and cost-effectiveness, while identifying the
factors that influence their suitability for structural applications.

The research questions developed to achieve this aim are:

o Can existing generic mathematical theories, particularly the Newmark partial
interaction method, be used to model and design steel-timber composite beam
configurations in the absence of Eurocode guidance?

o How do steel-timber composite beam configurations compare with pure steel
and timber beams in terms of cost and COy emissions under varying spans and
load combinations, and what are the actual configuration designs to benefit
environmentally and economically?

o How do the load—displacement, stress distribution, and load—slip responses of
the designed steel-timber composite beams compare with conventional beams
under office and retail loading at selected spans, and what failure modes govern
each configuration?

1.3 Scope of the Study

This study focuses on two selected steel-timber composite beam systems, whose
structural efficiency is evaluated under short-term loading conditions only. Long-
term phenomena, such as creep and moisture-dependent effects in timber, as well as
relaxation and fatigue in steel, are not considered in the structural analysis.

In addition, the scope of this study is limited to numerical simulations performed
using Abaqus FEA, as no physical laboratory experiments were conducted. This
applies to both the validation of the Newmark partial interaction theory and the
detailed finite element analysis. Furthermore, the finite element analysis is consid-
ers only simply supported beams subjected to two load combinations and two span
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lengths, allowing for a clearer comparison of how these parameters influence the
overall structural behavior of the composite systems.

It should be noted that societal and ethical considerations fall outside the scope of
this study, as the research focuses primarily on numerical analysis and empirical
data. Instead, the investigation emphasized the ecological dimension, specifically
the LCA of the different systems, to evaluate and substantiate their potential to
reduce emissions.

In this study, the Life Cycle Assessment (LCA) follows the EN 15804 standard but
addresses only specific stages: modules A1-A3 (Product Stage), C3 (Waste Process-
ing), and D (Benefits and Loads Beyond the System Boundary) [12]).

The remaining stages are excluded from the system boundary based on specific
methodological choices. Transport and construction stages (A4-A5), as well as de-
construction and end-of-life transport (C1-C2), are omitted because they depend
heavily on project-specific locations and logistics. Excluding them avoids intro-
ducing highly uncertain variables into the component-level structural optimization.
Furthermore, the use stage (B1-B7) is excluded because structural elements function
as passive components that require no routine maintenance or operational resources.
Trying to predict these activities decades into the future is highly difficult and would
only introduce unnecessary, uncertain factors into the study.

For environmental indicators, only Global Warming Potential (GWP) is evaluated.
While this targets carbon emissions directly, it is a known limitation because it
misses potential trade-offs in other environmental areas, such as acidification or eu-
trophication.

To maintain consistency, the Life Cycle Costing (LCC) boundaries are harmonized
with the LCA scope. The economic optimization evaluates only the initial invest-
ment costs (A1-A3) and excludes speculative future costs during the use or demo-
lition phases. This ensures that both environmental and financial indicators are
optimized using identical, high-certainty data boundaries.

1.4 Use of Generative Al

ChatGPT was used to assist with grammar correction and sentence structuring.
Claude Al was also used to support the development of the genetic algorithm code
in MATLAB.
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Literature Review

This chapter presents the literature review that forms the foundation of the thesis
implementation. It begins with a brief overview of the mechanical properties of
timber and steel, followed by a discussion of various configurations for combining
these materials in composite systems. The chapter then examines different connec-
tion methods used to achieve composite action, as well as approaches for evaluating
the interaction between the materials. Because the number of possible combina-
tions of beam designs is large, a systematic optimization method is required. Thus,
the fundamental principles of genetic algorithms are introduced. The chapter con-

cludes with descriptions of life cycle assessment (LCA) and life cycle cost assessment
(LCCA).

2.1 Material Properties

Timber and steel are two materials widely used in construction, each offering dis-
tinct characteristics. Timber has a high strength-to-weight ratio and allows for short
construction times, making it an efficient structural material [13], [14]. Steel also
exhibits very high strength and is widely used in structural applications due to its
high ductility and stiffness, which allow it to support large spans [15]. By combining
steel and timber, the advantages of both materials can be utilized, enabling them
to act synergistically and achieve higher mechanical performance than components
made solely of timber or steel [14].

2.1.1 Timber

Timber is a material with significant potential to reduce the environmental im-
pact and energy demand of buildings. It is a renewable resource, possesses lower
embodied energy than most conventional construction materials, and is capable of
storing carbon, thereby contributing positively to the overall carbon footprint of a
building [7]. In addition, timber is lightweight and well suited for prefabrication,
enabling efficient manufacturing and assembly processes. In recent years, timber
has gained increasing attention and wider application in the construction industry,
largely driven by global efforts toward carbon neutrality and more sustainable build-
ing practices [16].

Nevertheless, timber presents several challenges due to its anisotropic nature. This
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means that its mechanical properties vary depending on the direction of loading,
as shown in Figure 2.1. As a result, the application of timber can be limited
in situations requiring strict deflection criteria, high load-bearing capacity, or long
service life [8]. These limitations stem from the material’s relatively low modulus of
elasticity, strength, and durability compared to steel or concrete. This consequently
exhibits a low stiffness and a greater susceptibility to excessive deflection [17].

tension o
bilinear

compression

proportionality limit

compression compression

B o e /] (d)

Figure 2.1: Stress-strain relationship under compression and tension parallel to
grain [18].

Despite these limitations, timber beams are increasingly being utilized in modern
structures with larger spans. One of the primary challenges associated with long-
span timber beams is satisfying the serviceability limit state (SLS), particularly in
terms of deflection and vibration performance. Beams with spans greater than 6 m
are generally classified as long-span beams and are often governed by SLS criteria
rather than ultimate strength capacity. Thus, controlling deflections becomes a key
consideration in the design of efficient and functional timber structural systems [17].

To address the inherent limitations of timber, several reinforcement techniques have
been developed to enhance its structural performance. It has been shown that such
reinforcement methods can provide significant benefits. Harrach et al. [19] investi-
gated the effect of applying carbon fiber reinforced polymer (CFRP) to the tension
side of timber beams and evaluated its influence on the overall structural behavior.
The results demonstrated that the use of a material with high tensile strength can
significantly improve beam performance by transferring tensile stresses away from
the timber, thereby allowing the compression zone of the beam to yield more effec-
tively.

Another reinforcement approach involves the use of internal steel rods, placed on the

tension side of the timber beam in a similar manner to steel reinforcement in con-
crete structures. This technique limits crack propagation and local rupture, and has

6
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been shown to increase both stiffness and strength, depending on the reinforcement
ratio. Steel plates, inserted either vertically or horizontally within the timber cross-
section, represent a further reinforcement option. Compared to unreinforced timber
beams, which typically exhibit brittle failure, steel-plated beams demonstrated a
more ductile failure behavior, with no observed delamination between the timber
and steel [20].

2.1.2 Steel

Steel is a manufactured alloy of iron and carbon that has been widely used as a
construction material in structures such as bridges and buildings. It offers an excep-
tionally high strength-to-weight ratio and significant ductility, enabling lightweight,
transparent and elegant structures with spatial flexibility and large openings. Un-
like timber, steel is an isotropic material, meaning its mechanical properties are
uniform in all directions, which makes its structural behavior highly predictable and
simplifies design. These properties make steel particularly well-suited to relatively
long-span applications, where its high tensile strength and elastic modulus allow
large spans to be achieved with slender, efficient members [16][21].

. F
(ultimate tensile
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Figure 2.2: Stress-strain relationship for steel [21].

However, one of the main challenges associated with steel is their susceptibility to
lateral torsional buckling (LTB), particularly in long-span beams and slender mem-
bers, where it often governs the design. Hassan & Johansson [22] investigated the
lateral torsional buckling behavior of steel beams and concluded that the resistance
to LTB decreases significantly with increasing span length, making longer beams
more vulnerable to this failure mode. Numerous studies have examined different
types of steel members, consistently identifying LTB as a common yet complex sta-
bility problem that must be carefully considered in structural design [23].

To mitigate lateral torsional buckling in steel beams, timber can be incorporated

effectively to provide lateral restraint and enhance the overall structural stability.
Yang et al. [8] studied the effectiveness of combining steel beams with timber and

7
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concluded that timber can efficiently limit buckling in steel and improve the struc-
tural stability depending on the configuration. However, the interface between the
two materials must be carefully designed, as the significant difference in stiffness
between steel and timber can lead to interface damage in composite elements if con-
nections are inadequate.

2.2 Configurations of Steel-Timber Members

Steel-timber composite members can be configured in several distinct ways, yet re-
search on their structural performance and possible applications remains limited
compared to timber-concrete and timber-timber systems [24]. More broadly, steel-
timber composites can be categorized into three principal configurations: timber-
encased steel sections, steel-encased timber sections, and adaptable multilayer steel-
timber systems [10]. This section outlines the principal configurations of steel-timber
composite members.

2.2.1 Integration Levels

Before the development of steel-timber composites at the element level, the two
materials were primarily combined at the system level. In such systems, steel and
timber are not mechanically connected to act compositely, instead, they function
independently while complementing each other to ensure structural safety and im-
prove overall performance. This approach proved particularly effective in addressing
common design challenges, such as long spans and significant vertical loads. Today;,
typical steel-timber hybrid systems consist of timber walls and floor assemblies com-
bined with steel load-bearing elements [25].

Another motivation for combining materials at the system level is to overcome height
limitations, which are often associated with timber structures. By integrating steel
and timber in a hybrid configuration, it becomes possible to achieve greater building
heights in an efficient manner. Consequently, the design of these structures remains
inherently conservative. This rigorous caution is largely due to the face that hybrid
systems do not yet benefit from the same clear, universal design guidelines that gov-
ern single-material construction. While hybrid structures at the system level have
proven effective in utilizing the complementary properties of steel and timber, the
full potential of steel-timber systems is realized when the materials are integrated
at the element level to act compositely [16].

In the past decade, increasing emphasis has been placed on replacing less sustainable
construction methods in response to the urgent need to reduce environmental impact
[10]. Among the proposed alternatives are steel-timber composites at the element
level, which offer significant potential for lowering the carbon footprint compared to
conventional construction systems. Numerous configurations of beams and columns
have been proposed and investigated through experimental studies and numerical

8
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simulations. For steel and timber, the cross-section is commonly formed by combin-
ing timber elements with steel H-sections or T-sections, although a wide variety of
configurations can be considered in the design [16]. Some possible component-level
configurations are illustrated in Figure 2.3.

Figure 2.3: Overview of possible cross-sectional configurations for STC beams [10].

2.2.2 Characteristics of Cross-Sectional Configurations

A major challenge associated with these composite systems is the significant dif-
ference in the mechanical and physical properties of the two materials. Steel is a
manufactured material with predictable properties and can be fully recycled after
use. In contrast, wood is a natural and renewable material whose stiffness and
strength vary depending on the direction of the grain. Therefore, these factors are
crucial in the design process and must be carefully considered and controlled when
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developing composite systems that combine these two materials [15].

Among the beneficial characteristics of timber-encased steel systems, Eldeib et al.
[10] identified improved buckling resistance, since steel elements are generally suscep-
tible to buckling instability. However, it should be noted that most existing research
on these configurations has primarily focused on columns rather than beam appli-
cations. Steel-encased timber configurations, on the other hand, have demonstrated
increased load-bearing capacity in beams. In these systems, the timber restrains the
steel element, thereby enhancing torsional stiffness and reducing the risk of local
steel buckling.

Nabati et al. [26] found that adaptable multilayer steel-timber systems can consid-
erably enhance the structural integrity of the system. When properly configured,
these systems can improve the ultimate deflection capacity, increase ductility and
stiffness, and reduce the risk of tensile rupture in the wood fibers through the rein-
forcement effect of the steel components. Ultimately, the durability of steel-timber
systems largely depends on the quality of the design, construction practices, and
material selection, as both steel and timber can achieve excellent durability when
properly designed and constructed [10].

Despite their promise and the encouraging results reported in literature, the prac-
tical implementation of steel-timber composite systems remains limited. This is
largely due to the current lack of comprehensive design codes and the relatively low
number of real-world applications, which constrains the development of technical
expertise in this field [27].

2.3 Connection Methods

Steel and timber can be connected to form composite members using two main
types of connection systems: mechanical fasteners, such as bolts and screws, or
adhesive bonding through chemical means [28]. As in all composite systems, the
connection between the two materials is crucial for ensuring effective interaction. A
well-designed connection enhances both the load-carrying capacity and the stiffness
of the beam compared to beams made solely of steel or timber [10]. The choice of
connection method must therefore be carefully matched to the requirements of the
specific composite system.

2.3.1 Mechanical Fasteners

Mechanical fasteners are widely used in timber engineering because they effectively
bridge longer beam spans and facilitate the development of larger joist cross-sections
[30]. Moreover, they are adhesive-free, cost-efficient, and enable the use of low-grade
timber that would otherwise be structurally insufficient on its own, contributing
to more sustainable and resource-efficient systems. By combining the advanta-

10
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geous properties of both materials, mechanically fastened steel-timber composites
can achieve improved structural performance compared with timber-timber sections,
with load-carrying capacity increasing by 3 to 4 times and stiffness by 3 to 6 times
on average [31].

Screws are widely used for connecting materials due to their high strength, ease of
installation, and practical applicability. They typically consist of threaded shafts
of varying sizes and lengths, which provide resistance to withdrawal forces. The
effectiveness of the withdrawal resistance depends on several factors, and studies
have shown that it increases with greater screw-driven depth and with an optimal
pilot hole diameter [32]. Furthermore, Yang et al. [8] found that when screws
are used as shear connectors, the stiffness of the composite beam can exceed that
achieved with bolts. This improvement is attributed to reduced slip at the interface,
as well as enhanced confinement between the connected materials.

75 ] Screw
\\
Timber
H-steel

Cross-section (amplified)

Figure 2.4: Typical screw shear connection in a STC beam [33].

Bolts are metallic connectors widely used in composite structures, as they provide
reliable connections and contribute to enhanced structural ductility. Unlike screws,
which transfer loads through thread engagement along their embedded length, the
load transfer and bearing capacity of bolts primarily depend on the bolt diameter
and the thickness of the connected members. An increase in either bolt diame-
ter or specimen thickness generally results in a higher bearing capacity [34]. In
addition, bolted connections facilitate disassembly, allowing for material recycling
and potential reuse without damaging the structural elements responsible to safety,
strength, and functionality. Such characteristics make bolted systems advantageous
in the context of circular construction, promoting improved sustainability resource
efficiency, and design flexibility [35].

11
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Steel tube

Steel

Figure 2.5: Typical bolt shear connection in a STC beam [33]

In addition to fastener type, the arrangement of shear connectors can also be defined
in multiple ways. One such configuration is presented in Figure 2.6. Yang et al.
[8] investigated the influence of connector spacing in steel-timber composite beams,
particularly with respect to bending performance. The findings indicate that closer
spacing between connectors can enhance load-carrying capacity, as the shear transfer
is improved when the connectors act more effectively in combination. Conversely,
increasing the spacing between connectors does not lead to a significant improvement
in load-carrying capacity. Overall, however, the influence of connector spacing is
relatively limited and should not be regarded as a governing factor in the overall
capacity of the beam [16].

Figure 2.6: Typical shear connection configuration in STC beams [29].

2.3.2 Design of Dowel-Type Connections

Mechanically fastened connections are typically designed according to Eurocode 5
(EN 1995-1-1), which treats timber-to-timber and steel-to-timber connections differ-
ently. Additionally, the number of shear planes per fastener is a critical parameter
in the design process. Johansen’s yield theory is used to calculate the load-carrying
capacity of the connector, depending on the number of shear planes and whether
the steel plate is considered thin or thick. This theory covers all metal dowel-type
fasteners, including bolts, dowels, nails, staples, and screws [46].

Eurocode 5 (EN 1995-1-1) specifies minimum spacing requirements, as well as end
and edge distances, depending on the type of fastener used. These requirements

12
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depend mainly on the fastener diameter and the angle between the force and the
grain direction. Other parameters are also considered when designing dowel-type
connections according to Eurocode 5, such as the withdrawal capacity, the density
of the timber, and the penetrations depth of the fastener. Once these parameters
are accounted for, the load-carrying capacity of a single fastener can be determined,
and subsequently the number of fasteners required to resist the shear force acting
on the connection [46].

2.3.3 Adhesive Connections

Adhesive bonding is a connection method that includes using chemical means to
connect the two different members, which can simplify the construction assembly
work. This technique is an advanced and modern approach used in the manufac-
turing process in the engineered wood products [8]. Common structural adhesives
used for steel-timber connections are epoxy and polyurethane (PUR), as they pro-
vide a strong bond between the materials and enhance the overall composite action.
Epoxy adhesives offer high strength but exhibit brittle behavior, while PUR adhe-
sives provide greater ductility, allowing for some load distribution before failure [36].

Gilbert et al. [9] reported that adhesive bonding can significantly enhance compos-
ite action, approaching near-full interaction between the connected materials. This
is beneficial, as steel-timber composite beams with near-full composite action can
achieve larger span-to-depth ratios due to the substantial improvements in strength,
stiffness, and overall robustness under high loads. This is supported by shear tests
conducted by Haase et al. [28], who investigated a connection consisting of a steel
plate sandwiched within a glulam element using structural adhesive. Their results
demonstrated that both stiffness and strength were superior to those of other connec-
tion configurations consisting of screws, with failure occurring in the timber rather
than at the adhesive interface.

However, the performance of adhesive connections is affected by moisture and tem-
perature variations and need to be used with caution. When adhesively bonded
systems are exposed to long-term climatic conditions, the environmental factors can
cause the timber to expand or contract in volume, potentially leading to failure in
the binder due to the high stresses that occur at the interface of the bonded ele-
ments. This results in decreased structural stability and is difficult to repair, as the
adhesive layer is not easily accessible once the beam is assembled [§].

2.3.4 Hybrid Connections

Beyond conventional mechanical and adhesive connections, new configurations have
been developed to enhance the shear performance at the connection interface. One
such approach involves combining screws with adhesives to improve both the bend-
ing capacity of the composite beam and the shear stiffness of the connection interface
[33]. Hassanieh et al. [37] investigated this configuration through push-out tests on
steel-timber composite beams connected using structural epoxy adhesive and coach
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screws, with the aim of evaluating failure modes and load-slip behavior. The results
indicated that near-full composite action can be achieved, and that the combination
of adhesive and mechanical fasteners promotes a more ductile response of the con-
nection.

Lin et al. [38] investigated shear connections using hybrid bonding, consisting of
both shear studs and epoxy mortar, in steel-concrete composite beams. The study
concluded that the interaction between the shear studs and the epoxy mortar pro-
vides a higher shear capacity than that of traditional connections using only stud
connectors. This improvement is attributed to the ability of the adhesive layer to
sustain shear loads prior to reaching the ultimate capacity of the specimen, as well
as its role in reducing stress concentrations in the studs by distributing stresses more
uniformly.

2.4 Composite Action

To achieve adequate structural integrity and performance in conventional composite
beams, the shear connection must be designed to ensure effective interaction between
the components. The shear connection provides the necessary linkage that enables
the materials to act compositely rather than independently, thereby enhancing the
overall stiffness and load-carrying capacity of the system [39]. Consequently, the
degree of composite action, which describes the extent to which the components
behave as a single unit, is a key factor governing the overall efficiency of the structure

[35].

2.4.1 Slip Modulus

Slip between two connected components is a phenomenon which occurs when a
semi-rigid system is laterally loaded, causing the connectors to deform and lead-
ing to displacements of the overall structure. Research into this phenomenon dates
back to the 1950s, when early studies examined how connector deformation influ-
ences the interaction between connected elements and governs slip behavior. These
approaches were generally founded on equilibrium analysis of an infinitesimal beam
segment. Despite differences in formulation, they led to comparable results, as they
were all based on the concept of partial interaction and assumed linear behavior of
the connectors [40].

Since the interaction and overall stiffness of a composite system are governed by the
stiffness of its connectors, the structural response is largely defined by the load-slip
relationship. In the initial stage, this relationship can be approximated as linear,
where the slope represents the slip modulus. Design provisions, such as those in
Eurocode 5 (EN 1995-1-1), are therefore based on this linear assumption when eval-
uating the stiffness of mechanically jointed beams. Within this framework, two slip
modulus values are defined: K., for serviceability limit state calculations and K,
for ultimate limit state calculations. Both parameters depend on factors such as

14
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wood density and fastener diameter, and are typically determined for loading par-
allel to the grain [40].

The slip modulus can also be determined using numerical and empirical approaches
that capture the inherently non-linear behavior of connectors. One common ex-
perimental method is the push-out test, from which empirical expressions for the
load-slip relationship can be derived [41]. In a push-out test, two slabs are con-
nected to a steel beam using mechanical fasteners and subjected to a compressive
load. This setup is designed to evaluate the performance of the connectors, which
are primarily subjected to direct shear forces. The test results provide valuable
data for quantifying the load-displacement relationship at the interface between the
connected materials [42].

Ultimately, the slip modulus is influenced not only by the stiffness properties of the
steel and wood, but also by the geometric characteristics of the connection, such as
the diameter of the fastener. The behavior of the connectors therefore plays a crucial
role in governing the distribution of internal forces between the components, includ-
ing shear forces and overall structural displacements. Consequently, an accurate
determination of the slip modulus is essential in the analysis of composite beams.
If it is not evaluated correctly, the resulting predictions of structural behavior may
be unreliable and lead to inefficient of unsafe designs [40].

2.4.2 Types of Composite Action

Composite systems are generally classified into three categories based on their struc-
tural behavior: full composite action, partial composite action, and non-composite
action. These categories describe the degree to which the interconnected components
act together as a single unit. Figure 2.7 shows how the strain distribution across
the beam cross-section changes with varying degrees of composite action, ranging
from a fully discontinuous profile under non-composite action to a continuous linear
profile under full composite action.
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Figure 2.7: Strain distribution for varying degrees of composite action in a beam
[43].
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A system is said to exhibit full composite action when the structural components
are connected by a sufficient number of adequately stiff shear connectors, such that
the system behaves essentially monolithically with negligible relative slip at the in-
terface [39]. Under this condition, the materials are utilized close to their maximum
structural capacity, and the failure mode is typically governed by the moment resis-
tance of the composite section rather than by the shear connection.

Partial composite action occurs when the shear connectors provided at the inter-
face are either insufficient in number or inadequate in stiffness to fully transfer the
longitudinal shear forces. In this state, measurable relative slip develops between
the components, and they no longer act as a single monolithic unit. The failure
of such systems is typically initiated by the shear connection reaching its limited

load-carrying capacity before the full bending resistance of the composite section
can be mobilized [39].

When two structural components are simply placed in contact without any mechan-
ical shear connectors, no reliable shear transfer occurs across the interface. Under
applied loading, the components act as independent elements and experience signifi-
cant relative slip. This condition is termed non-composite action (or zero composite
action) [39]. Although minimal shear transfer may occur through friction, this con-
tribution is unreliable and is conservatively neglected in design.

2.4.3 Shear Connection and Shear Interaction

To properly understand the categories of composite action, it is essential to distin-
guish between two related but conceptually distinct terms: shear connection and
shear interaction. Shear connection refers to the physical provision of fasteners and
is associated with the strength of the longitudinal shear connection [39]. The de-
gree of shear connection, denoted 7, is defined as the ratio of the number of shear
connectors provided to the number required to achieve full composite action [33].
A system with n > 1.0 is said to have full shear connection, whereas 0 < n < 1.0
corresponds to partial shear connection.

Shear interaction describes the resulting mechanical behavior at the interface and
is associated with the stiffness of the connection. Full shear interaction implies
the complete elimination of interfacial slip. This is an idealized condition that is
physically impossible due to connectors having finite stiffness and inherent flexibility,
resulting in some longitudinal slip at the interface as well as deformation of the
connectors themselves [39] [44]. Although shear connection and shear interaction are
governed by different parameters, both contribute to the overall degree of composite
action achieved in a beam.
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2.4.4 Partial-Interaction Theory for Composite Beams

The absence of a dedicated Eurocode design framework for steel-timber composite
beams presents challenges during the preliminary design stage. In particular, the
interaction behaviour between the steel beam and timber slab cannot be accurately
represented using conventional full-interaction beam theory, as relative slip occurs
at the interface between the connected elements. Full-interaction theory provides an
upper bound estimate of the stiffness and strength of composite beams. However, in
order to determine the actual structural response, it is necessary to account for the
slip behaviour of the shear connectors and the resulting partial interaction between
the connected elements [45].

Several analytical methods have been proposed for partial interaction analysis of
composite beams, including the Gamma method (y-method), Timoshenko-based
formulations, and Newmark’s theory. All three share the same fundamental prin-
ciple of modelling longitudinal slip at the interface between connected elements,
differing primarily in their kinematic assumptions and scope of application. The
Gamma method is codified in Annex B of Eurocode 5 for timber—timber systems,
while Timoshenko-based formulations incorporate shear deformation within each
layer, an effect that becomes negligible for members with high span-to-depth ra-
tios, where both methods converge to the same result [46],[47]. Newmark’s theory,
based on Euler-Bernoulli beam kinematics, provides closed-form solutions and is
not restricted to a specific material combination, requiring only the elastic moduli,
cross-sectional properties, and connector stiffness of the two components, making it
directly applicable to two-material composite systems beyond timber—timber con-
figurations, including steel-timber members [45]. Newmark’s theory is therefore
adopted in this study, as the Gamma method is limited to timber—timber systems
and Timoshenko-based formulations offer no practical advantage over Newmark’s
theory for the slender beam proportions investigated.

A partial-interaction formulation based on Newmark’s linear-elastic composite beam
theory was therefore adopted, further developed using the generalized derivation
presented by Wu et al. [45] for composite beam-column members. The method
accounts for the influence of connector slip on the structural response, capturing the
reduction in composite action caused by partial interaction and providing a more
realistic prediction of longitudinal shear transfer, interface slip, effective flexural
stiffness, and beam deflection compared with conventional full-interaction theory.
Although originally developed for steel-concrete composite systems, the theory is
generic and may be applied to steel-timber composite beams provided that the con-
nection behaviour can be represented using distributed elastic shear connectors. Its
applicability to the configurations investigated in this study is verified numerically
in Section 3.2.4.

The partial-interaction theory adopted in this study is based on the following as-
sumptions [45]:

1. All constituent materials behave linearly elastically.
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The interface strain in each element is given by:

. M1h1 B M2h2
T ED (ED)s

E9 =

(2.1)

. The cross-section is uniform along the member length.

All stiffness quantities meaning (ET);, (FA); and also the height h; are con-
stant along the member, yielding a governing differential equation with con-
stant coefficients and a closed-form solution.

. Bernoulli’s hypothesis applies independently to each element.
Strain varies linearly within each element. The curvature of each element is:
M, My

"TED, ~ (El) (2.2)

The strain profiles need not be continuous across the interface, which gives
rise to the slip strain ep,.

. Shear connectors are continuously and uniformly distributed.
The slip at any section is related to the longitudinal shear force by:
o Ls dF’shr dFﬁshr

= = 2.
K, dx o dz (2:3)

S

where ag = Ls/ K, is the unit longitudinal flexibility of the connection.

. No transverse separation occurs at the interface.
Both elements share the same curvature at every section. The slip strain is

therefore purely longitudinal:

ds

Eslp = €1 — &2 = _a

(2.4)

These assumptions allow the composite beam to be represented using a continuous
partial-interaction model, where the degree of composite action is governed by the
longitudinal slip occurring at the interface between the steel and timber components.
Based on the assumptions above, Wu et al. [45] derive the following differential

equations for the longitudinal shear force and deflection.
The governing equation for the Longitudinal Shear Force Fy,, is:

d?Fy,
ag dx;“ — a1 Py + axM(z) = 0 (2.5)
The governing equation for the lateral deflection v is:
d?v d*Fy.  M(x)
A2 = M2 T ORI (2:6)

The four constants appearing in these equations are defined as follows:
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L
o = 7 unit longitudinal flexibility of the shear connection  (2.7)
b
S ive slip strain coefficient (2.8)
0 = o spT passive slip strain coefficien :
hi+h
ag = 12—; 7 2 active slip strain coefficient (2.9)
hi+ hy) EA
as = (It ho) BA unit slip curvature (2.10)
EI
where the composite stiffness quantities are:
YEI = (EI) + (El)y (2.11)
L _ 1 (2.12)
EA~ (EA), T (BA) |
EI = SEI + EA (hy + hy)? (2.13)

Here E1 is the full-interaction flexural stiffness of the composite cross-section.

2.5 Genetic Algorithm

Optimization is a widely used concept that can be applied across many different
fields to solve complex problems and identify efficient or innovative solutions. In en-
gineering applications, optimization techniques are particularly valuable due to the
large and complex search spaces that often characterize design problems. Thus, evo-
lutionary algorithms have become some of the most commonly used and preferred
optimization methods. Among these evolutionary algorithms, genetic algorithms
account for more than half of the reported applications, demonstrating their signifi-
cant popularity and continued relevance despite the emergence of newer optimization
techniques [48].

2.5.1 Principle of a Genetic Algorithm

Genetic algorithms are computational models inspired by the principles of natural
evolution and selection. They are developed to solve specific problems by generating
and evaluating different combinations of possible solutions while retaining and re-
fining beneficial information throughout the optimization process. Although genetic
algorithms can be applied to a wide range of problem types, they are most com-
monly used as optimization tools for identifying optimal or near-optimal solutions
to complex functions and design problems [49].

Genetic algorithms operate using a chromosome-like data structure, where a set of

candidate solutions forms an initial population. The initial population can be gener-
ated using several different approaches, however, in many applications, a randomly
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generated population is considered the most appropriate and effective method [50].
The algorithm then evaluates these chromosomes to identify the most suitable can-
didates, which are subsequently selected for reproduction and further evaluation
[49]. Through this iterative process, new generations of solutions are created and
progressively improved.

Once the initial population has been generated, the algorithm selects two chromo-
somes to serve as parent solutions. These parent chromosomes are then combined to
reproduce and generate new candidate solutions, commonly referred to as children.
The selection of parent chromosomes can be performed randomly or through various
selection strategies, such as rank selection, tournament selection, or roulette wheel
selection. The choice of selection method depends on the objective of the algorithm,
as some techniques prioritize chromosome with high fitness values in order to in-
crease the likelihood of producing superior children [50].

Ultimately, candidate solutions with the highest potential are assigned a greater
probability of reproducing than less suitable chromosomes. Through this evolution-
ary process, the population gradually converges toward an optimal solution, as the
best-adapted chromosome are more likely to survive and pass on their characteristics
to subsequent generations. To distinguish strong solutions from weaker ones, chro-
mosomes are typically evaluated and compared against the reference population. In
general, genetic algorithms are particularly effective for solving complex optimiza-
tion problems characterized by large, vague, or poorly defined search spaces [49] [51].

2.5.2 Types of Optimization Problems

Optimization problems are generally categorized intro three types: single-objective
optimization, multi-objective optimization and weighted multi-objective optimiza-
tion [1]. The main distinction between these categories lies in the number of compet-
ing objectives considered. Single-objective optimization involves only one objective
function, whereas multi-objective optimization considers two or more conflicting ob-
jectives. In this context, conflicting objectives refer to the condition where improving
one objective typically comes at the expense of another [2]. Weighted multi-objective
optimization, on the other hand, is a form of multi-objective optimization in which
the different objectives are combined into a single objective function through the
application of weighting factors [48].

In engineering applications, multi-objective optimization is among the most com-
monly used approaches, as it provides a broader understanding of the design space
and facilities informed decision-making. This approach is particularly advantageous
when dealing with complex or large design variables. Compared with weighted
multi-objective optimization, standard multi-objective optimization does not require
predefined weighting factors between the objectives. This is beneficial because se-
lecting appropriate weights with sufficient accuracy can be highly challenging and
may significantly influence the resulting optimal solution [48].
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However, it is important to recognize that these optimization approaches are also
associated with computational costs and large sample sizes [52]. In real-world engi-
neering problems, such as the design of composite structures, the design space may
contain thousands of possible variable combinations and potential solutions. This
complexity often leads to multiple local optima within the search space, thereby in-
creasing the computational effort required for the optimization process [48]. Conse-
quently, it is necessary to carefully assess the design workflow and determine whether
a single-objective optimization approach is sufficient or whether a multi-objective
optimization method provides a more effective solution for the problem under con-
sideration [52].

2.5.3 Constraint Handling with Penalty Functions

Since the solution space in optimization can be extremely large, constraint func-
tions are introduced to reduce the number of feasible solutions. Their purpose is to
eliminate solutions that are not applicable by imposing limitations based on logical
restrictions, material properties, and other design requirements. In this sense, con-
straint functions serve to distinguish feasible solutions from feasible ones, as certain
outcomes may be unrealistic, physically impossible, or even cause the simulation
model to fail [53].

A common approach for handling infeasible solutions is the use of penalty func-
tions. The purpose of these functions is to reduce the fitness of solutions that
violate imposed constraints, thereby decreasing their likelihood of being selected
for reproduction. Typically, the magnitude of the penalty is determined based on
the degree of constraint violation, with the penalty factor chosen by the designer.
Solutions associated with larger violations receive more severe penalties, resulting
in significantly lower fitness values. Since there are no universally applicable guide-
lines for selecting an appropriate penalty factor, its definition generally depends
on the specific characteristics and requirements of the optimization problem under
consideration [53].

2.6 Life Cycle Assessment (LCA)

Life Cycle Assessment (LCA) is a standardized, quantitative method for evaluating
the environmental impact of a product across its entire life cycle, from raw material
extraction, through the use phase, to end of life [54]. The defining characteristic of
LCA is its systems perspective, which captures impacts across all life cycle stages
and helps prevent problem shifting—the risk that reducing an environmental burden
at one stage creates or worsens it elsewhere [55].

According to Hauschild et al. [55], LCA is grounded in the principle of mass and

energy balance. All physical flows, such as materials, energy, and emissions associ-
ated with a product system, are traced and quantified in the Life Cycle Inventory
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(LCI). These flows are then converted into environmental impact scores using dif-
ferent characterization models. The model most relevant for this thesis is related to
climate change, namely Global Warming Potential (GWP), developed by the IPCC.
GWP expresses the cumulative radiative forcing of a greenhouse gas relative to CO,
over a 100-year time horizon, with the result expressed in kg COs-equivalents.

In practice, LCA studies are populated using primary manufacturer data together
with verified background databases, for example those provided by the Swedish Na-
tional Board of Housing, Building and Planning (Boverket). These sources provide
specific or generic Environmental Product Declarations (EPDs), which are standard-
ized and third-party-verified documents reporting the environmental performance of
a specific product.

The life cycle of a construction product is divided into standardized modules as
defined in EN 15978 and EN 15804. These modules span four main stages, covering
the entire life cycle from raw material extraction to end-of-life processing.

A1-A3 | Product stage (cradle to gate). This stage includes raw material ex-
traction (A1), transport to the manufacturer (A2), and manufacturing pro-
cesses (A3). These modules represent the embodied carbon of a material at
the factory gate and are typically the dominant contributors to the life cycle
Global Warming Potential (GWP) of structural materials. This is the system
boundary applied in the present thesis.

A4—-A5 | Construction process stage. This stage covers the transport of prod-
ucts from the factory to the construction site (A4), as well as on-site installa-
tion and construction processes, including the generation and management of
construction waste (A5).

B1-B7 | Use stage. The use stage represents the operational life of the structure
and includes processes such as maintenance (B2), repair (B3), replacement
of components (B4), and refurbishment (B5), as well as operational energy
and water use (B6-B7). For passive structural elements such as beams, direct
emissions during the use stage are generally negligible.

C1-C4 | End-of-life stage. This stage includes deconstruction or demolition (C1),
transport of waste to processing facilities (C2), waste processing such as sort-
ing or crushing (C3), and final disposal (C4). The treatment of materials
at the end of life can significantly influence the overall environmental impact
profile of a building component.

Module D | Beyond the system boundary. Module D accounts for potential
benefits from the reuse, recovery, and recycling of materials beyond the defined
system boundary. For structural steel, this module is particularly important,
as its high recyclability means that recovered scrap at the end of life can offset
a substantial portion of the production-stage GWP. Module D is reported
separately and is not aggregated into the total results for stages A1-C, since it
represents potential future benefits rather than impacts directly attributable
to the current product system (Salokangas, 2013).

The goal of LCA is to provide a rigorous and comparable basis for evaluating the
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environmental consequences of design and material choices, thereby making sus-
tainability quantifiable and explicit. Without a life cycle perspective, optimizing for
structural performance or cost risks overlooking significant environmental burdens
embedded in material production [56].

2.7 Life Cycle Costing (LCC)

Life Cycle Costing (LCC) is an economic analysis method used to evaluate all rel-
evant costs of a project over a specific period of time. This method considers both
initial capital costs and future operational expenditures, providing a complete eco-
nomic assessment by looking at all projected cash flows. For large infrastructure
projects like bridges or highways, these costs are typically divided into three cate-
gories: agency costs, user costs, and society costs [57].

Agency costs include all expenses paid directly by the owner, such as planning,
design, initial construction, routine maintenance, and operations. User costs are
the indirect economic impacts experienced by the public due to construction or
maintenance delays; for example, when a structure undergoes repair, traffic disrup-
tions cause users to lose valuable time or working hours. Lastly, society costs cover
broader impacts on the general public, including accidents, environmental damage,
and potential functional failures [57]. This total infrastructure cost framework can
be expressed as:

LCCtotal = LCCagency + LCCuser + LCCsociety (214>

Within established life cycle costing frameworks, the total cost handled directly by
the managing organization—the agency cost (LC Cagency)—is split into three primary
parts based on when they occur and their associated risk [57]:

LCOagency = LCCacquisition + LCCMR&R + LCCconsequence ( 2.1 5)

Where LCCjycquisition represents the upfront investment (programming, detailed de-
sign, and construction), LCCyrer denotes the ongoing costs for maintenance, re-
pair, and rehabilitation over the lifecycle, and LCCeopsequence accounts for future
costs from potential structural failures or performance issues [57].

For simple, individual structural components, such as the beam elements optimized
in this study, the large-scale user and society costs are omitted, leaving agency costs
as the primary economic metric. Furthermore, because these specific components
are protected inside a building’s stable interior environment, they do not require
active operational energy or routine maintenance, meaning that both ongoing main-
tenance costs and risk-associated consequence costs are negligible (LCCygrgr = 0
and LCCconsequence = O)

As aresult, the economic evaluation isolates the upfront investment phase (LCCjycquisition)
as the solitary design metric [57]. This investment cost (Cl,y) covers the entire phys-
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ical realization of the structural component and is evaluated using the following
breakdown:

LCCacquisition = Cinv = Cmat + Cfab + Ctrans + C1const (216)
Where:
o Chat 1s the material procurement cost (the base costs for timber, steel, and
connectors).

o Chyp is the manufacturing and fabrication cost (including plant processing,
cutting, and gluing).

o Cirans 18 the transportation cost of getting the components to the construction
site.

o Ceonst Tepresents the onsite assembly and installation costs.

2.7.1 Marginal Abatement Cost

Life cycle assessment (LCA) and life cycle costing (LCC) are the two most estab-
lished frameworks for evaluating the environmental and economic performance of
structural systems across their full service life. LCA quantifies embodied carbon
from cradle to grave, while LCC captures the monetary costs distributed across the
same lifecycle stages. Individually, each tool provides a clear and consistent picture,
but the conflict arises when both must be used together to guide a decision. Since
no standard exists to integrate LCA and LCC, comparing their outputs, kg CO,-
equivalent against a net present monetary value, leaves the decision-maker without
a common basis for judgement [58].

While several approaches exist to bridge the gap between economic and environmen-
tal metrics, the Marginal Abatement Cost Curve (MAC) offers a particularly direct
solution. It unifies both dimensions into a single objective parameter, expressed as
a unit cost per mass of avoided emissions (£ /kg CO,), allowing financial investment
and carbon reduction to be evaluated within a single framework [59].

The core logic of the method is expressed as:

AC
MAC = — 2.17
AL (2.17)
where AC' is the change in cost relative to a reference case (£), and AE is the
corresponding change in greenhouse gas emissions (kg COseq). A negative MAC
indicates that a strategy both reduces emissions and saves money, while a positive

value reflects a net cost for achieving the abatement.

The MAC approach was first widely popularised by McKinsey & Company [60] to
map the costs of reducing greenhouse gas emissions across different industries, and
was later adopted in UK policy to guide carbon pricing and evaluate sector-specific
reduction targets. However, because traditional MACs omitted material efficiency
strategies, such as reducing structural material quantities in construction, Dunant
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et al. [59] expanded the methodology. Their framework incorporates detailed en-
gineering cost profiles, accounts for cost uncertainties, and handles the interactions
between different design strategies.
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Methodology

3.1 Methodological Framework

This study employs a methodology that can be divided into three main parts, each
corresponding to one of the defined research questions. The process begins by es-
tablishing the load cases and span lengths to be investigated. A case study is then
developed in which the loading conditions are defined in accordance with Eurocode
EN 1991-1-1 [61]. In this study, the selected imposed loads represent office and retail
load.

The reference beams are designed using linear-elastic analysis, with the selected
cross-sections chosen to satisfy the strength requirements while maximizing ma-
terial utilization and minimizing material volume. Since no dedicated Eurocode
standard currently exists for steel-timber composite members, their design relies
on analytical procedures that account for partial interaction between the steel and
timber components. The Newmark partial interaction theory is therefore used to
evaluate the composite action and determine the structural response of the beams.
To verify the applicability of this approach, an assumed composite cross-section is
numerically modelled, and the analytical predictions are compared with the numer-
ical simulations to assess the accuracy of the method.

Subsequently, a life cycle assessment (LCA) and life cycle cost analysis (LCCA) are
performed for all span lengths between 3 m and 12 m. The objective is to identify
the span lengths and loading scenarios for which steel-timber composite systems
provide environmental and economical advantages compared to the reference beam
solutions. Due to the large number of possible STC configurations, a genetic algo-
rithm implemented in MATLAB is used to identify only the feasible design solutions
that satisfy the predefined design constraints. However, even after filtering for fea-
sibility, a substantial number of candidate solutions remain. Therefore, a selection
procedure is required to identify the most suitable composite beam configuration.
For this purpose, the Marginal Abatement Cost (MAC) approach is employed. The
optimal solutions is defined as the beam configuration that provides the greatest
cost savings per unit increase in CO, emissions, expressed in SEK per kgCOqe.

After completing the LCA and LCCA for span lengths ranging from 3 m to 12 m,
the study proceeds with a detailed numerical investigation in Abaqus. This analysis
focuses on two selected long-span cases: 7 m and 12 m, using the same load cases as
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previously defined. These span lengths are chosen to represent long-span behavior
and to enable a comparison of how structural performance evolves with increasing
span. The numerical study begins with a linear elastic analysis, followed by a lin-
ear buckling analysis and a nonlinear analysis to capture the realistic response of
the beams under increasing load. From the nonlinear simulations, key results such
as load-displacement behavior, load-slip responses, stress distributions, and failure
modes are extracted for all configurations, and compared with the reference beams.

To provide an overview of the methodological framework, a flowchart is presented
in Figure 3.1. It illustrates how the three parts of the study are structured and
interconnected, each corresponding to one of the three research questions.

verify numerically

EC3&EC5 Reference beams
E de desi Pure steel & glulam
R urocode design cross-sections
01 — Design Phase Benchmark model Office & shopping
i mall beam
Reference beams via EC3 & EC5 Define application
Composite beams via Newmark

Newmark method
02 — Optimization Optimization Feasible solutions Genetic algorithm CO2 emissions & Cost
Genetic algorithm - MATLAB Based on Newmark partial- Marginal Abatement Cost STC-1 & STC-2
LCA & LCC sweep interaction theory 3-12m spans (MAC) for selection Reference beam steel & timber

Partial interaction theory
Research Questmn 2

Serviceability Linear elastic Deflection & axial stress
FEM model 7m & 12m span analysis Model verification
ABAQUS

03 — Numerical Analysis Failure mode Linear elastic Eigenvalue & critical
FEM - ABAQUS Linear Elastic Behavior analysis buckling load

Real life behavior Non-inear Load, Displacement,
Elastic-perfectly plastic analysis Slip, Stress, Strain

Composite beams
STC-1 & STC-2 cross-sections

Linear analysis & Non-linear analysis

Research Question 3

Figure 3.1: Flowchart of the methodological framework, outlining the three study
phases.

3.2 Design Phase

In the design phase, the cross-sections of the reference beams and the steel-timber
composite beams are established, along with the governing load cases, based on
a conceptual case study. The reference beams are designed in accordance with
Eurocode EN 1993-1-1 [62] and Eurocode EN 1995-1-1 [46], while the composite
beams are designed using the Newmark partial interaction theory, with relevant de-
sign provisions adapted from Eurocode EN 1994-1-1 [63] for steel-concrete composite
structures.

3.2.1 Steel-Timber Composite Configurations

As the thesis focuses on steel and timber, the reference beams in the building are
defined using each material separately. One analysis considers the structure with
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only steel beams, in order to determine the required steel section for the given load
combinations and spans, as well as to identify the governing failure mode. A corre-
sponding analysis is carried out for timber beams, where the required glulam sections
and their governing failure modes are established under the same conditions. The
steel beams are selected from a range of HEA sections, while the timber beams are
chosen from the GL30c strength class.

The investigated STC solutions consist of two principal concepts. The first config-
uration, referred to as STC-1, consists of a steel HEA beam with a timber element
positioned above the top flange. The second configuration, referred to as STC-2,
consists of a timber beam reinforced with a steel plate attached to its underside. The
timber element in STC-1 aims to prevent lateral-torsional buckling, while the steel
plate in STC-2 aims to increase stiffness and ductility, thereby reducing deflections.
These improvements are particularly important because lateral-torsional buckling
commonly governs the design of steel beams, whereas deflection limits often govern
the design of timber beams. The configurations of the two composite beams are
illustrated in Figure 3.2.

STC-1 STC2

(a) (b)
Figure 3.2: Selected composite beam configurations: (a) STC-1 and (b) STC-2.

Limiting the study to these two configurations allows a direct comparison between
a steel-governed and a timber-governed composite strategy, isolating the effects of
each governing mechanism. Other configurations from Section 2.2.1, such as side-
by-side or fully encased arrangements, were excluded because they do not target
a single dominant failure mode as clearly, and add geometric and connection com-
plexity without a clear gain in LTB resistance or deflection control. This keeps the
parameter sweep, optimization, and FEA validation manageable within the project
timeline, while still covering the two configurations most representative of practical
steel-timber composite use.
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3.2.2 Load Cases

The load cases are based on a conceptual case study of a multi-storey building
with floors of varying occupancy. The floors are designed for either office use or
retail use, resulting in two load cases that differ in the magnitude of the imposed
load. The structural behavior and load performance are assessed based on load
combinations specified in Eurocode EN 1991-1-1, with imposed and permanent loads
defined according to the function and location of each beam within the building.
In all cases, the beams are assumed to be simply supported. This allows for a
comparison of how the imposed load magnitude influences the structural behavior,
LCA, and LCC of the analyzed beams. The load configuration for each case is
illustrated in Figure 3.3.

OFFICE FLOOR

[ B S
A ®
T T T T
A ®

Figure 3.3: Applied load cases for the selected beam configurations.

3.2.3 Application of Newmark’s method for Composite Sys-
tems

The analytical formulation adopted in this study is based on the partial interaction
theory developed by Wu et al. [45]. The derivation is based on equilibrium, compat-
ibility, and constitutive relationships for a two-element composite beam connected
through distributed elastic shear connectors.
The composite member consists of two structural elements connected along a com-
mon interface:

o Element 1: steel beam

o Element 2: timber slab
The longitudinal coordinate is denoted by x, and the relative longitudinal displace-
ment between the two elements is represented by the interface slip s(x).

3.2.3.1 Equilibrium Relationships

The longitudinal shear force transferred through the interface is denoted by Fjp,.(x).
This quantity represents the cumulative longitudinal interaction force transferred

30



3. Methodology

between the steel beam and timber slab through the distributed shear connectors.
For the case without externally applied axial loading, equilibrium of axial forces
gives

Ny = —Fypr (3.1)

Ny = Fyp,r (3.2)

where:
e Nj is the axial force in the steel beam,
e N is the axial force in the timber slab.
The total bending moment acting on the composite section is resisted through:
1. direct bending moments within the individual elements,
2. the axial force couple generated by the interface interaction force.
Moment equilibrium therefore gives

M(;E) = Ml —|—M2+Fsh7«(h1 —|—h2) (33)

where:
e M, is the bending moment carried by the steel beam,
e M, is the bending moment carried by the timber slab,
e hy and hs are the distances from the centroids of the individual elements to
the connection interface.
The term Fjp,.(hy + hg) represents the moment contribution generated by the axial
force couple acting between the two elements.

3.2.3.2 Curvature Compatibility

Since no transverse separation occurs at the interface, both elements experience
identical curvature at the same longitudinal position. According to Euler—Bernoulli
beam theory,

R1 = R9 (34)
which gives
M, M,
= 3.5
E\L, By, (35)

Rearranging Equation 3.5 together with Equation 3.3 gives

B L

M = ——"F"— _
"B L+ By

[M(z) — Fypr(hy + ho)] (3.6)

E2]2

= 5T AL [M(2) — Fypy(hy + hy)] (3.7)
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3.2.3.3 Partial-Interaction Shear Force
The longitudinal shear force Fy,.(z) is governed by
ap F, — ay Fgny + a2 M(z) = 0, M(z) = 4(Lz — 2°) (3.8)

whose general solution is

Lx 22 a a
Fan(r) = C1e™ + Coe™ a4zt T _ % A= /2L 3.9
1 () 1™+ Che™ ™ + o\ 2 > " a ) o (3.9)

The longitudinal shear flow gg,, = dFy,,/dz is proportional to the vertical shear
force, which is linear under UDL. Therefore Fiy,, as the integral of a linear function,
is parabolic, zero at both supports and maximum at mid-span. The boundary
conditions are accordingly:

BCL: Fyu(0) =0 = O+ 0= “252“0 (3.10)
1
BC2: Fyu(L) =0 = et 4 Cpett = 12950 (3.11)
aj

Subtracting equation (3.10) from equation (3.11):
Ci(eM—1)—Cy(1-eM) =0 = (M —1)=C1-e?) (312

Noting that 1 — e ™ = e (M — 1):

Cy = Che M (3.13)
Substituting back into BC1:
C, e M4 Oy = as q2ao = Oy = as q2a0 ) /\iAL (3'14)
ai af e +1
giving the integration constants:
AL
- az;{;o ' eALl_I_ 1 C, — ai]{m . e’\i - (3.15)

The maximum longitudinal shear force occurs at midspan = = L/2 and is evaluated
as:

L r?
Fshrmaxzcl €AL/2+CQ G_AL/Q—F% — — —— — @ (316)
’ aq 4 8 aq
3.2.3.4 Deflection
The deflection v(x) is obtained from the curvature relation v” = k = M;/(FE11;),

which after substituting the moment expression and connector flexibility yields

d? dPFy, M
v he (v)

——— — asag
dx? b

. —0 (3.17)
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where b = (Ey I} + Esly) + a(hy + ho)? is the full-composite flexural stiffness and
ay = (hy + hg)a/b. Integrating twice with boundary conditions v(0) = 0 and
v(L) = 0, and noting that Fy,(0) = 0 and Fy,(L) = 0 (from the shear force
boundary conditions), the integration constants vanish and the total deflection is

U(I) = Uqu(:B) + Uslip(x) (318)
where the full-interaction contribution is

vran () = ﬁ x(L3 —2L2* + x?’) (3.19)

and the slip contribution is
Vslip(7) = ayq ag Fyp, () (3.20)

The total deflection at any section is therefore

U(l’) = %b ,jlj(L5 — 2L.Z'2 + .1'3) + a4 ag Fshr(x) (321)

where Fy,,(z) is given by equation (3.16). Since Fyp,, is parabolic with maximum
at mid-span, the slip contribution vg;, is also maximum at mid-span, giving the
maximum total deflection as

Umax = v(%) = i)’)géfg + a4 ag Fshr(§> (3.22)

where Fy,,(L/2) is evaluated from equation (3.16).

3.2.4 Validation of Analytical Method Using Abaqus FEA

The analytical model is derived based on equilibrium, compatibility, and constitu-
tive relationships, and must be validated before it can be used for further analysis.
Therefore, a three-dimensional finite element model is developed in Abaqus FEA to
assess the accuracy of the analytical results. This is carried out for both STC-1 and
STC-2, with the deflection and axial stresses of the two models compared to evalu-
ate their agreement. The beam configurations follow those defined in Section 3.2.1,
with the load cases and boundary conditions from Section 3.2.2.

The model consists of three separate parts that are subsequently assembled: the steel
beam, the timber beam, and additional steel support plates. The support plates are
introduced to reduce the large stress concentrations that typically develop near the
beam supports due to the imposed boundary conditions. By distributing the reac-
tion forces over a larger area, the plates mitigate excessive stress concentrations in
the region close to the beam ends.
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3.2.4.1 Material Properties

The timber material is defined using the Engineering Constants formulation in or-
der to account for its orthotropic behavior, including direction-dependent elastic
and shear moduli. The material properties correspond to the GL30c strength class
and are obtained from the Glulam Handbook, Volume 1. On the other hand, the
steel and support plates are modelled as Isotropic materials, with structural steel
grade S355 adopted for the analysis. The mechanical properties of the materials are
summarized in Table 3.1.

Table 3.1: Linear material properties for steel and timber.

Glulam GL30c
E, E, Es Vig | 13 | V23 G2 G13 Gas
[MPa] | [MPa] | [MPa] | [-] | [] | [-] | [MPa] | [MPa] | [MPaj
13000 300 300 030304 650 650 77
Steel S355
E [GPa v -]
210 0.3

3.2.4.2 Contact Property

The interaction between the steel and timber components is modeled using a surface-
to-surface contact formulation with a Hard contact normal behavior and Frictionless
tangential behavior. A frictionless interface is adopted to ensure consistency with the
analytical calculations, which are likewise based on the assumptions of no friction.
This enables a more direct and fair comparison between the analytical and numerical
results. The shear connectors, consisting of either bolts or screws, are modeled as
Point-based fasteners using the Cartesian connector formulation. Within this con-
nector type, the connector stiffness can be explicitly defined. For the analyses, the
slip modulus values K., and K, are assigned for the serviceability limit state and
ultimate limit state, respectively. These stiffness parameters are based on elastic
theory and are obtained from Eurocode 5 EN 1995-1-1.

3.2.4.3 Boundary Conditions and Meshing

The load is applied as a uniformly distributed pressure load. Boundary conditions
are assigned to a reference point located at the center of the bottom surface of the
support plate. This reference point is coupled to the surface using a distributing
Coupling constraint. Since the beam is modeled as simply supported, one end is
defined with a roller support and the opposite end with a pinned support. The ap-
plied boundary conditions are shown in Table 3.2. The finite element mesh consists
of 8-node linear brick elements with incompatible modes (C3D8I).
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Table 3.2: Boundary conditions of numerical model.

Boundary conditions

Ul U2 U3
Roller support | Fized | Fized | Free
Pinned support | Fized | Fized | Fized

The element size is determined based on a mesh convergence study performed for
each composite beam configuration, using the average deflection along the beam
length as the convergence parameter. For each configuration, the mesh progressively
refined from a coarse mesh of 130 mm down to approximately 10 mm. The exact
fine mesh size is adjusted slightly between configurations so that an even number
of elements fits across the beam width. Convergence is achieved once the mid-span
deflection falls within 2% of the value from the finest mesh. Based on this criterion,
the converged element size varies between 20 mm and 45 mm across the eight STC
configurations, and these element sizes are adopted for the subsequent analyses. The
procedure is illustrated in Figure 3.4 for a representative 7 m span configuration.

Average deflection vs mesh density (L=7m)
T T

-15.7 T T

-15.8 —

-159 —

Average Uz (mm)
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AG2i -16.24 mm

-16.3 —
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Figure 3.4: Representative mesh convergence study for a 7 m span configuration.

3.2.4.4 Model Simulation

Linear elastic analysis is carried out using the Static, General procedure in Abaqus.
Since the degree of partial interaction in the analytical model is governed by the
connector type and number, the simulation of the numerical model must adopt the
same assumptions to enable a valid comparison. However, as the connector type
and number have not yet been determined at this stage, full composite action is as-
sumed in both models, meaning perfect bonding at the interface with no relative slip
permitted. In Abaqus, this is achieved using a Tie constraint between the steel and
timber parts, with a frictionless interface to remain consistent with the analytical
assumptions. This approach allows the numerical and analytical models to be di-
rectly compared under identical conditions, independent of any connector properties.
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To subsequently validate Newmark’s partial interaction theory, the Tie constraint
is removed and replaced with discrete mechanical fasteners representing the shear
connection between the steel and timber parts. The connector stiffness is assigned
according to the selected slip modulus values, allowing relative slip to occur at the
interface and thereby reproducing partial composite action in the numerical model.
This enables the partial-interaction analytical results to be directly compared against
the corresponding numerical predictions.

3.3 Optimization Phase

In the second phase of the methodological framework, an optimization is performed
to identify the most favorable composite beam configuration for each beam span
length between 3 m and 12 m. Since numerous composite beam configurations and
dimensions are possible, a genetic algorithm is developed to identify feasible solu-
tions. For each proposed configuration within a given beam span, an LCA and LCCA
are performed to obtain its CO4y emissions and cost performance. These results are
then used to carry out a Marginal Abatement Cost (MAC) evaluation, which is im-
plemented as the selection criterion to ensure a consistent basis for comparing and
selecting among the numerous feasible configurations. The environmental and eco-
nomic performance of the selected configurations is subsequently compared against
that of the corresponding reference beam for the same beam span.

3.3.1 Genetic Algorithm

The design and optimization of the steel-timber composite beam was performed
through an exhaustive parameter sweep implemented in MATLAB. The procedure
consists of two components: an input file defining the steel section properties, and
an optimization script that evaluates all feasible configurations in three sequential
steps.

3.3.1.1 Input File: Section Properties

Prior to the sweep, two input files HEA properties.m and GL30c_properties.m,
were written containing the geometric and cross-sectional properties of all standard
HEA sections from HEA 100 to HEA 800, as well as all standard GL30c sections from
the Glulam Handbook. For each steel section, the file provides the cross-sectional
area Ag, second moment of area I, flange width by, and total section height h,.
A total of 22 sections are defined, covering the full range of commercially available
HEA profiles. For each glulam section, the file provides the height h, and width
by corresponding to the standard manufacturing range of glulam beams produced
in Sweden. A total of 133 different sections are defined, covering the full range of
commercially manufactured glulam dimensions.
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3.3.1.2 Step 1: Structural Filter (Full Interaction)

The first step performs a structural feasibility check under the assumption of full
composite interaction. For STC-1, every combination of HEA section and glulam
depth h; is evaluated, where h; is swept from 50 mm to 500 mm in increments of
10 mm, subject to the geometric constraints h; < hs and hy + by < 1.2m. For
STC-2, every combination of GL30c section and steel depth h, is evaluated, where
hs is swept from 10 mm to 100 mm in increments of 5 mm, subject to the geometric
constraints hy, < h; and hy, + h; < 1.2m. For each combination, the transformed
cross-section is computed using the modular ratio n = FE,/E;, yielding the elastic
neutral axis position yna and the effective second moment of area I.g.

Two utilisation ratios are then evaluated:

Utull
Uyyr = <1.0 3.23
T 07300 = (3.23)
Uny1 = max(as’Ed, Ut’Ed> <10 (3.24)
fyd fmd

where vg is the mid-span deflection under full interaction, o5 5q and oy gq are the
design stresses in the steel and timber, and f,q, fma are the design strengths. Only
combinations satisfying both criteria pass to Step 2. No cost or environmental
objective is applied at this stage; the filter is purely structural.

3.3.1.3 Step 2: Connection Design (Partial Interaction)

For each section passing Step 1, the connection layout is determined following the
design standards in Eurocode 5. Johansen’s yield theory is applied to calculate the
load-carrying capacity of the connectors. In both composite beams, the steel plates
are considered thick and the connections consist of a single shear plane. For STC-1,
bolts are selected as the connector type, since they are well suited for connections
through the steel flange. Diameters of d = 12, 16, 20, and 24 mm are considered,
with 2 or 4 rows of connectors across the flange. For STC-2, self-tapping screws are
selected, as they are well suited for inclined insertion into the timber cross-section.
These are inserted at an angle of 45 degrees, with diameters of d = 6, 8, 10, and
12mm considered, using 2 rows of connectors across the width of the beam.

The bolt spacing L, is determined directly from the full shear connection requirement
n = 1.0. The minimum number of connectors per row, 7,y min, is first computed from:

Vi
- Vil -‘ <3‘25)

n 1
pr,min
Nrows * I v,Rd

where V, f is the longitudinal shear force at full interaction and F, rq is the design

shear resistance of a single connector. The spacing is then set to the maximum value
satisfying EC5H geometric constraints and the depth limit Ly < hy:

Lavai
Ls = max({lJ y Ls,min) (326)
npr,min -1 5mm
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The 7-factor (EC5 Annex B) is subsequently computed as an outcome of the spacing
rather than a design target:

1
= 1 i 7T2EtAtLS
Kser,eff L2

(3.27)

Newmark’s partial interaction theory is then applied to verify the SLS deflection
and ULS bending utilisation under the actual connector layout, as described in Sec-
tion 3.2.3. An 7 tolerance of £15% is applied to avoid over-connected configurations.
Configurations failing any structural check are rejected. Of the feasible configura-
tions for each section, the one yielding the minimum total embodied carbon, beam
and connectors combined, is retained as an output.

3.3.1.4 Step 3: MAC Ranking and Recommended Design

For each retained configuration, a Life Cycle Assessment (LCA) and Life Cycle
Cost Analysis (LCCA) are first performed to obtain its total embodied carbon (E)
and total cost (C), respectively, within the previously defined system boundary.
These values are then used to evaluate and rank all retained configurations using
the Marginal Abatement Cost framework following Dunant et al. [59], as described
in Section 2.7.1:

C'COI'H osite relerence EK

MAC = Geomposite = Cret 5 (3.28)
kgCOseq

where C' denotes total cost and E denotes total embodied carbon, both including

beam material and connectors within the A1-A3+4 C3+ D system boundary per

section 2.6.

E reference — E, composite

Configurations where the total composite carbon exceeds the reference, yielding a
negative denominator in Equation (3.28), are retained rather than excluded. While
such configurations do not represent a net carbon abatement, they are still reported
because at shorter spans the composite systems may not yet achieve a reduction
relative to the reference beam, and excluding them would leave no feasible configu-
ration to report at all. Highlighting these cases is therefore important, as it shows
the span range over which the composite systems become both economically and
environmentally favorable, rather than masking the spans where they do not.

Because AC' and AF can each independently be positive or negative, the sign of
MAC alone does not indicate whether a configuration is favorable: a positive or neg-
ative MAC can each correspond to either a beneficial or an unfavorable outcome,
depending on the underlying signs of cost and carbon change. The recommended
design for each load case is therefore double-checked manually, using the MAC value
together with the underlying cost and carbon changes to identify the most favor-
able, or least unfavorable, configuration available for that span. A configuration
with a higher MAC that still achieves a cost saving or a carbon saving relative to
the reference is considered preferable to one with a lower MAC that results in both
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a higher cost and higher carbon emissions.

The complete three-step procedure is summarized in Figure 3.5.

[ Input: HEA catalogue + loads ]

|

( N
Step 1 — Structural filter
Full interaction check (SLS + ULS)
Sweep sections Compute Uy, Um -
22 sections, 10 mm steps Full interaction, SLS - ULS
Yes
Store passing design
Section index, h_t, beam CO2, beam cost
(. i J
N

-
Step 2 — Connection design
Newmark partial interaction check

Noj
Sweep d, rows Compute Ls Newmark Pl check
d13-24, 2 or 4 rows C5 spacing, y_ceff outcom Uv,PI, Um,Pl = 1.0

[ Keep minimum-CO2 layout ]

Per steel section, per bolt row count
| T

e 1
Step 3 — MAC ranking
Select and rank recommended designs
Sort designs by MAC ascending
Lowest MAC = recommended design
- i J

Output
Ranked table, bolt coordinates, CO2 vs cost scatter plot

Figure 3.5: Complete three-step procedure used in the optimization sweep.

3.3.2 Assumptions Made for STC-1

The beam is designed in accordance with the Newmark’s partial interaction theory
and connection design procedure described in Sections 2.4.4 and 2.3.2. The follow-
ing assumptions are specific to the STC-1 cross-section geometry and are enforced
directly in the optimisation code:

e The glulam width cannot exceed the steel flange width: b, = by

e The timber depth is bounded by the steel section depth: h; < hy

o The total composite depth is limited to:

h's + ht S href,glulam (329)
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o The full shear connection longitudinal force is governed by the weaker material:
Vl,fuu = min(bt - hy - fcda Ag- fyd) (330)

» An 7 tolerance of £15% is applied (1.0 < n < 1.15) to avoid over-connected
configurations arising from discrete bolt spacing

e No creep or long-term deformation is considered — the SLS check is based on
instantaneous elastic deflection only

These assumptions reflect both structural and practical constraints. The width and
depth limits (b, = by and h, < h,) keep the glulam flush within the steel flange and
web, preventing an eccentric overhang that would introduce out-of-plane bending
and complicate the connector layout. The total depth limit (hs + A < hrefglulam)
keeps STC-1 comparable in size to the glulam reference, avoiding an oversized hybrid
section. The expression for V¢ follows from equilibrium, as the connection cannot
transfer more shear than the weaker material, timber in compression or steel in ten-
sion, can resist. The 7 tolerance of £15% accounts for the discrete nature of bolt
spacing under the ECH spacing rules. Without this tolerance, near-optimal designs
would be rejected due to fastener discretisation rather than an actual structural defi-
ciency. Finally, creep and long-term deformation are excluded so that the SLS check
reflects the short-term structural comparison only, a simplification acknowledged as
a limitation of the analytical model.

3.3.3 Assumptions Made for STC-2

Unlike for STC-1, where the rolled steel section sets the governing width and depth,
for STC-2 the glulam section sets them. The following assumptions are enforced
directly in the optimisation code for STC-2, in a similar way to STC-1:

o The steel plate width cannot exceed the glulam width: by < b,

o The steel plate depth is bounded by the glulam section depth: h, < A,

o The total composite depth is limited to:

hs + ht S href,glulam (331)
o The full shear connection longitudinal force is governed by the weaker material:
Vigan = min(by - hy - fea, bs - hs - fya) (3.32)

These assumptions mirror the STC-1 constraints but with the governing material
reversed. The width and depth limits (bs < b; and hy < hy) keep the steel plate
fully embedded within the glulam footprint, preventing an exposed or overhanging
plate that would complicate fastening and leave the connection unevenly loaded.
The total depth limit (hs + hy < Aref glulam) keeps STC-2 comparable in size to the
glulam reference, for the same reason as in STC-1: an oversized hybrid section would
distort the structural and environmental comparison. The expression for V; s again
follows from equilibrium, but with the governing area now defined by the steel plate
rather than the full steel section, since the plate is the load-bearing steel element in
this configuration.
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3.3.4 LCA System Boundary

The life cycle assessment implemented in this study covers modules A1-A3 (raw
material extraction and manufacturing), C3 (waste processing), and D (reuse and
recovery potential) per section 2.6, providing the total embodied carbon (E) used
in the Marginal Abatement Cost (MAC) evaluation. Transport (A4-Ab), the use
phase (B1-B7), and demolition (C1-C2) are excluded. This system boundary is
selected to cover the carbon storage of timber and the reuse advantages of steel,
which gives the study a fair environmental comparison.

Building assessment information Supplementary information
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Figure 3.6: Covered modules of LCA, source: Moelven

Environmental product declarations (EPDs) were obtained directly from two man-
ufacturers through personal communication: Moelven for the GL30c glulam timber
and Stalgrossisten AB for the HEA steel sections. Each EPD reports emissions
across multiple environmental impact categories, including global warming poten-
tial, eutrophication, acidification, and resource depletion. The EPDs served as the
primary data source for the life cycle inventory, ensuring manufacturer-specific and
product-specific emission factors were applied rather than generic database values.

This study uses only the Global Warming Potential (GWP) from each EPD, ex-
pressed in kgCO,eq. This is the most widely used indicator in structural engineering
practice and is the parameter that the Swedish National Board of Housing (Bover-
ket) demands in the climate declaration of new buildings [56]. However, focusing
on GWP alone means that trade-offs in other impact categories are not captured.
A design optimised for minimum GWP might, for example, use more timber, which
reduces fossil carbon emissions but may increase eutrophication due to fertiliser use
in forestry. Conversely, selecting a smaller steel section reduces steel production
emissions but may not improve performance in categories such as resource deple-
tion. This is a known limitation of single-indicator optimisation and the results
should be interpreted accordingly [55].

The emission factors used in this study are derived from the GWP values reported
in each EPD. For steel, the XCarb EPD from Stalgrossisten declares emissions per
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tonne of finished section, giving:

_ 333+1.6+214
B 1000

Zs =0.549 kgCO,eq/kg (3.33)
across modules A1-A3, C3 and D respectively. For glulam, the Moelven EPD re-
ports GWP-total values of —674kgCOyeq/m? (A1-A3), +751 kgCOzeq/m? (C3) and
+102kgCOqeq/m? (D), giving a net of 179 kgCOzeq/m?. Divided by the character-
istic density p; = 390kg/m? this yields:

179

2z = —— = 0.459 kgCO,eq/kg (3.34)

390
The large negative value in A1-A3 reflects biogenic carbon storage during tree
growth, which is released again at end of life in C3, the two terms largely can-
cel, and the resulting emission factor reflects primarily the fossil fuel consumption
during glulam processing.

3.3.5 LCC System Boundary

To evaluate the economic sustainability of the optimized structural configurations,
a simplified Life Cycle Cost Analysis (LCCA) is conducted, providing the total cost
(C) used in the Marginal Abatement Cost (MAC) evaluation. The general life cycle
cost framework can be expressed as:

LCC = Ciyy + Ourer + Cuser (3.35)

where C},, represents the initial investment cost, Cyrer the maintenance, repair,
and rehabilitation costs, and Cl, indirect user-related costs.

In this study, the compared structural alternatives have identical building functions,
geometries, and operational conditions. Therefore, user-related costs are assumed
equal for all alternatives and are excluded from the analysis.

Furthermore, both the environmental and economic assessments are limited to a
cradle-to-gate perspective (modules A1-A3), focusing only on the material produc-
tion and procurement stage. Long-term maintenance and future rehabilitation costs
are excluded due to uncertainties related to future material prices, technological
development, discount rates, and end-of-life scenarios.

As a result, the comparison is simplified to the initial investment cost:

LCCsimpliﬁed = C’inv = Z(V; : Uc,i) (336)

(2

where V; represents the volume or mass of material component 7, and U,; is the
corresponding unit cost.

The material costs used in the analysis were obtained through personal communi-
cation with the same manufacturers and suppliers that provided the Environmental
Product Declarations (EPDs). Unit prices for the GL30c glulam were provided by
Moelven, and unit prices for the structural steel HEA sections were provided by Stal-
grossisten AB. This ensures consistency between the environmental and economic
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data sources, as both the carbon emission factors and the material costs reflect the
same products from the same supply chain. For structural steel sections, the follow-
ing approximate costs were provided by Stéalgrossisten AB:

« HEA100-HEA240: 12500 SEK/ton
« HEA260-HEA340: 12900 SEK/ton
« HEA360-HEA500: 13100 SEK/ton
For glulam timber, an approximate cost of 11 500 SEK/m? was provided by Moelven.

3.4 Numerical Analysis Phase

The last part of the methodological framework consists of a numerical analysis to
simulate the structural behavior of the selected beam configurations at span lengths
of 7m and 12 m. The load cases remain the same as in the previous phases. The
analysis begins with a linear elastic analysis, where the mid-span deflections and
axial stresses are compared against analytical calculations to verify the accuracy of
the model, including shear connectors. Subsequently, a linear buckling analysis is
performed, followed by a nonlinear analysis to obtain the critical buckling load and
failure modes of each beam. From the nonlinear analysis, the structural response
under increasing load is captured, and the resulting displacements, slip, stresses,
and strains are extracted and presented in tables and figures for further evaluation.

3.4.1 Abaqus FEA

Abaqus was once again used in order to perform the nonlinear analyses, building
on the same finite element model described in Section 3.2.4. Abaqus was selected
due to its ability to accurately model nonlinear material behavior and complex
contact interactions, making it particularly well suited for the simulation of steel-
timber composite beams beyond the linear elastic range. The geometry, mesh, and
boundary conditions setup remain unchanged from Section 3.2.4, while the mate-
rial properties, contact properties, and connector modeling ar extended to capture
nonlinear behavior, as described in the following subsections.

3.4.1.1 Material Properties

In the nonlinear analysis, the steel behavior is assumed to be elastic-perfectly plastic,
meaning that strain hardening beyond the yield point is neglected to simplify the
modelling. The inelastic behavior of timber is represented using Hill’s yield criterion
to account for its orthotropic and complex nonlinear response. This is achieved by
partitioning the glulam element at its neutral axis, where the compression side is
assigned the compressive strength with a ductile material failure, and the tension
side the tensile strength with brittle material failure, in the longitudinal direction.
The neutral axis position is determined based on full composite action, since the re-
sulting partial.interaction stress distribution is not known prior to the analysis. The
nonlinear material properties and corresponding failure behavior for each material
are summarized in Table 3.3. The R-values from Hill’s yield criterion, representing
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the strength ratios in the longitudinal, tangential, and radial directions, are assigned
according to the values presented in Table 3.4.

Table 3.3: Nonlinear material properties for steel and timber.

Material Stress [MPa] | Strain [-]
Steel S355 ggg ()(,)2
Timber GL30c¢ (Compression) ;ig 0(,)2
Timber GL30c (Tension) 01‘?)'051 0_0%01

Table 3.4: Inputs for Hill’s yield criterion.

Hill’s yield criterion
Ry | Ra Rs3 Rip Ry3 Ras
1 10.104 | 0.104 | 0.146 | 0.146 | 0.042

3.4.1.2 Model Simulation

An initial linear elastic analysis is carried out using the Static, General procedure
in Abaqus to assess the elastic response of the beams. Since a nonlinear analysis
is subsequently performed to investigate the nonlinear response and overall struc-
tural integrity of the composite system, an initial linear buckling analysis is first
carried out using the Linear Perturbation, Buckle procedure. This analysis provides
the eigenvalue corresponding to the critical buckling load of the system. Once the
buckling behavior has been identified, the nonlinear response is analyzed using the
Static, Riks procedure together with nonlinear material properties, as relative slip
occurs at the interface between the connected elements.
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Results

This chapter presents the results obtained to address the three research questions
formulated in the previous chapters. It begins by evaluating the validity and ac-
curacy of the Newmark partial interaction theory for the composite beam config-
urations through comparisons with numerical models developed in Abaqus. Since
the reference beams are designed in accordance with dedicated Eurocode provisions,
no validation is required for these configurations. The chapter then presents the
life cycle assessment and life cycle cost results for the beam configurations selected
using the MAC ranking, where the configuration with the lowest cost per saved CO,
emissions is selected, for all reference beams and composite beam systems with span
lengths ranging from 3 m to 12 m, as defined in Section 3.3, enabling a direct com-
parison of COs emissions and cost between the reference and composite systems.
Finally, the structural behavior of the designed composite beams for 7 m and 12
m spans are presented, including load-displacement response, slip behavior, stress
distribution, and failure modes.

4.1 Validation and Accuracy of Newmark Partial
Interaction Theory

This section presents the validation results obtained using the finite element model
described in Section 3.2.4, comparing the linear elastic analysis performed in Abaqus
and analytical hand calculations using the Newmark’s partial-interaction theory.

Figure 4.1 presents the comparison between the analytical predictions obtained us-
ing Newmark’s partial-interaction theory and the numerical results from the linear
elastic analysis in Abaqus for the STC-1 configuration. For deflection, the differ-
ences range from 0.3% to 6.9%, with three of the four cases remaining below 2%.
For axial stress, the differences range from 4.6% to 9.2%. In both cases, the largest
deviations are observed for the 12 m span configurations.
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Figure 4.1: STC-1: Analytical vs numerical calculations for (a) vertical deflection
and (b) axial stress

Figure 4.2 presents the analytical versus numerical comparison for the STC-2 con-
figuration. For deflection, the differences range from 6.5% to 15.2%, with the largest
deviation observed for the 7 m span under shopping mall loading. For axial stress,
the differences range from 2.4% to 10.2%, with the 12 m shopping mall case exhibit-
ing the largest deviation. In both cases, the largest deviations are observed for the
shopping mall load cases. Overall, STC-2 shows larger discrepancies compared to

STC-1.
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Figure 4.2: STC-2: Analytical vs numerical calculations for (a) vertical deflection
and (b) axial stress

4.2 LCA for Varying Span Lengths

This section presents the life cycle assessment results for the reference beams and
the composite beams STC-1 and STC-2 for span lengths between 3 m and 12 m,
based on the beam configurations obtained from the optimization phase as described
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in Section 3.3.

Section 4.2.1 presents the absolute values of the total CO5 emissions for each beam
configuration at every span length, highlighting how the total carbon emissions of
each system vary with increasing span. Section 4.2.2 presents the results in normal-
ized form, illustrating the relative advantages or disadvantages of each composite
system compared with its corresponding reference beam in percentage terms.

4.2.1 Absolute Values

Figure 4.3 shows similar trends for both load combinations. In both cases, the
composite beams result in lower CO5 emissions than the reference beams beyond a
certain span length. For STC-1, this occurs at approximately 8 m for the office load
and 6 m for the shopping mall load. For STC-2, the corresponding span lengths
are approximately 10 m and 7 m. However, the reduction is less pronounced for
STC-2, where the difference in CO, emissions remains relatively small across the
investigated spans.
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Figure 4.3: Absolute CO5 emissions for different span lengths: (a) office load and
(b) shopping mall load.

4.2.2 Normalized Values

The normalized CO5 emissions are presented relative to the corresponding reference
beam, with the dashed line at 100% representing the reference level. STC-1 is nor-
malized against the HEA reference and STC-2 against the glulam reference. Values
below 100% indicate lower emissions than the reference, while values above 100%
indicate higher emissions.

Figure 4.4a presents the normalized COy emissions of STC-1 relative to the HEA
reference beam for span lengths ranging from 3 m to 12 m under office and shopping
load combinations. For short spans (3—4 m), STC-1 exhibits CO4 emissions exceed-
ing the HEA reference by up to 75%, indicating that the composite configuration is
less environmentally efficient at shorter spans. As span length increases, emissions
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converge toward the reference value for both load cases. At longer spans (10-12
m), the shopping load case yields CO, reductions of approximately 20% relative to
the HEA reference, while the office load case achieves a more modest reduction of
approximately 10% at 12 m, remaining close to the reference value across most of
the intermediate span range.

Figure 4.4b presents the normalized COy emissions of STC-2 relative to the glulam
reference beam for the same span range. For short spans (3-4 m), STC-2 exhibits
CO, emissions exceeding the glulam reference by up to 65% under office loads and
approximately 50% under shopping loads. Beyond approximately 5 m, the shopping
load case falls consistently below the reference, with emissions ranging between
approximately 88% and 100% of the glulam reference across the remaining span
range, representing a mild but consistent reduction. The office load case decreases
more gradually, approaching but not clearly crossing below the reference until 10-12
m. Neither load case achieves a substantial CO, reduction relative to glulam, with
maximum reductions remaining below 15%.
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Figure 4.4: Normalized CO, emissions for different span lengths: (a) office load
and (b) shopping mall load.

4.3 LCC for Varying Span Lengths

This section presents the life cycle cost results for the reference beams and the
composite beams STC-1 and STC-2 for span lengths between 3 m and 12 m, based
on the beam configurations obtained from the optimization phase as described in
Section 3.3.

Section 4.3.1 presents the absolute values of the total cost for each beam config-
uration at every span length, highlighting how the cost of each system vary with
increasing span. Section 4.3.2 presents the results in normalized form, illustrating
the relative advantages or disadvantages of each composite system compared with
its corresponding reference beam in percentage terms.
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4.3.1 Absolute Values

Figure 4.5 shows that the glulam reference beams and STC-1 are generally the most
costly alternatives, particularly for longer span lengths, compared to the steel refer-
ence beams and STC-2 under office loading conditions. However, for the shopping
mall load, the trend changes slightly, as STC-1 becomes a more cost-efficient alter-
native to its reference beam at lengths of approximately 12 m. Nevertheless, both
load combinations indicate that pure glulam beams tend to result in higher overall
costs, a trend that becomes more pronounced under higher loading conditions.
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Figure 4.5: Absolute cost for different span lengths: (a) office load and (b) shopping
mall load

4.3.2 Normalized Values

The normalized costs are presented relative to the corresponding reference beam,
with the dashed line at 100% representing the reference level. STC-1 is normalized
against the HEA reference and STC-2 against the glulam reference. Values below
100% indicate a cost saving relative to the reference, while values above 100% indi-
cate a cost premium.

Regarding cost, as shown in Figures 4.6a and 4.6b, STC-1 consistently exceeds the
HEA reference across all studied spans. The cost premium decreases with increasing
span length, from approximately 65% above the reference at 3 m to near parity at
12 m. Under shopping loads, the normalized cost falls below the HEA reference at
a span of 12 m, indicating a cost advantage for STC-1 at longer spans under higher
load intensities. The office load case, however, remains above the reference across
all studied spans, suggesting that STC-1 does not achieve cost parity under lower
load intensities within the studied span range.

The normalized cost for STC-2 is shown in Figure 4.6b, and exhibits a different
trend compared to STC-1. The office load case remains consistently below the
glulam reference across all studied spans, with cost reductions ranging from approx-
imately 15% to 25%. Under shopping loads, the cost premium of approximately
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20% observed at 3 m decreases with increasing span length, falling below the glu-

lam reference beyond approximately 8 m and reaching a maximum cost reduction
of approximately 30% at 11 m.

Cost: STC1 vs REF — Shopping & Office Loads

Cost: STC2 vs REF — Shopping & Office Loads
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Figure 4.6: Normalized cost for different span lengths: (a) office load and (b)
shopping mall load.
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4.4 Load-Displacement

Section 4.1 validated the analytical Newmark partial-interaction model against Abaqus
for the optimized STC-1 and STC-2 configurations at 7 m and 12 m spans. Sec-
tion 4.4 uses these same two validated geometries, not the full 3-12 m span range
considered in the LCA and LCC optimization of Sections 4.2 and 4.3. A nonlin-
ear analysis of these geometries is necessary because the analytical model assumes
linear-elastic behavior and cannot capture steel yielding, timber crushing, or post-
peak ductility, effects that govern the ultimate limit state. The objective of Sec-
tion 4.4, and of the nonlinear investigation carried through Sections 4.4-4.7, is to
determine whether the optimized sections are over- or under-designed once these
effects are accounted for, and to characterize their load-displacement response, duc-
tility, and failure mode. This also allows the failure mechanisms of the STC systems
to be understood and compared against the reference beams, providing insight into
how the combination of steel and timber alters the structural behavior relative to a
single-material section.

The load-displacement curves presented in this section are obtained from the nu-
merical analysis performed in Abaqus, as described in Section 3.4. The reference
beams and composite beam configurations STC-1 and STC-2 are analyzed at span
lengths of 7 m and 12 m, under both office and shopping mall load cases. All beam
configurations are plotted within the same figure to facilitate direct comparison.
The results illustrate how the ductility and maximum load capacity differ between
the reference beams and the composite systems for the same span length and load
case.

4.4.1 7m Span: Office Load

Figure 4.7 shows the load-displacement curves for the beam configurations at 7 m
span under office loading (3 kN/m), comparing STC-1 (HEA240+GL150) and STC-2
(GL115x585+S10) against their respective reference beams, HEA280 and GL140x720.
The HEA280 reference reached the highest peak load of approximately 450 kN at
70 mm displacement, followed by a ductile post-peak plateau that terminated at
around 135 mm. STC-1 peaked at a lower load of approximately 390 kN, around
89% of the steel reference’s capacity, but continued deforming well beyond the point
of steel failure, still carrying load past 200 mm displacement. This indicates that
the glulam component does not only contribute stiffness to STC-1, but extends its
ductile range beyond that of the bare steel section. In contrast, the GL140x720
reference beam reached a maximum load of only 285 kN at 25 mm displacement
before a brittle termination.

STC-2 reached a comparable peak load to STC-1, at approximately 390 kN, a 37%
increase over the glulam reference, and failed at approximately 85 mm displace-
ment, roughly 3.5 times the displacement capacity of the glulam alone, though still
considerably less ductile than STC-1. The comparison shows that both STC config-
urations substantially recover the peak load capacity of their stiffer reference beam
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while adding ductility relative to their weaker constituent, with STC-1 retaining the
greater share of that ductility due to the steel section’s own post-yield behavior.

Load-Displacement — 7m Office Load [3kN/m]
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Figure 4.7: Load-displacement response for 7 m span under office load.

4.4.2 12m Span: Office Load

Figure 4.8 shows the load-displacement curves for the beam configurations at 12 m
span under office loading (3 kN/m), comparing STC-1 (HEA3404+GL320) and STC-2
(GL165x900+S10) against their respective reference beams, HEA500 and GL190x1125.
The HEABH00 reference reached the highest peak load of approximately 930 kN at
around 110 mm displacement, maintaining a stable plateau out to 300 mm. STC-1
peaked at approximately 720 kN — around 77% of the steel reference’s capacity — at
150 mm displacement, followed by a gradual post-peak softening back to approxi-
mately 680 kN by 300 mm. Unlike the 7 m span case, STC-1 does not outlast its
steel reference here: both HEA500 and STC-1 remain responsive over a compara-
ble displacement range, indicating that the glulam’s contribution to ductility is less
pronounced at this span. In contrast, the GL190x1125 reference beam reached a
maximum load of approximately 535 kN at around 50 mm displacement before a
brittle termination.

STC-2 reached a peak load of approximately 660 kN at 110 mm displacement, a 23%
increase over the glulam reference, and continued to approximately 120 mm before
failure, roughly 2.4 times the displacement capacity of the glulam alone, though
with a more abrupt post-peak response than STC-1, consistent with its timber-
governed failure mode. As at 7 m, both STC configurations substantially recover
the peak capacity of their stiffer reference beam while adding ductility relative to
their weaker constituent, though the relative gain in ductile displacement from the
steel component is smaller at 12 m than at 7 m.
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Load-Displacement — 12m Office Load [3kN/m]
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Figure 4.8: Load-displacement response for 7 m span under office load.

4.4.3 7m Span: Shopping Mall Load

Figure 4.9 shows the load-displacement curves for the beam configurations at 7 m
span under shopping mall loading (5 kN/m), comparing STC-1 (HEA260+GL220)
and STC-2 (GL140x720+S10) against their respective reference beams, HEA320
and GL165x810. The HEA320 reference reached the highest peak load of approxi-
mately 680 kN at around 60 mm displacement, maintaining a stable ductile plateau
out to 215 mm. STC-1 peaked at approximately 550 kN, around 81% of the steel
reference’s capacity, at 100 mm displacement, exhibiting a gradual, ductile post-
peak response inherited from the steel section, though ending slightly earlier than
HEA320 at approximately 180 mm. This is the reverse of the 7 m office load case,
where STC-1 outlasted its steel reference; under the heavier shopping mall load,
STC-1 instead fails marginally before HEA320, suggesting that the relative ductil-
ity gain from the glulam is sensitive to load magnitude as well as span.

STC-2 reached a peak load of approximately 700 kN at 60 mm displacement, essen-
tially matching the peak capacity of HEA320, but the two configurations diverge
sharply beyond that point: while HEA320 sustains its load over a further 150 mm of
displacement, STC-2 fails abruptly shortly after its peak, consistent with a timber-
governed failure mode rather than the steel-governed ductility of HEA320. Com-
pared to its own glulam reference (GL165x810, approximately 600 kN at 25 mm
before brittle termination), STC-2 still represents an improvement, a 17% increase
in peak load and roughly 2.4 times the displacement capacity, but it falls well short
of the ductility offered by an equivalent steel section. As at 12 m, both STC config-
urations recover a large share of their stiffer reference beam’s peak capacity, but the
comparison here highlights that matching peak load is not the same as matching
ductility: STC-2’s steel plate raises capacity without meaningfully delaying failure,
whereas STC-1’s steel section delivers both.
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Load-Displacement — 7m Shopping Load [5kN/m]
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Figure 4.9: Load-displacement response for 7 m span under shopping mall load.

4.4.4 12m Span: Shopping Mall Load

Figure 4.10 shows the load-displacement curves for the beam configurations at 12 m
span under shopping mall loading (5 kN/m), comparing STC-1 (HEA500+GL200)
and STC-2 (GL190x1125+510) against their respective reference beams, HEA800
and GL215x1305. STC-1 and its steel reference HEA800 reached a similar peak load
of approximately 1100 kN, but their failure modes differ fundamentally. HEAS800
failed abruptly at only 45 mm displacement, governed by lateral-torsional buckling
rather than material yielding, a stability failure typical of slender, unrestrained steel
sections at this span. STC-1 avoids this failure mode entirely: the glulam element
braces the steel flange against lateral movement, suppressing buckling and allowing
the section to instead exhibit a ductile post-peak plateau extending to approximately
345 mm, nearly eight times the displacement capacity of the bare steel section. This
is the clearest evidence in the load-displacement results that the steel-timber com-
bination does not simply add capacity, but can change which failure mechanism
governs the design.

STC-2 reached a peak load of approximately 1200 kN at around 170 mm displace-
ment, twice the ultimate load of its glulam reference beam, GL215x1305, which
reached approximately 600 kN at a maximum displacement of 25 mm before brittle
failure terminated the analysis, a nearly sevenfold increase in displacement capacity.
Unlike STC-1, STC-2’s improvement over its reference remains one of degree rather
than of failure mechanism: both GL215x1305 and STC-2 fail in a timber-governed
mode, with the steel plate delaying but not preventing that mode. Taken together,
the 12 m shopping mall results show the most pronounced benefit of the STC sys-
tems observed so far, with STC-1’s suppression of lateral-torsional buckling standing
out as a qualitatively different, rather than merely incremental, improvement over
its reference beam.
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Figure 4.10: Load-displacement response for 12 m span under shopping mall load.

4.4.5 Effective Bending Stiffness

The load-displacement results presented in the preceding sections show that the glu-
lam reference beam consistently exhibits the highest initial stiffness across all inves-
tigated cases. However, since the configurations differ in cross-sectional dimensions
and degree of composite action, a direct comparison based on load-displacement
response alone would not be fair, a stiffer beam may simply be larger rather than
structurally more efficient. Therefore, the effective bending stiffness is calculated
for each configuration using the gamma method in accordance with Eurocode 5
(EN 1995-1-1), providing a normalized basis for comparing the composite sections
against the pure steel and pure glulam reference beams.

Figure 4.11 shows the effective bending stiffness for each configuration across all
span lengths and load cases. In almost all cases, STC-2 achieves the highest stiffness,
followed by the glulam reference beam, the steel reference beam, and STC-1 as the
least stiff configuration. This ranking reveals a fundamental difference between the
two composite configurations. STC-2 consistently achieves a higher effective stiffness
than the glulam reference beam across all investigated cases, while STC-1 results in
a lower effective stiffness than the steel reference beam in all cases.
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| Effgctive Bending Stiffness Comparison
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Figure 4.11: Effective bending stiffness for all configurations.

Table 4.1 presents the effective bending stiffness and the corresponding gamma co-
efficient for all configurations, expressed in N-mm?. The gamma values indicate
the degree of composite action achieved in each STC configuration, where a value
approaching unity represents near-full composite action.

Table 4.1: Effective bending stiffness and gamma coefficient for all configurations.

Configuration 7m Office 12m Office 7m Shopping 12m Shopping
EIeﬁ‘ / Y EIeﬁ‘ / 8 EIeff / Y EIeH / Y

Steel Ref 2.87 x 10 / 1.83 x 10 / 4.82 x 10 / 6.37 x 1011 /

GL Ref 5.66 x 1013 / — 2.93 x 10 / — 9.50 x 1013 / — 5.18 x 1014 / —

STC-1 2.589 x 10 / 0.568 | 5.92 x 10'3 / 0.635 | 4.562 x 1013 / 0.509 | 2.441 x 1014 / 0.707

STC-2 1.441 x 10 / 0.281 | 1.052 x 10¥ / 0.304 | 3.24 x 10* / 0.245 | 1.114 x 10'® / 0.260

4.5 Slip

The load-slip behavior at the steel-timber interface for STC-1 and STC-2 is presented
in this section, obtained from the numerical analysis phase as described in Section
3.4. Since slip only occurs when two members interact through a connection, the
reference beams are excluded from this analysis. The results cover span lengths
of 7 m and 12 m under both office and shopping mall load cases. The load-slip
response reflects the degree of composite action and connection ductility, and both
configurations are plotted within the same figure to facilitate direct comparison.
The initial stiffness differs between the two systems due to their different connector
types and numbers, as STC-1 uses 12 mm bolts while STC-2 uses 8 mm screws.
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4.5.1 7m and 12m Span: Office Load

Figure 4.12 presents the load-slip behavior of both composite beams at 7 m and
12 m span under office loading. At 7 m, STC-2 exhibits a higher initial stiffness
than STC-1, evidenced by the steeper slope of its load-slip curve at low slip val-
ues. Both systems reach approximately the same ultimate load of nearly 400 kN,
but STC-1 demonstrates a larger slip prior to failure, approximately 3.5 mm, com-
pared to approximately 2.7 mm for STC-2. The same stiffness trend holds at 12 m:
STC-2 again shows the steeper initial slope and here also reaches a higher ultimate
load, approximately 650 kN compared to approximately 600 kN for STC-1. STC-1
nonetheless retains its ductility advantage, with a slip at failure of approximately
3.9 mm against approximately 2.6 mm for STC-2. The consistent stiffness and duc-
tility difference across both spans indicates that this behaviour is governed primarily
by the connection detail itself, STC-1’s 12 mm bolts versus STC-2’s 8 mm screws
rather than by span, though the gap in ultimate load capacity between the two
systems widens somewhat at the longer span.
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Figure 4.12: Load-slip response of STC-1 and STC-2 under office load, at (a) 7 m
and (b) 12 m span.

4.5.2 7m and 12m Span: Shopping Mall Load

Figure 4.13 presents the load-slip behavior of both composite beams at 7 m and 12 m
span under shopping mall loading. At 7 m, the response follows the same stiffness
trend observed under office loading, though the disparity between the two configura-
tions is more pronounced: STC-2 reaches an ultimate load of approximately 700 kN
at a slip of 2.3 mm, while STC-1 reaches approximately 550 kN at 3.8 mm, reflecting
a greater gap in both strength and ductility than in the office load case. At 12 m,
STC-2 again shows the higher initial stiffness, and here the two configurations reach
a similar ultimate load of approximately 1200 kN; however, STC-1 still demonstrates
greater ductility, with a slip at failure of approximately 4.2 mm compared to approx-
imately 2.5 mm for STC-2. The connectors in both configurations, 12 mm bolts in
STC-1 and 8 mm screws in STC-2, are modeled in Abaqus as Cartesian point-based
fasteners with linear-elastic stiffness, assigned from the K., and K, slip modulus
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values per Eurocode 5. As no connection failure criterion is defined, the post-peak
response in both configurations is governed entirely by material failure in the timber
or steel, rather than by the connectors themselves.
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Figure 4.13: Load-slip response of STC-1 and STC-2 under shopping mall load,
at (a) 7m and (b) 12 m span.

4.6 Stress Distribution

This section presents the stress distribution along the beam depth at mid-span for
the composite beam configurations STC-1 and STC-2, obtained from the numerical
analysis phase as described in Section 3.4, and evaluated at span lengths of 7 m and
12 m. The reference beams are excluded from this analysis, as homogeneous single-
material beams exhibit a linear stress distribution. The stress distributions are
evaluated at three loading stages: pre-yield, post-yield, and peak load. The results
indicate that all composite beams exhibit a stress discontinuity at the interface
between the two materials, and that this discontinuity becomes more pronounced
with increasing load.

4.6.1 Stress Distribution of STC-1

The stress distribution of STC-1 follows a consistent pattern across all investigated
span lengths and load cases. Figure 4.14 is presented as a representative example
for the 7 m span under office loading. At the pre-yield stage, the section behaves
elastically, with a clear stress discontinuity at the interface. As the load increases,
yielding initiates in the steel, and the glulam approaches its compressive strength. At
peak load, the steel has fully yielded, with a trapezoidal stress distribution indicating
the formation of a of a fully developed plastic zone, while the compressive stress in
the glulam remains essentially unchanged, reflecting compressive crushing. The
remaining stress distributions are presented in Appendix C for completeness, and
the corresponding stress values across all span lengths and load cases are summarized
in Section 4.6.3 below.
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Stress Distribution — HEA240 + GL150 (STC-1)
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Figure 4.14: Stress distribution of STC-1 at 7 m span under office load.

4.6.2 Stress Distribution of STC-2

The stress distribution of STC-2 also follows a consistent pattern across all inves-
tigated span lengths and load cases. Figure 4.15 is presented as a representative
example for the 7 m span under office loading. At the pre-yield stage, the sec-
tion behaves elastically, with a distinct stress discontinuity at the interface. As the
load increases, the glulam reaches both its compressive and tensile strength limits,
whereas the steel plate remains in the elastic range. At peak load, the compressive
stress in the glulam stabilizes at its compressive capacity, while the tensile stress
distribution in the timber remains linear, reflecting the brittle tensile behavior of
glulam up to its tensile strength. By this stage, the steel plate has fully yielded,
developing a fully plastic stress distribution. The remaining stress distributions
are presented in Appendix C for completeness, and the corresponding stress values
across all span lengths and load cases are summarized in Section 4.6.3 below.
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Stress Distribution — GL 115x585 + S10(STC2)
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Figure 4.15: Stress distribution of STC-2 at 7 m span under office load.

4.6.3 Stress Distribution Summary

This section evaluates the degree of material utilization in the two materials im-
mediately prior to yielding for each STC configuration. Figure 4.16 presents the
material utilization of STC-1, where both the timber and steel are utilized to a
high extent across all span lengths and load combinations. The timber achieves a
minimum utilization ratio of 88.2%, while the steel reaches a minimum utilization
ratio of 83.1%. In average, the timber and steel attain utilization ratios of approxi-
mately 95.1% and 93.7%, respectively, demonstrating efficient use of both materials
throughout the investigated cases.

60



4. Results

Stress Summary — STC-1 |
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Figure 4.16: Summary of bending stress prior to yielding vs corresponding yield
load of STC-1.

Figure 4.17 illustrates the material utilization of STC-2 for the different span lengths
and load cases. In contrast to STC-1, the two materials are not utilized to a similar
extent. The timber exhibits a minimum utilization ratio of 93.9% and an average
utilization of 95.7% across all investigated cases, indicating that it is used efficiently.
However, the steel shows considerably lower utilization, with a minimum value of
49.3% and an average utilization ratio of 56.2%. These results suggest that the
full strength potential of both materials is not being exploited in the most efficient
manner.
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Figure 4.17: Summary of bending stress prior to yielding vs corresponding yield
load of STC-2.
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4.7 Failure Modes

The stress distributions presented in Section 4.6 identified which material approaches
its capacity first under increasing load. The failure modes presented in this sec-
tion, obtained from the same nonlinear finite element analysis described in Section
3.4, illustrate how each configuration ultimately fails as a physical consequence of
that stress state. The results are presented separately to allow direct comparison
between the two configurations STC-1 and STC-2. Depending on the governing
failure mechanism, the figures display either the equivalent plastic strain (PEEQ)
or the logarithmic strain (LE), in order to better illustrate the location and extent
to which each beam has reached its ultimate capacity.

4.7.1 Failure Modes of STC-1

The failure mode of STC-1 remains consistent across all investigated span lengths
and load cases. Figure 4.18 illustrates this for the 7 m span under office loading.
Consistent with the stress distributions presented in Section 4.6, failure is governed
by compressive crushing of the glulam above the top flange, where compressive
capacity is reached. This is followed by progressive yielding of the HEA steel section,
resulting in a ductile post-peak response as observed in the load-displacement curve.
The localized plastic strain concentration at mid-span, visible in the PEE(Q contour,
confirms that failure initiates and remains concentrated at the point of maximum
bending moment. The failure modes of the remaining STC-1 configurations are
presented in Appendix C.
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Figure 4.18: Failure mode of STC-1 at 7 m span under office load.

4.7.2 Failure Modes of STC-2

The failure mode of STC-2 is largely consistent across the investigated configura-
tions. Figure 4.19 is presented as a representative example for the 7 m span under
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office loading. Failure is governed by brittle tensile rupture of the glulam at the
bottom face, where the tensile capacity is reached. The steel plate, operating signif-
icantly below its yield stress at failure initiation, contributes stiffness to the system
but does not prevent the timber-governed failure, resulting in the abrupt post-peak
response observed in the load-displacement curve. This fundamental difference in
failure character between STC-1 and STC-2 reflects the contrasting roles of the steel
component in each configuration, as the primary load-carrying element in STC-1,
and as a stiffness contributor in STC-2 where timber governs both strength and
failure mode.

An exception to this pattern is observed at the 12 m span under office loading,
shown in Figure 4.20. Here, failure is characterized by longitudinal splitting of the
glulam along its mid-height, rather than tensile rupture at the bottom face. This is
reflected in the LE Max. Principal contour, which shows a broad horizontal strain
concentration running along the grain direction at mid-height, indicative of timber
splitting. This failure mode is attributed to the longer span, where the distribution of
shear stresses along the beam length becomes more critical relative to the bending-
induced tensile stresses at the bottom face. The failure modes for the remaining
STC-2 configurations are presented in Appendix C.
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Figure 4.19: Failure mode of STC-2 at 7 m span under office load.
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LE, Max. Principal

(Avg: 75%)
+1.843e+00
+1.689e+00
+1.536e+00

+
o
>
I
b
¥
o
=

+1.556e-01
+0.000e+00

0ODB: STC2_12m_Office_NonLinearAnalysis.odb Abaqus/Standard 2024.HF2 Sun May 24 16:09:43 W. Europe Daylight Time 2026

,'. Step: Step-1
L=« x Increment 47: Arc Length = 3.619
Primary Var: LE, Max. Principal
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 4.20: Failure mode of STC-2 at 12 m span under office load.
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5.1 Summary of Findings

This study evaluated two steel-timber composite systems: STC-1, consisting of an
HEA beam with a glulam member on top, and STC-2, consisting of a glulam beam
reinforced with a steel plate on its bottom. The steel and timber components were

connected using shear connectors, with bolts used in STC-1 and screws used in
STC-2.

The study developed an analytical model based on Newmark’s linear-elastic com-
posite beam theory. Since the theory was originally formulated for steel-concrete
composite beams, its applicability to steel-timber composite (STC) beams was ver-
ified due to the lack of dedicated Eurocode provisions.

Validation was performed using finite element simulations in Abaqus on STC beams
with spans of 7 m and 12 m under office and shopping mall loading conditions.
Predicted deflections and axial stresses were compared with FE results. Overall,
good agreement was observed, although notable deviations occurred for the STC-2
configuration under the 7 m office load case, indicating that while the theory is
generally reliable, its accuracy may be limited by connection complexity.

The design step in the genetic algorithm included STC-1 and STC-2 configura-
tions for spans ranging from 3 m to 12 m, and their performance was compared
to reference HEA steel and glulam beams to evaluate environmental and economic
benefits. These benefits were found to emerge only beyond certain threshold spans:
In general STC-1 reduced CO, emissions by up to 20% compared to steel beyond
approximately 5 m, while STC-2 reduced costs by up to 30% compared to glulam
for spans above approximately 9 m, without a significant increase in CO4 emissions.

A non-linear FEM analysis was performed to capture the realistic behavior of the
structural systems. The results showed that both STC configurations with spans of
7 m and 12 m satisfied the design load requirements for office and shopping mall
load cases. Compared to the reference glulam beam, STC-2 exhibited a more ductile
failure mode, thereby reducing the brittle failure behavior associated with glulam.
This indicates that even though the steel plate does not reach its yield strength
before system yielding, it imparts slight ductile behavior to STC-2 system. STC-1
showed a slightly lower load-carrying capacity than the reference HEA beam, but
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exhibited a similar response up to failure.

The stress distribution revealed a clear contrast between the two systems. In STC-1,
both the HEA steel section and the glulam were highly utilized, reaching average uti-
lization ratios of 93.7% and 95.1%, respectively, indicating a well-balanced composite
section in which both materials contribute comparably to the bending resistance. In
STC-2, however, the timber remained efficiently utilized (95.7% on average) while
the steel plate was substantially under-utilized, averaging only 56.2%. This re-
flects the fact that STC-2 is derived from a timber beam that is already deflection-
governed: failure consistently initiates through tensile rupture of the glulam before
the steel plate approaches yield, and the steel plate’s cross-sectional area is governed
by the serviceability deflection criterion rather than by strength requirements. As
a result, the steel plate contributes primarily to stiffness rather than load-carrying
capacity, and may be over-designed from a pure strength perspective. This suggests
that thinner or wider plate geometries, sized explicitly for stiffness demands rather
than inheriting excess strength margin, could improve material efficiency in future
designs.

This pattern also reflects a limitation of the optimization methodology: since the
genetic algorithm selects designs based on deflection, strength, and the MAC rank-
ing, it does not explicitly minimize excess steel capacity once stiffness requirements
are met. As a result, the steel plate in STC-2 is not refined for strength efficiency,
and its under-utilization is a by-product of the optimization setup rather than a tar-
geted outcome. Another possible source of error lies in the numerical model itself:
the neutral axis used to partition the glulam’s material properties was determined
assuming full composite action, since the actual partial-interaction stress distribu-
tion was not known beforehand. This simplification may introduce some inaccuracy
in the predicted stress distribution, and therefore in the resulting steel utilization
values.

5.2 Answers to Research Questions

5.2.1 Applicability of Newmark’s Partial-Interaction Beam
Theory

The differences in deflection and axial stress between Newmark’s partial-interaction
theory and the FEM results are presented in Figures 4.1 (STC-1) and 4.2 (STC-2).
STC-1 showed generally good agreement in deflection, with differences ranging from
0.8% to 6.9%, where the 12 m shopping mall beam exhibited the largest deviation.
The axial stress differences were higher, ranging from 4.6% to 9.2% for the STC-1
configurations.

STC-2, on the other hand, showed overall larger deviations compared to STC-1,
with deflection differences ranging from 6.5% to 15.2% and axial stress differences
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from 2.4% to 10.2%. The maximum deviation of 15.2% in deflection for the 7 m
shopping mall beam (Figure 4.2) is notably higher than the remaining results. The
corresponding axial stress difference of 8.3% for the same case may indicate a po-
tential modeling inconsistency in the FEM analysis that could not be conclusively
identified. This configuration uses an inclined screw layout, necessitated by the
large glulam depth. In the numerical model, this inclination was accounted for only
through a reduced connector stiffness rather than by explicitly modeling the inclined
geometry, which likely contributes to the elevated deviation.

These divergences are expected and can be attributed to the simplifying assumptions
of Newmark’s theory. As discussed in Section 2.4.4, the theory assumes uniformly
distributed connection stiffness, one-dimensional Euler—Bernoulli behavior, and no
transverse separation at the interface. In contrast, the Abaqus model captures dis-
crete connector behavior, local stress concentrations near connection points, and
three-dimensional stress states in the cross-section, none of which are represented in
the analytical formulation.

Despite these differences, the overall agreement is considered acceptable for an
emerging design method in the absence of standardized Eurocode provisions for
steel-timber composite beams. Consequently, Newmark’s partial-interaction theory
is deemed sufficiently accurate for the purposes of this study, for all selected spans
and load cases. This is comparable to similar transformed-section elastic models re-
ported in the literature: Jurkiewiez et al. [15] found discrepancies of approximately
10% between analytical and experimental results using an equivalent homogenized-
section approach. STC-1’s deviations fall within this range for all cases, while the
15.2% deviation for STC-2 under the 7 m shopping load exceeds it, reinforcing that
this case warrants closer scrutiny.

5.2.2 Comparative Environmental and Economic Performance
for Varying Span

Comparing the two configurations directly, a trade-off emerges between environ-
mental and economic performance. STC-1 offers a clearer environmental benefit,
achieving CO, reductions of up to 20% relative to its steel reference at longer spans,
but at a persistent cost premium that only approaches parity at 12 m. STC-2 shows
the opposite pattern, consistent cost savings of up to 30% relative to its glulam
reference, but limited and inconsistent CO, reduction, never exceeding 15%. This
reflects their different roles. STC-1 is more suitable where reducing embodied car-
bon is the priority, typically replacing steel beams, while STC-2 is more suitable
where cost efficiency is the priority, typically replacing glulam beams. However, it
should be noted that STC-1 and STC-2 are evaluated against different reference
beams, so the reported percentages are not directly comparable in absolute terms
but rather indicate each configuration’s relative performance against its respective
baseline.
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5.2.2.1 LCA Results

The LCA result in Figure 4.4 shows that below approximately bm span, the LCA
results show no clear trend for either configuration. In these short spans, normal-
ized CO, emissions are significantly higher than the reference beams, due to the
small material volumes. The variability is further influenced by the MAC selection
method, which balances cost and CO, rather than minimizing emissions directly.
As a result, different feasible designs with similar utilization ratios can have dif-
ferent CO, outcomes, and the selected solution does not necessarily represent the
lowest-carbon option. Therefore, the preferred configuration depends on the chosen
objective: prioritizing lower CO5 may result in higher cost, while minimizing cost
may lead to higher emissions.

For STC-1, a clear trend appears at spans beyond approximately 5 m, where CO,
emissions decrease and fall below the steel reference. At 12 m, reductions reach
about 20% for the shopping load case and about 8% for the office case. This shows
that STC-1 becomes environmentally beneficial at longer spans, where the lower
embodied carbon of glulam offsets the added material and connector emissions.

For STC-2, no consistent CO, reduction is observed compared to the glulam refer-
ence. The shopping load case performs better than the office case and stays below
the reference beyond 5 m, but the maximum reduction remains under 15%. This
limited benefit is explained by the high emissions of the steel plate and the relatively
small net benefit from glulam due to end-of-life carbon release. As a result, STC-2
provides limited environmental advantage and is mainly more attractive from a cost
perspective than a carbon reduction perspective.

5.2.2.2 LCC Results

Unlike the LCA results, the LCC analysis shown in Figure 4.6 reveals distinct pat-
terns that differed between the two composite configurations.

For STC-2, the office load case is consistently less expensive than the reference glu-
lam beam across all studied spans, with cost reductions ranging from approximately
15% to 30%. Under shopping loads, STC-2 carries a cost premium of approximately
20% at short spans, which decreases steadily with increasing span length, falling
below the reference beyond approximately 9 m and reaching a maximum cost re-
duction of approximately 30% at 11 m. This consistent cost advantage is explained
by the nature of the configuration: the steel plate is a small-volume reinforcement
that allows a significantly smaller glulam section to satisfy the deflection criterion
compared to the pure glulam reference.

Since glulam costs approximately 29,500 SEK /ton equivalent, derived from the unit
price of 11,500 SEK/m? and a characteristic density of 390 kg/m?, compared to
13,500 SEK/ton for steel, timber is more than twice as expensive per unit mass.
The material savings in timber volume outweigh the added steel plate cost, par-
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ticularly under lower load intensities where the required glulam depth reduction is
most pronounced relative to the plate size., which explains the cost variation over
the span shown in Figure 4.6b.

For STC-1, the composite beam is more expensive than the HEA reference across
almost all studied spans and load cases. The cost premium decreases with increasing
span, from approximately 70% at 3 m to near parity at 12 m under shopping loads,
where STC-1 slightly undercuts the reference. The office load case remains above
the reference across the entire span range.

This persistent cost premium is mainly due to the higher unit cost of glulam com-
pared to steel, combined with additional connector costs. As with the LCA results,
the trend is also influenced by the MAC selection method, which balances cost and
COg rather than minimizing cost alone. As a result, the selected configuration is
not necessarily the lowest-cost feasible option, and a cost-only optimization would
likely yield more favorable LCC results for STC-1 at longer spans.

5.2.3 Structural Behavior (Load-Displacement,Stress, Slip,
Failure Modes)

The load-displacement plots shown in Figures 4.7 - 4.10 shows that both STC config-
urations satisfied the design load requirements across both investigated span lengths
and load combinations. STC-1 exhibited load-displacement responses closely fol-
lowing the steel reference beam up to yielding, after which a gradual and ductile
post-peak response was observed.

STC-2 exhibited improved deformation capacity compared to the glulam reference
beam across all investigated cases, with failure occurring at substantially larger dis-
placements than the brittle termination observed in the pure glulam beams. How-
ever, the post-peak response of STC-2 remains relatively brittle compared to STC-1
and the HEA reference beams, which both exhibit gradual post-peak plateaus with
significant residual load capacity.

This suggests that the steel plate in STC-2 delays and slightly softens the brittle
wood failure rather than fundamentally transforming it into a ductile mechanism.
STC-1, by contrast, inherits the ductile post-yield behavior of its HEA steel section,
resulting in a response closely resembling that of the steel reference beam up to
and beyond peak load. The clear hierarchy in ductility, HEA reference ~ STC-1 >
STC-2 > glulam reference, reflects the degree to which the steel component governs
the post-peak response in each configuration.

This hierarchy is most pronounced for the 12 m span under shopping mall loading
(Section 4.4.4), where STC-1 avoids the lateral-torsional buckling failure that ter-
minates its steel reference beam at only 45 mm displacement, instead sustaining a
ductile post-peak plateau to approximately 345 mm. This is a qualitatively differ-
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ent, rather than merely incremental, improvement: the glulam element braces the
steel flange against lateral movement, changing which failure mechanism governs
the design rather than simply delaying it. This is consistent with Jurkiewiez et al.
[15], who observed a comparable shift away from lateral-torsional buckling toward
a different failure mode in a tee-section steel-timber hybrid beam once timber was
added. Chen et al. [16] similarly found that timber reinforcement substantially
raises the load at which lateral-torsional buckling occurs in steel-timber compos-
ite beams, though in their tests the failure mode itself remained buckling-governed
rather than being replaced entirely.

This hierarchy in ductility is further supported by the observed failure modes across
all configurations. Failure in both STC-1 and STC-2 is consistently initiated in the
glulam component regardless of span length or load combination, with reaching its
compressive or tensile capacity before the steel approaches yielding.

Although STC-1 achieves a higher degree of composite action as indicated by the
gamma coefficient, STC-2 consistently produces a higher effective bending stiffness
across all configurations. This apparent contradiction reflects the distinction be-
tween composite efficiency and absolute stiffness. STC-1 makes more efficient use of
the composite connection, but the inherently larger cross-section of STC-2’s glulam
component results in a higher absolute stiffness despite the lower degree of composite
action. This suggests that for maximizing bending stiffness, cross-section geometry
plays a more dominant role than the degree of composite action alone.

In STC-1, failure is governed by compressive crushing of the glulam under the top
flange, followed by progressive yielding of the steel HEA section, resulting in the
ductile post-peak response observed in the load-displacement curves. In STC-2,
failure is governed by tensile rupture of the glulam at the bottom face, which occurs
before the steel plate reaches yield, consistent with the low steel utilization ratios
reported in Figure 4.17. This distinction is important: STC-1 fails in a compression-
then-yielding sequence that is inherently ductile, while STC-2 fails through brittle
timber tension despite the presence of the steel plate, explaining the more abrupt
post-peak response.

This is consistent with the stress distribution results presented in Figures C.5—C.6,
where the glulam operates near its strength limits at pre-yield while the steel stresses
remain significantly below yield, particularly in STC-2, where the steel plate aver-
ages only approximately 56% utilization at the pre-yield stage as summarized in
Figure 4.17, compared to approximately 94% for STC-1 in Figure 4.16.

This disparity in material utilization raises an important question regarding the ef-
ficiency of the current designs. In STC-1, the relatively balanced utilization of both
materials suggests that the composite section is well-proportioned, with steel and
timber contributing roughly equally to the bending resistance at the serviceability
stage. In STC-2 however, the timber consistently governs failure while the steel plate
carries significantly less stress, indicating that the configuration is effectively timber-
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governed throughout the loading history. The steel plate primarily contributes stiff-
ness to satisfy the serviceability deflection criterion rather than strength, meaning
that its cross-sectional area is determined by stiffness requirements rather than by
strength utilization.

This is an inherent consequence of the STC-2 configuration being derived from a tim-
ber beam that is already deflection-governed, adding a steel plate shifts the neutral
axis and increases the effective stiffness, reducing deflection, but does not necessarily
engage the steel’s full strength capacity in the process. This suggests that the current
steel plate thickness in STC-2 may be overdesigned from a pure strength perspective.

The load-slip behavior at the steel-timber interface, presented in Figures 4.12a—4.13b,
is consistent with the observed differences in ductility between the two configura-
tions. STC-2 exhibits a higher initial connection stiffness and accumulates less total
slip at failure compared to STC-1 across all investigated span lengths and load com-
binations. For the 7 m office load case, STC-1 reaches approximately 3.5 mm slip
at failure compared to 2.7 mm for STC-2, and this pattern is maintained across all
cases.

This difference reflects the connector stiffness values assigned in the numerical model.
Although the bolt connectors in STC-1 have a higher per-connector slip modulus
K., than the screws in STC-2, STC-2’s closer connector spacing results in a higher
overall connection stiffness, which governs the global load-slip response. This is con-
sistent with the deflection-governed nature of STC-2 discussed above: the tighter
connector spacing, like the steel plate itself, is driven by the need to satisfy service-
ability stiffness requirements rather than to maximize strength utilization. It should
be noted that in the numerical model, connector stiffness is assigned as a constant
elastic value throughout the analysis, meaning no connection failure criterion is de-
fined. The failure sequence observed in both configurations is therefore governed
entirely by material failure in the timber or steel components. Consequently, the
difference in post-peak response between STC-1 and STC-2 reflects the difference in
which material governs failure, rather than any difference in connection behavior.

5.2.4 Methodological Constraints Affecting the Results

The genetic algorithm design process included several geometric constraints that
influence the resulting LCA and LCC outcomes. The glulam width was constrained
to equal the steel flange width (b, = by) to prevent local failures at the interface,
while the timber depth in STC-1 was limited by the steel section depth (h; < hy).
These restrictions reduce the range of feasible composite configurations and may
exclude solutions with lower CO, emissions.

In addition, the total composite depth was limited to s+ h; < 0.8, m and h,+ h; <
1.2, m for the 7 m and 12 m spans, respectively, further constraining the design space.
Finally, the assessment was based on a single load combination per span, meaning
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that results may vary under alternative loading scenarios or tributary widths.

Another important limitation is lateral-torsional buckling (LTB), which is not con-
sidered in the design of the STC-configurations, but only in the reference beams. In
practice, the compression flange of the steel section in STC-1 is partially restrained
by the glulam through the connector interface, which would increase the effective
LTB resistance compared to a bare steel beam. Neglecting this restraint is therefore
conservative for the reference HEA beams but may underestimate the structural
efficiency of the composite configurations.
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This study investigated two steel-timber composite (STC) beam configurations:
STC-1, consisting of an HEA steel beam with an overlying glulam element, and
STC-2, consisting of a glulam beam reinforced with a steel plate. Their structural,
environmental, and economic performance was evaluated against steel and glulam
reference beams.

Newmark’s partial-interaction theory was found to predict the behavior of both
configurations with acceptable accuracy, supporting its use as a preliminary design
method in the absence of dedicated Eurocode provisions for STC beams.

The environmental and economic benefits of the composite systems were found to be
span-dependent. STC-1 achieved CO, reductions of up to 20% relative to the steel
reference at longer spans, whereas STC-2 provided no consistent carbon advantage
over glulam. Economically, STC-2 proved advantageous, achieving cost reductions
of up to 30% compared to glulam, while STC-1 remained generally more expen-
sive than the steel reference. Consequently, neither configuration outperformed its
reference beam in both cost and environmental impact, and the preferred solution
depends on the project’s design priorities.

Both STC configurations satisfied the structural requirements for all investigated
spans and load cases. STC-1 exhibited a ductile response comparable to the steel
reference beam, while STC-2 showed improved ductility relative to glulam but re-
mained governed by timber tension failure. Material utilization indicated efficient
use of both materials in STC-1, whereas the steel plate in STC-2 was primarily
stiffness-governed, suggesting potential for further optimization.

Overall, STC beams represent a structurally sound and potentially beneficial alter-
native to conventional steel or glulam beams beyond certain threshold spans, with
STC-1 favored for environmental performance and STC-2 for economic efficiency
relative to glulam.

6.1 Recommendations for Future Work
« Experimental Validation. Physical experimental validation through push-

out tests and full-scale beam tests is the most immediate next step, particularly
for STC-2 with inclined screws, where the numerical model showed the largest
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deviations from Newmark’s theory. Experimental data would allow calibration
of the connector stiffness model beyond the Eurocode 5 provisions used in
this study and provide a more reliable basis for the partial-interaction design
approach.

Lateral-Torsional Buckling. Lateral-torsional buckling was verified for the
reference beams but not explicitly incorporated into the design of the STC
configurations. Accounting for the lateral restraint provided by the glulam to
the steel section in STC-1 could allow more efficient HEA section selection,
which would in turn affect the LCA and LCC outcomes and potentially in-
crease the span range over which STC-1 offers environmental and economic
advantages.

Steel Plate Optimization for STC-2. The results indicate that the steel
plate in STC-2 is governed by stiffness rather than strength requirements,
with an average utilization of only approximately 56% at the pre-yield stage.
A dedicated geometric optimization investigating thinner but wider plates or
alternative steel profiles could improve material efficiency, reduce cost, and
lower embodied carbon simultaneously, addressing the main structural limita-
tion identified in this study.
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A

Appendix: Calculations of Beam



7m Office Beam HEA 280

h:=270 mm fy=355 MPa
bp:=260 mm Yaro=1
tp:=13 mm leam=Tm  g=9.81
hyi=h—2 t;=0.244 m E:=200 GPa
t,:=8 mm p::7850k—g3
m
t 3

Io_lzzbf-lf—2:<4.76-10_8> m* Afiange=by+t;=0.003 m*

3 Apep =ty * hy=0.002 m®

h

Iyoi= tw-%: (9.685-107°) m* Wt
y::5—320.129 m
3

t h
Iy, ::bf-%:(4.76-10-8) m? Yiop'= 5 =0-135 m

Iippi= <I().1 +Aflange ° y2> +IO.2 + (IO.3 +14flange ° y2> = (1’214 T 1074) m*

Imposed load Self weight
kN
Dge.imp*= 3 2 Abeam =2 Aflange +Aweb =0.009 m2
kN kN
qk::qk.imp.G m= 18 —_— gk::p.AbEam.g:()'G?l —_—
m m
Total load
kN
Qasrs=1+g,+1-q,=18.671 —
m
EN

Qauvrsi=1.35+9,+1.5-q,=27.906 —
m



Check of bending moment capacity:

Outstanding flange

e:=0.81
byt
cF::?—?:Hﬁ mm CSC1:=9.e=7.29
tp:=t;=13 mm CSC2:=10-e=8.1
Cr
—~£-9.692 CSC3:=14-e=11.34
tF
I
MEd::qd‘ULS%=17O.922 kN -m
I
W, :=—2" =0.0009 m?
ytop
W .
Mpyi=—2 Ty _ 319944 kN om
Ymo

Utilization ratio

M
Bd _ 53.54%

MRd



Check of deflection limit:

4
_ D q4a.sLs* lbeam

384-E-1,,

=24.04 mm

Utilization ratio

Y _85.858%

Wiim



Check of lateral torsional buckling:

C,:=1.127
I,:=4763.10" mm®* 1,:=785-10° mm° 1,:=0.624-10° mm*
k=1
k=1
E
G:=———_=76.923 GPa
2 (1+0.3)
B, kN2 T, (Kelpem)? - G+1,
M, :=Cpo— = || —| =2+ =342.133 kN -m
<k'lbeam>2 kw IZ m? ‘E-I,

W,;:=1010-10° mm®
aLT = 0.34

Y =1

Wel'fy

cr

=1.024

Apri=

brr=0.5+ 1+ (Ayp—0.2) + 0" ) =1.164
1

Xpri= = - =0.582
bt \ P —Aur
fy
Mypa=Xrr*We* =208.694 kN -m
M1

Utilization ratio

M
Bl _81.901%

bRd



Check of shear capacity:

Assume all shear is taken in the web, i.e. minimal flange contribution

1n:=1.2 €:=0.81 v:=0.3

Yo =1

lbeam

=1.167Tm

Ashear =

a
shear _ 4781 Larger than 1

w

w

K,:=5.34+4.
Qshear

2
) =5.515
Check of slenderness limit

2
7—-8:48.6

2 2
P P Bt =(1.072-10°) MPa
12- (1-2?) - b,

1

TC’I“

N i=0.76 + =0.437

Xw=1=1.2

Xw'fy'hw't

wa.Rd = v =480 kN VEd =
\/g * Y

Utilization Ratio

VEd

=20.344%
wa.Rd



12m Office Beam HEA 500

h:=490 mm fy=355 MPa
bp:=300 mm Yaro=1
tp:=23 mm lam=12m  g:=9.81
S
hyi=h—2 t;=0.444 m E:=200 GPa
t,=12 mm p:=T7850 k'_g
m3

t
Ioy=bp—-= (3.042.107") m* Aftange=bset;=0.007 m”

B3 Apep =ty * hy=0.005 m*

= .L: . . _5 4

Ipsi=ty = (8.753-107°) m hot

yi=———-=0.234 m
, 2 2
b -7 4 h
10,3::bf-§:(3.042-10 ) m iopi= 5 =0.245 m

Lioy:=(To 1+ Apange ¥”) + Lo+ (Lo s+ Apiangey” ) = (8.405+107*) m*

Imposed load Self weight
kN
Dge.imp*= 3 2 Abeam =2 Aflange +Aweb =0.019 m2
m
kN kN
qk::qk.imp.G m=18 — 9k =P Apeam9=1.473 —
m m
Total load
kN
Qasrs=1+g+1-q,=19.473 —
m
EN

Qavrsi=1.35-9;+1.5+q,=28.989 —
m



Check of bending moment capacity:

Outstanding flange
e:=0.81
by t,

cpi=———=144 mm
7o 2

lpi=1;=23 mm

C
L -6.261 CSC3:=14.e=11.34
tF
Y ry—

M= JEULS beam__ 501 794 kN -m

I
W, =—2=0.00343 m* W,:=3950-10° mm®

ytop

W .
Mpyi=—2 fy:(1.402.103) kN -m

Yo

Utilization ratio

M
Bd _37.911%

MRd

CSC1:=9.e=7.29

CSC2:=10.-e=8.1



Check of deflection limit:

4
_ D q4a.sLs* lbeam

384-E-1,,

=31.276 mm

Utilization ratio

Y _65.158%

Wiim



Check of lateral torsional buckling:
C,:=1.127

I,:=10370-10" mm* I,:=5640.10° mm° I,:=3.1-10° mm*

Gi=— 2 76923 GPa

2 (1+0.3)

7'('2 'E.Iz k 2 Iu) <k'lbeam>2 ’G'It
i=Cp o ———— | =] =+ —656.261 kN -m
<k'lbeam>2 (k ) IZ 772 'E'Iz

w

aLT = 0.21
Y =1

Wpl'fy

Ccr

)\LT:: = 1.462

Grr=0.5+ 1+ (Ayp—0.2) + X" ) = 1.701
1

XLT= > ; =0.389
bt \ P —Aur
fy
Mygra=Xrr* Wy =545.533 kN -m
M1

Utilization ratio

M
Bl _ 95.648%

bRd



Check of shear capacity:

Assume all shear is taken in the web, i.e. minimal flange contribution

1n:=1.2 €:=0.81 v:=0.3
Yo =1
l eam
Ashear = b6 =2m
a
sheal _ 4.505 Larger than 1

w

Qshear

h 2
w
nT::5.34+4-( ) —5.537

Check of slenderness limit

72
~Z.e=48.6
n
h
—=37
t’LU

Bt
Teri=kre =731.12 MPa

12-(1-0%) b,
Abarapi=0.76 - £:0.53
TC’I“

Xw::n:1.2

of «h, ot !
Viw.rai= Xy Tt =1310 kN Vga= 9d.ULS * "beam

\/§'7M1

Utilization ratio

VEd

=13.273%
wa.Rd

=173.931 kN



7m Shopping Mall Beam HEA 320

h:=310 mm fy=355 MPa
bp:=300 mm Yaroi=1
tpi=15.5 mm leam=Tm  g=9.81
hy=h—2 t;=0.279 m E:=210 GPa
t, =9 mm p::7850k—g3
m
t 3

Io_lzzbf.{—2=(9.31-1o—8) m* Afiange=by+t;=0.005 m*

3 Apep =ty * hy=0.003 m®

h

Iy ::tw-%:(1.629-10_5> m’ Wt
y::5—320.147 m
3

! h
Iysi= bf-lf—2: (9.31-107%) m* Yiopi=—5 =0-155 m

Iippi= <I().1 +Aflange ° y2> +IO.2 + (IO.3 +14flange ° y2> = (2’181 T 1074) m*

Imposed load Self weight
kN
Trimp =9 — Apeam=2*Agiange + Aper, =0.012 m”
kN kN
qk:::(.lkr.i'mp'6 m =30 gk::p'Abeafm'g:O'gl
m m
Total load
kN
da.srs'=1+9,+1-q,=30.91 i Qsrs=4a.515* lpeam =216.367 kN
kN

Qiurs=1.35-g,+1.5-q,=46.228 —
m



Check of bending moment capacity:

Outstanding flange

e:=0.81

by t
chzgf—?”:145.5 mm CSC1:=9-e=7.29

tp:=t;=15.5 mm CSC2:=10-e=8.1

C
t—F:9.387 CSC3:=14.e=11.34
F

Y ry—
M= JEULS beam__ 993 146 kN -m
8

I
W, i=—21 =0.00141 m?®

e
ytop

Wel.fy

Ynmo

=499.57 kN -m

Mpq:=

Utilization ratio

M
Bl 56.678%

MRd



Check of deflection limit:

4
_ D q4a.sLs* lbeam

384-E-1,,

=21.096 mm

Utilization ratio

Y _75.344%

Wiim



Check of lateral torsional buckling:
C,:=1.127

I,:=6985-10" mm* 1,:=1510-10° mm° I,:=1.08-10° mm*

k=1
k:==1
G::LISOJGQ GPa
2 (1+0.3)
7'('2 'E.Iz k 2 Iu) (k'lbeam>2’G'It
M, :=Cpo— = 4[| —| 22+ =572.351 kN -m
<k'lbeam>2 kw IZ m? ‘E-I,

W,;:=1480-10° mm®
aLT = 0.34

Y =1

Wel'fy

cr

=0.958

Apri=

Grr=0.5+(1+0ype (App—0.2) + X" ) =1.088
1

XLri= - - =0.624
bt \ P —Aur
Iy
Myra=Xrr*Wer =327.739 kN -m
M1

Utilization ratio

M
Bl _ 86.394%

bRd



Check of shear capacity:

Assume all shear is taken in the web, i.e. minimal flange contribution

1n:=1.2 €:=0.81 v:=0.3
Yarri=1
lbeam
Agponr = =1.167 m
a
shear _ 4,182 Larger than 1

w

Qshear

h 2
w
nT::5.34+4-( ) —5.569

Check of slenderness limit

72
—.c=48.6
n
h
=31
tw
2 2
T e E.t .
Topi= ke Y —(1.1-10°) MPa
12-(1-0?)-h,?
Npar.p=0.76+ £:0.432
TCT
Xw=1=1.2
of h ot
Vi nai= Xw fy w618 kN Vi q4.ULS

\/§'7M1

Utilization Ratio

VEd

=26.198%
wa.Rd

=161.798 EN



12m Shopping Mall Beam HEA 800

h:=790 mm fy=355 MPa
bp:=300 mm Yaro=1
tp:=28 mm lam=12m  g:=9.81
S
hyi=h—2 t;=0.734 m E:=200 GPa
t,=15 mm p:="7850 k'_g
m3
t 3
Ip,i= bf-1f—2= (5.488-1077) m* Aftange=by+ t;=0.008 m’
h,? Apep =ty hy=0.011 m®
Iyoi=t, ——=(4.943.107") m* ;
' 12 _h
yi=———-=0.381m
2 2
t; A4 h
Iyi=byr— = (5.488:107") m Y1op=5 =0395 m

L= <Io.1 +Afignge* y2> +1po+ (Io.3 +Afange y2) =0.003 m*

Imposed load Self weight
EN
Trimp =9 — Apeam=2*Agiange + Aper, =0.028 m”
m
kN kN
qk:::(.lkr.i'mp'6 m =30 gk::p'Abeam'g:2'142
m m
Total load
kN
Qasrs=1+gp+1-9,=32.142 —
m
kN

Qaursi=1.35-9,+1.5-q,=47.891 —
m



Check of bending moment capacity:

Outstanding flange

e:=0.81
by t,
cF::?—?:142.5 mm CSC1:=9.e=7.29
tp:=t;=28 mm CSC2:=10-e=8.1
Cr
t—:5.089 CSC3:=14-e=11.34
F

If CF/TF is CSC1 or CSC2: use Wpl

If CF/TF is CSC3 or CSC4: use Wel

N A
MEd::qd'ULs%:%z.ou kN -m
W,,:=7680-10° mm® W,:=8700-10° mm®
W ;e
Mpgi=—2 fy:<3.089-103> kN -m
Yo

Utilization ratio

M
Bd _97.911%

Rd



Check of deflection limit:

4
| 5 q4.5Ls* lbeam

=14.789 mm
384-FE-1,,
= 48 mm
Iim 250

Utilization ratio

Y _30.809%

Wiim,



Check of lateral torsional buckling:

C,:=1.127

I,:=12640-10" mm* I,:=18300-10° mm°

k,:=1
k:=1
G=— Y _ _76.923 GPa
2 (1+0.3)
B, k)2 I,
er =1 " — —+
<k * lbeam> i kw IZ
OéLTiz().Zl
Y =1
W,
Appi= Worly _ 75

Ccr

(k'lbeam>2 ’G'It

B,

Grr=0.5+(1+0ype (App—0.2) + X" ) =2.196

1

XLT= - ; =0.284
bt \ P —Aur
fy
Mygra=Xrr* Wy =877.125 kN -m.
M1

Utilization ratio

M
Bd _ 9g8.28%

bRd

1,:=5.99-10° mm*

=(1.007-10°) kN -m



Check of shear capacity:

Assume all shear is taken in the web, i.e. minimal flange contribution

1n:=1.2 €:=0.81 v:=0.3

Yo =1

lbeam

6

=2m

Ashear =

a
shear —2.725 Larger than 1

w

w

K,:=5.34+4.
Qshear

2
) =5.879

Check of slenderness limit

72
—£=48.6
n
h
—% =48.933
tw

m’E-t,’
Topi=h, * =443.796 MPa

12-(1-0?)-h,?
Aoy = 0.76 « £:0.68
TCT

Xw=1=1.2

of «h, ot
Vi nai= Xuw* Sy Py * — 92708 kN Vi da.uLs

\/§'7M1

Utilization ratio

VEd

=10.611%
wa.Rd

* lbeam

=287.347 kN



Beam dimensions:

b:=140 mm Width of beam

h:=720 mm Height of beam

lyeam=7 m

Ay i=b+h=0.101 m’ p =390 k—i g:=9.81
m S

Vbeam ::Abeam = lbeam =0.706 ’n’),3

Imposed load Self weight
kN kN
Tk.imp =3 — =P Apeam*9=0.386 ——
m m
kN
Q= Qpe.imp* 6 M=18 —
m
Total load:
kN
Qasrs=1-gp+1-q,=18.386 —
m
Qiurs=1.35+g,+1.5-q,=27.521 ﬂ
m

2
M, ==M: 168.564 kN -m Moment for simply supported beam
8



Check of bending stress in ULS

The bending stress shall satisfy: o, , 4 <f.4

Service class 1. Load duration class medium

l 2
_ 44.ULS * "beam

M, S 168.564 kN -m
b-h? A :
W, := 5 =0.012m Section modulus
Md
Opydi=—=13.936 MPa
Y
kynoq:=0.8 Modification factor
0.1
k= l;lo =0.982 Size effect
mm
fmii=30 MPa GL30c
Yari=1.25 Partial coefficient
ko ok e
Frngim ot Th k18,853 MPa
™
O—m.y.d Sfm.d OK!

Utilization rate:

a,
my-d _ 73 916%

m.d




Check of shear capacity in ULS:

The shear capacity shall satisfy:  7,<f,4

Service class 1. Load duration class medium

el
V= (Id.ULS2 beam —06.322 kN

k..:=0.857

bepi=bk.,=0.12 m
1.5'Vd

Tgi= =1.673 MPa
bef'
f,.:=3.5 MPa
kmod:: 0.8
0.1
k=220 ) —0.082
h
mm
'.)/M:: 1.25
k ok, .
fv,d ot ( mod " "Vh fv.k) —92.2 MPa
Y
T74<foq  OK!

Utilization rate:

-
4 _76%
v.d

Shear force for simply supported
beam
For glulam

Effective width

Modification factor

Size effect

Partial coefficient



Check of deflection in SLS:
Eg.mean = 13000 MPa

G :=650 MPa Egep=0.8

I=:—°1 =0.004 m*

5.q .l it
Wit bend = d.SLS ° “beam —10.154 mm

384 EO.mean -1

1.2. qda.sLs* lbeam2
8:G 'Abeam

=2.062 mm

Winst.shear *=

w Winst.bend + Winst.shear = 12.216 mm

inst "

Wiy = Wingp* (1 + K gep) =21.989 mm

lbeam

i=——=23.333 mm
300

Wiim

Utilization rate:

W s
fin —94.239%

Wiim,



Check for lateral torsional buckling:

lef:: lbeam' 0.9 = 6.3 m

78+b”
O—m.crit::m°E0.05:36'4 MPa
hel
Ao = T _ 0 908
O m.crit
kepi=1.56—0.75. X =0.879

cri rel.m

Utilization rate:

m

(o
k—-y-d284.08%

crit*J m.d



Beam dimensions:

b:=190 mm Width of beam

h:=1125 mm Height of beam

lheam=12 m

Ay i=beh=0.214 m? p:=390 k—i g:=9.81 =
m S

Vbeam ::Abeam ° lbeam =2.565 ’rn3

Imposed load Self weight
kN kN
Qk.imp =3 — e =P Apeam*9=0.818 ——
m m
kN
4= Qrimp6 M=18 —
m
Total load:

kN
Qasrsi=1+9;,+1+q,=18.818 —
m
kN

Qaurs=1.35-g,+1.5-q,=28.104 —
m

.l 2
M, ;= JAULS " beam _ _ 505 879 kN om, Moment for simply supported beam
8



Check of bending stress in ULS

The bending stress shall satisfy: o, , 4 <f.4

Service class 1. Load duration class medium

N
M, ::—qd'ULsg beam 505872 kN -m

b'h2 3 .
W, = s =0.04 m Section modulus

Y

M,
o ——=12.622 MPa
w

m.y.d =
)
k,.0q:=0.8 Modification factor
0.1
k= _500] =0.939 Size effect
mm
fmiei=30 MPa GL30c
Yari=1.25 Partial coefficient
kma <kp. m
Frogim—med h Jmk Tk _ 18,03 MPa
T
Um.y.d Sfmd OK!

Utilization rate:

a.
—myd _70.006%

m.d



Check of shear capacity in ULS:

The shear capacity shall satisfy:  7,<f,4

Service class 1. Load duration class medium

.l
V= 7%“52 beam _ 168.624 kN

k.,:=0.67

bepi=bk,,=0.127 m
1.5'Vd

Tgi= =1.766 MPa
bef'
f,.:=3.5 MPa
kmod:: 0.8
0.1
k=229 ) —0.939
h
mm
'.)/M:: 1.25
k ok, .
fv,d:: ( mod " "Vh fv.k) —9.104 MPa
Y
T74<foq  OK!

Utilization rate:

-
4 849
v.d

Shear force for simply supported
beam
For glulam

Effective width

Modification factor

Size effect

Partial coefficient



Check of deflection in SLS:
Eg.mean = 13000 MPa

G :=650 MPa Egep=0.8

I=:—°1 =0.023 m*

5.q .l ft
Wit bend = d.SLS ° “beam —17.336 mm

384 EO.mean -1

1.2. qda.sLs* lbeam2
8:G 'Abeam

=2.926 mm

Winst.shear *=

w Winst.bend + Winst.shear = 20.262 mm

inst "

Wiy = Wiy (1 + K gep) =36.471 mm

Utilization rate:

W s
fin —91.179%

Wiim,



Check of lateral torsional buckling:
lofi=lpeqm=0.9=10.8 m

2
a-m,crit ::m—l))'EO.O5:25.029 MPa
h' lef
A1“el.m:: fm.k =1.095
O me.crit
ke =1.56—0.75. X =0.739

crt rel.m

Utilization rate:

a.
k’"—'y'd=94.743%

crit*J m.d



Beam dimensions:

b:=190 mm Width of beam

h:=990 mm Height of beam

lpeam =7 m

Ay i=bh=0.188 m> p:=390 k—i g:=9.81 =
m S

Vieam ::Abeam ° lbeam =1.317 m®

Imposed load Self weight
kN kN
Qrimp*=9 — =P Apeam*9=0.72 —
m m
kN
Q= Qp.imp* 6 M=30 —
m
Total load:

kN
Qasrsi=1+g,+1:q,=30.72 —
m
kN

Qaurs=1.35+g,+1.5-q,=45.972 —
m

.l 2
M, ;= JAULS " beam _ _ 901 576 kN -m, Moment for simply supported beam
8



Check of bending stress in ULS

The bending stress shall satisfy: o, , 4 <fn.q

Service class 1. Load duration class medium

.l 2
M, ::—qd'ULsg beam  — 981.576 kN -m
b'h2 3 .
W, = = =0.031 m Section modulus

M,
o ——=9.072 MPa
w

m.y.d =
Y
k,.0q:=0.8 Modification factor
0.1
k= l;o =0.951 Size effect
mm
fmiei=30 MPa GL30c
Yari=1.25 Partial coefficient
kma <kp. m
Frnaim—mod h Jmk Tk _ 15 262 MPa
T
Um.y.d Sfmd OK!

Utilization rate:

a.
—myd _ 49.679%

m.d



Check of shear capacity in ULS:

The shear capacity shall satisfy:  7,<f, 4

Service class 1. Load duration class medium

_ dauLs* lbeam

Vyji=——————=160.9 kN Shear force for simply supported
2 beam
k..:=0.67 For glulam

bepi=bk.,=0.127 m

Effective width

1'5'Vd
Tgi= =1.915 MPa
beseh
f’U,k:: 3.5 MPa
kyn0q:=0.8 Modification factor
0.1
k= 00| =0.951 Size effect
mm
Yari=1.25 Partial coefficient
kmo <Ky v
foa= (moa-knsfor) o 151 nrpg
v
T74<foq  OK!

Utilization rate:

T
—4 _89.9%
v.d



Check of deflection in SLS:
Eq mmean=13000 MPa

G =650 MPa Kgep:=0.8

b-h’

I:= =0.015 m*

5 Qa.505" lheam
Winst.bend *= el =4.809 mm

384 EO.mean -1

1.2 G4 505 bheam”
Winst.shear *= e =1.847 mm

8-G 'Abeam

Winst *= Wipst.bend + Winst.shear = 6.655 mm

Wiy 3= Wiy * (14K gep) =11.98 mm

L lbeam

Wiim, = 5 =23.333 mm

Utilization rate:

w .
I _51.342%
Wiim



Check for lateral torsional buckling:

Lefi=lyeam *0.9=6.3 m

E0'05 :=10800 MPa

0.78-b°
Om.crit = <h—l> » E0.05 =48.758 MPa
ey
)‘rel‘m = fm.k =0.784
O me.crit

kcrit :=1.56—-0.75- Arel.m =0.972

Utilization rate:

g,
k’"—‘y‘d=51.125%

crit*J m.d



Beam dimensions:

b:=215 mm Width of beam

h:=1440 mm Height of beam

lheam=12 m

Ay i=beh=0.31 m’ p:=390 k—i g:=9.81 =
m L)

Vbeam ::Abeam ° lbeam =3.715 ’rn3

Imposed load Self weight
kN EN
Qrimp*=9 — =P Apegm*9g=1.184 —
m m
kN
Q= Qp.imp* 6 M=30 —
m
Total load:

kN
Qasrsi=1+9;+1+-q,=31.184 —
m
kN

daursi=1.35+g,+1.5-¢,;=46.599 —
m

.l 2
M, ;= JAULS " beam _ _ g9 783 LN .m, Moment for simply supported beam
8



Check of bending stress in ULS

The bending stress shall satisfy: o, , 4 <fn.q

Service class 1. Load duration class medium

.l 2
M, ::—qd'ULSS beam  _ 838.783 kN -m
b'h2 3 .
W, = = =0.074 m Section modulus

M,
o ——=11.289 MPa

m.y.d =
Y
k,.0q:=0.8 Modification factor
0.1
k= l;o =0.916 Size effect
mm
fmiei=30 MPa GL30c
Yari=1.25 Partial coefficient
kma <kp. m
Frnaim—mod h Jmk Tk _ 17 501 MPa
T
Um.y.d Sfmd OK!

Utilization rate:

a.
—myd _ 64.174%

m.d



Check of shear capacity in ULS:

The shear capacity shall satisfy:  7,<f, 4

Service class 1. Load duration class medium

_ dauLs* lbeam

V= —————=279.594 kN Shear force for simply supported
2 beam
k..:=0.67 For glulam

beri=bk.,=0.144 m

Effective width

15 . Vd
Tyi= =2.022 MPa
beseh
f’U.k: :=3.5 MPa
kyn0q:=0.8 Modification factor
0.1
k= 00| =0.916 Size effect
mm
Yari=1.25 Partial coefficient
kmo -ky, - v
Foa= (EmoaFifur) _y 55 apa
v
T4<foa OK!

Utilization rate:

T
—4 _98.5%
v.d



Check of deflection in SLS:
Eq mmean=13000 MPa

G =650 MPa Faepi=0.8

b-h’

I:= =0.053 m*

5. .l ft
Winst.bend *= [ SLS[ “bporn =12.106 mm

384 EO.mean -1

1.2. ol 2
Winst.shear = 3 qéSLj bepm =3.347 mm
L Apeam

Winst *= Wipst.bend + Winst.shear = 15.454 mm

Wiy 1= Wiy * (1+ K gep) =27.816 mm

Utilization rate:

w .
I 69.541%
Wiim



Check for lateral torsional buckling:

lef:: lyeam+0.9=10.8 m

E0'05 :=10800 MPa

0.78-b°
Om.crit = <h—l> » E0.05 =25.039 MPa
ey
)‘rel‘m = fm.k =1.095
O me.crit

kcrit :=1.56—-0.75- Arel.m: 0.739

Utilization rate:

g,
km—‘y“’=86.833%

crit*J m.d



A. Appendix: Calculations of Beam
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Appendix: Calculations of
Connection
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DOWEL 12MM

di=12 timper =100 ;=13

fu.k: :=800 Pr:=390 t,:=100 kmod :=0.8 Yari=1.3

kgo:=1.35+0.015-d=1.53

a:=90 deg
Frox=0.082-(1-0.01-d)-p- —=28.142
mm mm
Frax= Tho ~18.304 N
kgo+ ((sin (a))? +(cos (a))2> mm?

Tk =Fnak

M, =03+ f, p+d*®-N-mm=(1.535-10") N-mm

Fypin=fnped-t,»mm® =22.072 kN

4-M
v-Rk —1|=11.243 kN

Fyreo=Fnp d-t;»mm?|4[2+
] frpedot;> emm?®

M
Fy iy =23 N”'Rk . f;’r’“ .d-N=13.387 kN
‘mm
mm2

F’U.Rk s=man <Fv,Rk1 7Fv,Rk2 7Fv.Rk3> =11.243 kN

F
vRE _6.919 kN

Fv.Rd = kmod °
M

(c)

(d)

(e)



=430
pme(mL5 d] N

pmean

=(9.304-10%) N

mm mm

Kser::2' ( 23

a,:=3-d-mm=36 mm
ay:=3+d-mm=36 mm
az:=max(7-d,80)-mm=284 mm

ay:i=4-d-mm=48 mm



DOWEL 16MM

d:=16
Jur=800  p,:=390 t,:=100 k,.;-=0.8  vyi=1.3
kgy:=1.35+0.015-d=1.59
a:=90
Frox=0.082-(1-0.01-d)-p- —=26.863
mm mm
Fhok= Thou —16.895 Y
kgo+ ((sin (@) +(cos ())?) mm’
Ihk=Thak
M, =03+ f, x+d**-N-mm=(3.243-10") N-mm
Fy g1 =Fpped-t,»mm* =27.032 kN
4-M
vBk  _1|=15.537 kN

Fyreo=Fnp d-t;»mm?|4[2+
] frpedot;> emm?®

M
Fy iy =23 N”'Rk . fj’;’“ .d-N=21.534 kN
‘mm
mm2

F, gpi=man <Fv.Rk1 s Fy rik2 7Fv.Rk3> =15.537 kN

F
vk _9.561 kN

Fv.Rd = kmod 2
M

(c)

(d)

(e)



=430
pme(mL5 d] N

pmean

= (1.2406-10") EA

mm mm

Kser::2' ( 23

a,:=3-d-mm=48 mm
ay:=3+d-mm=48 mm
a;:=max(7-d,80)-mm=112 mm

ay:i=4+-d-mm=64 mm



DOWEL 20MM

d:=20
fu.k :=800 Pr = 390 tl :=100 kmod =0.8 Yapi= 1.3
kgo:=1.35+0.015-d=1.65
a:=90 deg
Frox=0.082-(1-0.01-d)-p- —=25.584
mm mm
Frax= Tho =15.505 —
koo + ((sin (@)* +(cos (@))*) mm’
Jnie=Fnak
M, =03+ f, x+d**-N-mm=(5.793-10") N-mm
F, rit ’:fh.k'd'tl-mm2 =31.011 kN
4-M
vBE _1|=20.389 kN

Fyreo=Fnp d-t;»mm?|4[2+
] frpedot;> emm?®

M
Fy pry=2.3 N”'R’“ : f]’;’“ .d -N=30.827 kN
mm
m’m,2

F, gpi=man <Fv.Rk1 s Fy rik2 7Fv.Rk3> =20.389 kN

F =k Fv.Rk
v.Rd*=Mmod*
M

=12.547 kN

(c)

(d)

(e)



=430
pme(mL5 d] N

pmean

=(1.5507-10") EA

mm mm

Kser::2' ( 23

ay:=3+-d-mm=60 mm
ay:=3+d+mm =60 mm
as:=max(7-d,80)-mm =140 mm

a,:=4+-d-mm=80 mm



DOWEL 24MM

d:=24
Jur=800  p,:=390 t,:=100 k,.;-=0.8  vyi=1.3
kgy:=1.35+0.015-d=1.71
a:=90 deg
Fr0.4:=0.082+(1-0.01-d) - p, - ——=24.305
mm mm
Frax= Tho —14.213 N
koo + ((sin (@)* +(cos (@))*) mm’
Jnie=Fnak
M, =03+ f, x+d*®-N-mm=(9.306-10") N-mm
Fypii=fnp-d-t,»mm® =34.112 kN
4.-M
vBE _1|=25.863 kN

Fyreo=Fnp d-t;»mm?|4[2+
] frpedot;> emm?®

M
Fy g =23+ N”'R’“ : f]’;’“ «d -N=40.979 kN
mm
m’m,2

F, gpi=man <Fv.Rk1 s Fy rik2 7Fv.Rk3> =25.863 kN

F =k Fv.Rk
v.Rd*=Mmod*
M

=15.916 kN

(c)

(d)

(e)



=430
pme(mL5 d] N

pmean

=(1.8609-10") EA

mm mm

Kser::2' ( 23

a:=3-d-mm="72 mm
ay:=3+d-mm="72 mm
as:=max(7-d,80)-mm=168 mm

a,:=4-d-mm=96 mm



SCREW 6MM

d:=6
fur=800  p;:=390 tpen = 50 tp=13
def::d‘0.75:4.5 kjmod::O_S 7M:13 tl.

Lateral capacity of the screw

kgy:=1.35+0.015-d=1.44

a:=45 deg
frox:=0.082+(1-0.01+d)-p> —=30.061
mm mm
fh.O.k
Jhak= =20.876
" kgg- ((sin(@))? + (cos (a)?) mm’

Tk =Fhak

M, p,:=0.3+f, p+d**N-mm=(2.532.10") N-mm

Axial resistance of the screw

faz.k: :=0.52- d—0.5 L tp(;n_o.l L pkO'S =16.978
. d

kg:=min (1 , g) =0.75

fam.k'd'tpen'kd'N
1.2. (cos (a))2 +(sin (a))2

Faka = =3.473 kN

L

screw *

L

= Hserew

:=100



Fy ria ’=fh.k'def't1'mm2 =8.173 kN (©)

4.M F
Fy ot =Fnpe depety-mm? «[4[2+ P 1|+ 224558 kN (d)
Jhped-t;” -mm 4
M F
I f;\;’“ edyy N+ 4 415 kN (e)
mm2

Fy pii=min <Fv.Rk1 s F'y R 7Fv.Rk:3> =4.415 kN

F
vBE _ o717 kN

FU.Rd = kmod °
Y

Pmean = 430

Prmean’” d] N

N
ey . 3 _
>3 = (4.652-10%)

Kser =2 (
mm mm

a;:=T7-d-mm=42 mm
ay:=5.d-mm=30 mm
a3::10-d-mm:60 mm

ay:i=4-d-mm=24 mm



SCREW 8MM

d:=8
fur=800  p;:=390 tpen 1= 52 tp=13
def::d'0.75:6 kjmod::O_S 7M:13 tl.

Lateral capacity of the screw

kgo:=1.35+0.015-d=1.47

a:=45 deg
frox:=0.082+(1-0.01+d)-p> —=29.422
mm mm
fh.O.k
Jhak= =20.015
" kgg- ((sin(@))? + (cos (a)?) mm’

Tk =Fhak

M, =03+ f, +d**N-mm=(5.349.10") N-mm

Axial resistance of the screw

faz.k: :=0.52- d—0.5 ° tp(;n_o.l * pkO'S =14.646
. d

kg:=min (1 ,g) =1

fam.k'd'tpen'kd'N
1.2. (cos (a))2 +(sin (a))2

Foz.rii= =5.539 kN

L

screw *

L

= Hserew

:=100



Fy ria ’=fh.k'def't1'mm2 =10.448 kN (©)

4.M F
Fy ot =Fnpe depety-mm? «[4[2+ P 1|+ -2 =6.351 kN (d)
fh.k:'d'tl ‘mm 4
M F
I fj’;’“ edyy N+ 7914 kN @
mm2

F, gpi=mun <Fv.Rk1 s Fy ri2 7Fv.Rk:3> =6.351 kN

F
vRE _ 3,908 kN

FU.Rd = kmod °
Y

=430

pmean i

—(6.203-10%)

mm mm

Pmean' d) N
23

Kser =2 (

a,:=7-d-mm=>56 mm
ay:=5.d-mm=40 mm
a3:=10+d-mm =80 mm

ay:i=4-d-mm=32 mm



SCREW 10MM

d:=10
fur=800  p;:=390 tpen 1= 52 tp=13
def::d-0'75:7'5 k}mod::O_S 7M::1'3 tl.

Lateral capacity of the screw

kgp:=1.35+0.015-d=1.5

a:=45 deg
frox:=0.082+(1-0.01+d)-p> _=28.782
mm mm
fh.O.k
Jhak= =19.188
" kgg- ((sin(@))? + (cos (a)?) mm’

Tk =Fhak

M, =03+ f, +d*® N -mm=(9.555-10") N-mm

Axial resistance of the screw

faz.k: :=0.52- d—0.5 L tp(;n_o.l L pkO'S =13.099
. d

kg:=min (1 ,g) =1

fam.k'd'tpen'kd'N
1.2. (cos (a))2 +(sin (a))2

Foz.rii= =6.192 kN

L

screw *

L

= Hserew

:=100



Fy ria ’=fh.k'def't1'mm2 =12.52 kN (©)

4.M F
Fy ot =Fnpe depety-mm? «[4[2+ P 1|+ =7.863 kN (d)
frged-t,” -mm 4
M, F
FU.R’C3::2'3. = :f:rl. f]iz]k 'def'N+ am.Rk:10'077kN (e)
mm2

F, gpi=mun <Fv.Rk1 s Fy ri2 7Fv.Rk:3> =7.863 kN

F
vBk _ 4.839 kN

F’URd = kmod'
Y

=430

pmean i

= (1.754-10%)

mm mm

Pmean' d) N
23

Kser =2 (

a;:=7.-d-mm="70 mm
ay:=5+.d-mm=>50 mm
a3:=10-d-mm =100 mm

as:=4+-d-mm=40 mm



SCREW 12MM

d:=12
fur=800  p;:=390 tpen =80 tp=13
def::d'0.75:9 kjmod::O_S 7M:13 tl.

Lateral capacity of the screw

kgo:=1.35+0.015-d=1.53

a:=45 deg
frox:=0.082+(1-0.01+d)-p> —=28.142
mm mm
fh.O.k
Jhak= =18.394
" kgg- ((sin(@))? + (cos (a)?) mm’

Tk =Fhak

M, =03+ f, p+d**N-mm=(1.535-10") N-mm

Axial resistance of the screw

faz.k: :=0.52- d—0.5 L tpen_o.l ) pkO'S =11.454
. d

kg:=min (1 ,g) =1

fam.k'd'tpen'kd'N
1.2. (cos (a))2 +(sin (a))2

Foz.rii= =9.996 kN

L

screw *

L

= Hserew

=120

—t,=107



Fy ria ’=fh.k'def‘t1'mm2 =17.713 kN (©)

4-M F
Fy ot =Fnpe depety-mm? «[4[2+ P 1|+ -2 =11.314 kN (d)
frged-t,” -mm 4
M F
FU.R’C3::2'3. = :f:rl. f]iz]k 'def'N+ am.Rk:14'093kN (e)
mm2

F, gpi=mun <Fv.Rk1 s Fy ri2 7Fv.Rk:3> =11.314 kN

F
v _ 6.962 kN

FU.Rd = kmod °
Y

=430

pmean i

—(9.304-10°)

mm mm

Pmean' d) N
23

Kser =2 (

a,:=T7-d-mm=84 mm
ay:=5+.d-mm=60 mm
a3;:=10+-d-mm =120 mm

ay:i=4-d-mm=48 mm



B. Appendix: Calculations of Connection

LX



Appendix: Figures of Results

Stress Distribution — HEA340 + GL320 (STC-1)

Cross-Section i (p) Prﬁ-Yielﬁ I i i (q) Paﬁ-Yiefd i i (q) Peqk Loqd 1 i
300
04 L I C I C [__[*

I Tension I Tension [ Tension

100 4 1F A FoA Fod F

1507 oL320

2007 oo P - r

250 iR FoA FoA r

w  w
a3
s 3

! !

T

L

. [ R !

4007 Foo

Height [mm]

450 1 r T

500 r B

550 4 r B

600 1 r b
363 MPa

650 r

e — LA B e — — L e B B B
-300 -200 -100 0 100 200 30! -300 -200 -100 0 100 200 30 -300 -200 -100 0 100 200 30!
Stress [MPa] Stress [MPa] Stress [MPa]

Figure C.1: Stress distribution of STC-1 at 12 m span under office load.
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C. Appendix: Figures

of Results

100

200 1

300

Height [mm)]

600

700 A

800

900

400 4

Stress Distribution —

GL 165x900 + S10 (STC2)

Cross-Section (a) Pre-Yield i (b) Post-Yield i (c) Pegk Load | i
—165mm
4 4 [ Compression| | | I Compression
T I Tensic
GL 165 x 900

217 MPa

355 MPa

T T T T T
-30 20 10 0 10 20 30
Stress [MPa]

L B e
-30 20 10 0 10 20 30
Stress [MPa]

L e e
-30 20 10 0 10 20 30
Stress [MPa)]

Figure C.2: Stress distribution of STC-2 at 12 m span under office load.

Stress Distribution — HEA260 + GL220 (STC-1)

Crca:f“-'sn?"clien (a) Pre-Yield 1 (b) Post-Yield i (c) Peak Load i
A [ Compression [ Compression] [ Compression
01 [0 Tension T [0 Tension T [0 Tension
501 1 FoA 1 r
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Figure C.3: Stress distribution of STC-1 at 7 m span under shopping mall load.
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Figure C.4: Stress distribution of STC-2 at 7 m span under shopping mall load.
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Figure C.5: Stress distribution of STC-1 at 12 m span under shopping mall load.
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Figure C.6: Stress distribution of STC-2 at 12 m span under shopping mall load.
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Figure C.7: Failure mode of STC-1 at 12 m span under office load.
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Figure C.8: Failure mode of STC-1 at 7 m span under shopping mall load.
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Figure C.9: Failure mode of STC-2 at 7 m span under shopping mall load.
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Figure C.10: Failure mode of STC-1 at 12 m span under shopping mall load.
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Figure C.11: Failure mode of STC-2 at 12 m span under shopping mall load.
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