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ABSTRACT
This thesis investigates the dynamic response of tall timber–concrete hybrid office build-
ings subjected to wind-induced vibrations, with a focus on occupant comfort according
to ISO 10137:2008. It evaluates how different structural configurations influence the
along-wind, across-wind, torsional, and combined responses of a high-rise building. A
parametric study was carried out, varying core thickness, bracing system, aspect ratio,
and added mass.

Finite element models were developed and linked to a parametric workflow using Grasshop-
per and Python. The results show that the along-wind response governs all configura-
tions, while the relative importance of across-wind and torsional responses varies with
the structural strategy. However, considering only the along-wind response is not suf-
ficient for investigated configurations, and all three response modes should be assessed
together.

Serviceability in terms of occupant comfort governed both structural configuration and
height. While the ultimate limit state was analysed, it was not governing for all studied
configurations. Wind-induced accelerations were most effectively reduced by increas-
ing stiffness through diagonal bracing or a thicker core. Changes in aspect ratio signifi-
cantly reduced accelerations without additional material, indicating that early floor plan
optimisation can be effective. However, with increasing height, timber–concrete hy-
brid structures become less material-efficient, requiring large concrete cores and added
mass to meet serviceability criteria. The most efficient configurations were those up to
20 storeys.

Overall, the thesis highlights the importance of considering all three response modes
early in the design of tall timber–concrete hybrid buildings, as structural configuration
strongly influences wind-induced vibration performance.

Keywords: hybrid buildings, timber, concrete, high-rise buildings, wind-induced ac-
celeration, along-wind, across-wind, torsion, comfort criteria, finite element analysis
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En Studie av Parametrar som Påverkar Olika Vindresponsmoder samt Dynamisk Pre-
standa hos Höga Byggnader

Examensarbete inom masterprogrammet Structural Engineering and Building Technol-
ogy

BINGJIE HU

KRISJANIS KUCINS

Institutionen för Arkitektur och Samhällsbyggnadsteknik
Avdelningen för Konstruktionsteknik
Chalmers Tekniska Högskola

SAMMANFATTNING
Detta examensarbete undersöker den dynamiska responsen hos höga hybridkontorsbyg-
gnader i trä–betong som utsätts för vindinducerade vibrationer, med fokus på brukarkom-
fort enligt ISO 10137:2008. Det utvärderar hur olika strukturella konfigurationer påverkar
en höghusbyggnads längs-vinds-, tvärvinds- och torsionsrespons. En parametrisk studie
genomfördes där tjockleken på hisschaktet, stagsystem, sidoförhållande och tillagd
massa varierades.

Finita elementmodeller utvecklades och kopplades till ett parametriskt arbetsflöde med
Grasshopper och Python. Resultaten visar att längs-vindsresponsen styr samtliga un-
dersökta konfigurationer, medan den relativa betydelsen av tvärvinds-, torsions- och
kombinerad respons varierar med den strukturella strategin. Att enbart beakta längs-
vindsresponsen är dock inte tillräckligt för samtliga studerade konfigurationer, och alla
tre responsmoder bör tas i beaktning.

Brukbarhetskrav i form av komfort för brukare styrde både den strukturella konfig-
urationen och byggnadens höjd. Även om brottgränstillståndet analyserades var det
inte dimensionerande för samtliga studerade konfigurationer. Vindinducerade acceler-
ationer reducerades mest effektivt genom ökad styvhet via diagonala stagningar eller
ett tjockare hisschakt. Förändringar i sidoförhållande reducerade accelerationsnivåerna
avsevärt utan extra material, vilket indikerar att tidig optimering av planlösningen kan
vara ett mycket effektivt alternativ. Vid ökande höjd blir dock trä–betonghybrida struk-
turer mindre materialeffektiva och kräver stora betonghisschakt och tillagd massa för
att uppfylla brukbarhetskraven. De mest effektiva konfigurationerna var de upp till 20
våningar.

Sammantaget understryker examensarbetet vikten av att beakta alla tre responsmoder
tidigt i designen av höga trä–betonghybrida byggnader, eftersom den strukturella kon-
figurationen har stor inverkan på prestandan av vindinducerade vibrationer.

Nyckelord: hybridbyggnader, trä, betong, höga byggnader, vindinducerade acceler-
ationer, medvindsrespons, tvärvindsrespons, torsion, komfortkriterier, finita element-
analys
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Roman upper-case letters

A Cross-sectional area
Ac Overall structural envelope area
Am Mean area enclosed by the centerline of a thin-walled cross-section
A t The equivalent translational acceleration of torsional acceleration.
A � Angular acceleration of torsional vibration
B 2 Background response factor
C Torsional constant of a beam cross-section
Ce Exposure coef�cient for snow load calculation
C0

L Root-mean-square (RMS) overturning moment coef�cient (AIJ)
Ct Thermal coef�cient for snow load calculation
C0

T Root-mean-square (RMS) torsional moment coef�cient (AIJ)
E Modulus of elasticity
F Non-dimensional wind energy spectrum function
Fw External wind pressure on buildings
FULS Resultant ultimate limit state load combination value
FSLS Resultant serviceability limit state load combination value
G Shear modulus
GD Along-wind structural gust factor
Gk Characteristic value of permanent action
H Reference structural height
Hxi Horizontal force acting on bracing member i in x-direction
Hyi Horizontal force acting on bracing member i in y-direction
I Area moment of inertia
I(z) Mass moment of inertia distribution along height
I M Generalised polar mass moment of inertia for the �rst torsional mode
I p Polar mass moment of inertia
I T Generalized mass moment of inertia for torsional vibration (AIJ)
I v Turbulence intensity
I z Total polar mass moment of inertia obtained by summing all nodal

contributions
I z;i Polar mass moment of inertia contribution from node i
K M1; K M2 Empirical dimensionless coef�cients for torsional spectrum calcula-

tions
L Beam span length
M L Generalised building mass corresponding to the �rst across-wind

mode
Qk;1 Characteristic value of the leading variable action
Qk;j Characteristic value of the accompanying variable action j
R2 The resonant response factor
R2

L Resonant response factor for across-wind structural modes
R2

M Resonant response factor for torsional structural modes
SL; SM Normalized across-wind energy spectrum and torsional wind spec-

trum
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SM1; SM2 Intermediate spectrum component functions evaluating torsional
torque

ST Global torsional stiffness
T Reference time
Ta Return period
WL; WT Across-wind and torsional structural static load pro�les per layer

(AIJ)
We Wind pressure acting on external surfaces
•X max Peak acceleration due to along-wind response

Roman lower-case letters

acomb Total combined acceleration obtained through vector summation
aD Along-wind structural acceleration
ai Distance from arbitrary position to center of bracing unit i in x-

direction
aL Across-wind structural acceleration
apL Peak value of across-wind acceleration at height z
apM Peak value of torsional acceleration at height z
aLmax Maximum across-wind acceleration at the top of the building (AIJ)
aTmax Maximum torsional acceleration at the top of the building (AIJ)
aT;x ; aT;y Torsional acceleration components in global x- and y-directions
b Width of the building
bi Distance from arbitrary position to center of bracing unit i in y-

direction
bo Outer cross-sectional width of a hollow section
c0(z) Topography factor
cd Dynamic factor mapping structural scale and turbulence sensitivity
cdL Across-wind dynamic factor incorporating resonance and peak ef-

fects
cdM Torsional dynamic factor incorporating resonance and peak effects
cdir Directional wind climate correction factor
cf Aerodynamic force coef�cient
cL Lateral force coef�cient associated with across-wind overturning

moment
cM Aerodynamic moment coef�cient mapping base torque behaviour
cr (z) Roughness factor assessing terrain roughness variations over height
cs Size factor capturing non-simultaneous peak wind pressure effects
cseason Seasonal wind velocity adjustment factor
d Depth of the building
f i Natural frequency of a structural member for mode i
f L Equivalent across-wind static wind action per unit length
f LM Ratio threshold between structural across-wind and torsional fre-

quencies
gaL; gaT Response acceleration peak factors in across- and torsional direc-

tions (AIJ)
gL; gM Statistical peak factors for across-wind and torsional actions
gu Peak factor for background wind velocity variations
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h Height of the building
hi ; ho Inner and outer cross-sectional heights of a hollow section
href Standard national baseline reference height
kp Statistical peak factor scaling standard deviations to peak responses
kr Terrain-dependent roughness coef�cient factor
kL1; kL2 Directional factor parameters scaling across-wind spectrum compo-

nents
m Aspect-ratio �ag indicator (m=1 or 2)
me Equivalent mass per unit length assigned to the fundamental mode
mi Discrete mass of node i
mM Equivalent structural torsional static wind moment per unit length
mL Generalised mass of the building in the �rst across-wind mode
n1;x Fundamental along-wind natural frequency
nL; nM Fundamental across-wind and torsional natural frequencies
nLM Governing minimum across-wind or torsional structural frequency
ns1; ns2 Across-wind shedding excitation and �ow reattachment frequencies
qb Basic velocity pressure
qH Reference design velocity pressure at top-of-structure height H (AIJ)
qm Mean velocity pressure
qp(z) Peak velocity pressure containing mean and transient peak �uctua-

tions
r Radial distance vector from the centre of torsion to the target point
r i Distance from node i to the centre of gravity
s Design value of snow load on roofs
sk Characteristic value of snow load on the ground
t Element wall thickness parameter
vb; vb;0 Basic design wind velocity and fundamental geographical baseline

wind velocity
vb;2; v50 Wind velocity limits referenced to 2-year and 50-year return periods
vm Mean wind velocity
v�

m Non-dimensional reduced mean velocity evaluated at roof height h
vTa Scaled baseline velocity mapping to arbitrary target return periods
x i ; yi Plan coordinates of node i
xcog; ycog Plan coordinates of the structural centre of gravity
yC ; 
 C Normalized non-dimensional scale metrics pro�ling coordinate fre-

quency parameters
z Vertical coordinate elevation parameter measuring from ground

plane up
z0 Local roughness length metric
zmin ; zmax Code-regulated operational elevation bounds for roughness equa-

tions
zs Effective benchmark structural monitoring height

Greek letters

� pM Torsional acceleration contribution
� pM;x Torsional acceleration component acting along global x-axis
� pM;y Torsional acceleration component acting along global y-axis
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� L1; � L2 Damping-like structural con�guration constants for across-wind
spectrum functions

� M1; � M2 Wind pro�le exponents scaling torsional spectrum functions

 d Partial factor for safety class evaluation

 LM Directional structural action combination factors balancing L and M

actions
� a; � s Logarithmic aerodynamic damping and structural damping decre-

ments
� L; � M Total direction-speci�c damping values (across-wind and torsional)
� Geometric plan aspect angle of the building boundary lines
� Slenderness ratio
� Snow load shape coef�cient
� Cross-up frequency tracking background-to-resonant transient

boundaries
� Structural modal exponent mapping elevation mode lines
� Structural material mass density property
� air Air mass density
� •x Standard deviation of along-wind direction acceleration
� aL Standard deviation of across-wind direction acceleration
� aM Standard deviation of torsional direction acceleration
� 1; � L; � M First fundamental structural mode shapes (along, across, and tor-

sional)
� b; � h Aerodynamic structural spatial correlation reduction functions
� L; � T Vibration mode shape correction metrics (AIJ)
' Solidity ratio tracking solidity metrics
 0;j Combination factor tracking accompanying variable structural ac-

tions
 r ;  � Aerodynamic shape mitigation factors for edge rounding and slen-

derness
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1 Introduction

This thesis focuses on the design of timber–hybrid buildings with emphasis on along-
wind, across-wind, torsional, and combined wind-induced vibrations. This chapter pro-
vides an overview of the thesis by introducing the background and problem description,
as well as presenting the aim, objectives, research questions, limitations, and ethical,
ecological and social aspects of the study.

1.1 Background
The utilisation of timber in high-rise buildings has gained increasing interest in recent
years. Due to stricter regulations regarding carbon footprint and the growing demand
for sustainable and high-value buildings, developers are increasingly exploring the use
of timber in taller structures (Tupenaite et al., 2023). The lightweight nature of timber
can reduce the size of vertical load-bearing members and foundations, while high-rise
timber buildings are often associated with architectural prestige and increased commer-
cial attractiveness (Zurich North America, 2023).

However, despite these advantages, the relatively low stiffness and low mass of tim-
ber structures create challenges in meeting serviceability requirements related to wind-
induced vibrations, even for buildings of moderate height (Johansson et al., 2016). Nev-
ertheless, several examples have demonstrated that the dynamic behaviour of tall timber
buildings can be improved by combining timber with materials such as concrete, pro-
viding additional mass and stiffness (Pastori et al., 2022).

Consequently, the question arises whether the height of timber–hybrid buildings is gov-
erned by ultimate limit state (ULS) or serviceability limit state (SLS) criteria. One
challenge in the assessment of dynamic wind actions and accelerations is that the cur-
rent Eurocode considers only along-wind response. Due to the susceptibility of tim-
ber–hybrid buildings to dynamic vibrations, investigation of across-wind, torsional, and
combined response modes may also be crucial (Chen et al., 2026). Previous studies have
shown that hybrid of�ce towers, due to the open �oor plans typically required, may be
more susceptible to wind-induced torsional vibrations compared to residential buildings
(Attia & Ingemarsson, 2025).

While timber–hybrid structures are generally considered more sensitive to wind-induced
vibrations, the question remains which structural strategies are the most ef�cient for
mitigating speci�c vibration modes while still maintaining ef�cient use of materials.

1.2 Problem Description
Due to their low mass and relatively low stiffness, timber-hybrid buildings are highly
susceptible to dynamic wind actions, leading to design challenges for both Ultimate
(ULS) and Serviceability Limit States (SLS), with a focus on occupant comfort criteria
due to acceleration.

Previous research by (Dahlén & Niemi-Impola, 2023) evaluated how timber–concrete
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hybrid systems meet the comfort criteria de�ned by ISO 10137, while (Alkhateb &
Kallmér, 2024) extended this evaluation to cover both serviceability and ultimate limit
states. Although these studies primarily focused on residential buildings, (Attia & Inge-
marsson, 2025) investigated timber–hybrid systems for high-rise of�ce buildings with
open �oor plans. However, all of the mentioned studies considered only along-wind
response, raising questions regarding the signi�cance of across-wind, torsional, and
combined wind-response modes.

Existing mitigation strategies primarily rely on increasing structural stiffness or mass
by modifying the primary stabilising system or adding heavy layers. However, for
timber-hybrid buildings, adding mass cancels out the inherent bene�ts of lightweight
construction and necessitates larger member cross-sections, raising questions regard-
ing the ef�cient use of the material mix. Consequently, this study investigates whether
wind-induced vibrations can instead be mitigated during the early design stage by op-
timising the �oor plan aspect ratio, thereby improving dynamic performance without
requiring additional structural materials.

1.3 Aim and Objectives
The aim of this master's thesis is to investigate how timber and concrete can be com-
bined to enable the construction of taller timber of�ce buildings. The study focuses
on timber–concrete hybrid structures, where timber is used as the primary structural
material, while additional materials are utilised to improve structural performance and
stability under dynamic wind loading.

To achieve this aim, the following objectives are de�ned:

• Evaluate the dynamic wind response of a timber–concrete hybrid high-rise of�ce
building according to current and upcoming Eurocode procedures.

• Investigate the in�uence of along-wind, across-wind, torsional, and combined ac-
celerations on the structural behaviour and occupant comfort of tall timber build-
ings.

• Perform a parametric study to examine how variations in building height, �oor
plan aspect ratio, and stabilising system affect the wind-induced response of the
structure.

• Compare the signi�cance of across-wind and torsional response modes with the
along-wind response described in the current Eurocode.

• Evaluate both serviceability limit state (SLS) and ultimate limit state (ULS) cri-
teria for the investigated structural con�gurations.

1.4 Research Questions
The speci�cations of the issue being investigated are broken down into four questions
below.

• Are torsional accelerations more governing than along-wind and across-wind
accelerations for the height limitation of a high-rise timber–concrete hybrid of-
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�ce tower?

• What effects do different building con�gurations have on the along-wind, across-
wind, torsional, and combined accelerations?

• Which design limit state ultimately limits building height — SLS or ULS?

• Which building con�guration optimises the ef�cient use of the material mix in
terms of strength and mitigation of wind-induced accelerations?

1.5 Method
Literature Review An in-depth literature review of relevant standards, regulations,
and design guidelines related to wind actions on high-rise buildings was conducted,
speci�cally regarding along-wind, across-wind, and torsional wind-induced vibrations.
Applicable standards and limitations related to vibration comfort criteria were also re-
viewed.

Analysis of Existing Structures Existing high-rise timber and timber–hybrid build-
ings were analysed to investigate how structural materials and stabilising systems are
utilised to mitigate wind-induced vibrations.

Analytical Modelling An analytical calculation method was developed to model along-
wind, across-wind, torsional, and combined wind-induced vibrations in accordance
with the relevant formulas provided in international and European standards.

FE Modelling First, veri�cation of the FEM-Design model was performed, followed
by a mesh convergence study. Thereafter, the wind calculation model and the reference
building model were developed. Accelerations for each wind response mode, as well as
the combined response, were computed.

Parametric Study and Optimisation A parametric study was carried out by varying
individual parameters for several building heights. The in�uence of each parameter
on the dynamic behaviour of the structure was evaluated through serviceability and
ultimate limit states. Based on the results, the most effective parameters for improving
structural performance were identi�ed and combined to develop an optimised building
con�guration.

1.6 Limitations
This study is carried out on a timber–concrete high-rise of�ce building with a timber
beam–column structural system and one concrete core. The study is limited to a speci�c
core geometry, where only the core thickness is varied. The core placement is �xed at
the centre of the building. The total �oor plan area remains unchanged, although the
effect of varying the �oor plan aspect ratio is investigated.

Dynamic wind loads are evaluated based on the wind climate of Gothenburg and ter-
rain category III in accordance with the current and upcoming Eurocodes. Diaphragm
action, connection design, and vibration analysis of �oors and beams are not included
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in the study. Seismic loads are also excluded due to the geographical location of the
reference building.

1.7 Ethical, Ecological, and Social Aspects
From an ecological perspective, concrete remains the most widely used construction
material in the world, while its production is associated with signi�cant greenhouse gas
emissions (Gagg, 2014). Therefore, research into how renewable materials such as tim-
ber can be used ef�ciently may contribute to reducing the carbon footprint of buildings.
In many projects, commonly used structural solutions are selected instead of the most
material-ef�cient alternatives (Mei & Wang, 2021). For this reason, the thesis applies
a parametric study combined with a genetic algorithm to investigate con�gurations that
achieve both ef�cient structural utilisation and reduced concrete consumption. In addi-
tion, the study examines whether wind-induced vibrations can be mitigated during the
early design stage through optimisation of the �oor plan aspect ratio, without requiring
additional structural materials.

From a social perspective, of�ce buildings should be designed not only to maximise
economic value for developers, but also to provide comfortable working conditions for
occupants. Therefore, control of wind-induced vibrations, particularly accelerations,
is essential for occupant comfort. Furthermore, previous projects and studies have in-
dicated that timber buildings are often perceived as providing a healthier and more
pleasant indoor environment.

From an ethical perspective, it is important to maintain transparency regarding the as-
sumptions and limitations of the study. Although the current Eurocode primarily covers
along-wind response, it is important to investigate additional wind response modes in
order to better represent the true dynamic behaviour of the building and to account for
them in the design process. At the same time, the results of this study should not be
interpreted as direct design guidance without project-speci�c veri�cation.
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2 Theory

This theory chapter outlines the material properties of timber and concrete, structural
systems for timber–concrete hybrids, and case studies of existing high-rise structures. It
establishes the fundamental concepts and analytical methods for evaluating the dynamic
response of tall buildings under wind loading, covering structural dynamics, boundary
conditions, comfort criteria, and acceleration modes. Furthermore, along-wind, across-
wind, and torsional wind actions are evaluated using current and upcoming Eurocodes,
with their limitations compared against AIJ and ISO standards.

2.1 Timber
Timber is a dominant structural material in low-rise construction (National Association
of Home Builders (NAHB), 2025). By storing absorbed carbon dioxide throughout
its service life and replacing carbon-intensive materials like concrete and steel, timber
signi�cantly lowers a building's overall embodied carbon emissions (Swedish Wood,
2022).

2.1.1 Properties of Timber

The properties of structural timber depend on its microstructure, macrostructure, envi-
ronmental conditions, and imperfections—distinguishing it from "wood," which refers
to small, clear specimens (Swedish Wood, 2022). Wood itself is an anisotropic natu-
ral composite of cellulose, hemicellulose, and lignin whose mechanical properties vary
heavily by grain orientation (Blaß & Sandhaas, 2017). Consequently, structural appli-
cations primarily distinguish between loading parallel and perpendicular to the grain
while neglecting radial and tangential variations (Swedish Wood, 2022). While the ma-
terial is signi�cantly stronger and stiffer parallel to the grain, the actual performance
of structural timber is ultimately limited by natural imperfections such as knots, spiral
grain, and juvenile wood (Swedish Wood, 2022).

2.1.2 Timber Products

To overcome the dimensional limitations, anisotropic behavior, and natural imperfec-
tions of solid timber, wood is processed into Engineered Wood Products (EWPs) to
enable larger cross-sections and taller structures (Blaß & Sandhaas, 2017). Combining
multiple timber elements into a single member distributes defects like knots and pitch
pockets, resulting in more homogeneous and predictable material properties. (Swedish
Wood, 2022).

2.1.2.1 Glue Laminated Timber

Glued laminated timber (glulam) is an engineered wood product made of �nger-jointed,
kiln-dried timber laminations bonded together with parallel grain alignment to act as a
single structural unit (Blaß & Sandhaas, 2017; Swedish Wood, 2022). Glulam can
be manufactured into straight, built-up, or curved members, and can be arranged as
a combined beam with stronger lamellae placed in the outer, highly stressed layers
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(Figure 2.1).

Figure 2.1: Glulam composition (Swedish Wood, n.d.-a).

2.1.2.2 Cross-Laminated Timber

Cross-laminated timber (CLT) consists of perpendicular layers of kiln-dried boards,
typically 15–40 mm thick, bonded with structural adhesives (Blaß & Sandhaas, 2017).
Arranged in con�gurations of 3, 5, or 7+ layers (Figure 2.2), CLT panels handle both
out-of-plane and in-plane loading. Because the modulus of elasticity is signi�cantly
lower perpendicular to the grain, panel stiffness is primarily governed by layers oriented
parallel to the principal stress direction (Swedish Wood, 2022).

Figure 2.2: CLT panel with three layers (Swedish Wood, 2022).

2.1.3 Environmental and Sustainability Aspects

With roughly 70% of Sweden's land area forested, sustainable forest management and
mandatory regeneration ensure a long-term timber supply (Swedish Wood, n.d.-b, n.d.-
c). Actively growing forests maximize carbon dioxide absorption, providing signi�cant
climate bene�ts when locally sourced wood replaces carbon-intensive alternatives and
minimizes transport emissions (Swedish Wood, n.d.-b, n.d.-c). Prefabrication enhances
production ef�ciency, reduces material waste, limits construction site deliveries, and
lowers structural self-weight—thereby minimizing foundation requirements and asso-
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ciated emissions (Swedish Wood, n.d.-d). Decommissioned timber supports a circular
economy through three cascading steps: direct structural reuse, recycling into lower-
grade products, or burning for energy recovery to replace fossil fuels(Barth & McKin-
non, 2023).

2.2 Concrete
The construction industry consumes more concrete than all other building materials
combined (Gagg, 2014). Concrete is a composite of a binder, sand, gravel, and water.
Admixtures can be added to improve its fresh or hardened properties, enabling its use
in increasingly complex structures and harsh environments (Mehta & Monteiro, 2006).

2.2.1 Properties of Concrete

Concrete is a stiff material with a compressive strength signi�cantly exceeding its ten-
sile capacity, which is typically only 10% of its compressive strength (Al-Emrani et al.,
2013). This disparity makes concrete highly susceptible to cracking from both applied
loads and internal restraints (Engström, 2007). Despite this, its excellent durability
against weathering and moisture makes it ideal for environments where timber or steel
might decay or corrode (Mehta & Monteiro, 2006).

To manage tensile stresses, concrete is reinforced with steel bars, which provide neces-
sary tensile capacity and control crack distribution, though they only become effective
after cracking occurs (Al-Emrani et al., 2013; Engström, 2007). For increased ef�ciency
and longer spans, prestressing can be employed (Mehta & Monteiro, 2006).

2.2.2 Environmental and Sustainability Aspects

While concrete gradually absorbs CO2 through atmospheric carbonation over its ser-
vice life, its primary climate impact stems from cement production, which accounts
for 7–8% of global CO2 emissions due to rapid urbanization (Barbhuiya et al., 2024;
Mehta & Monteiro, 2006). The majority of these emissions originate from the calci-
nation of limestone inside kilns heated to approximately 1450°C, generating 0.5–0.7
tonnes of CO2 per tonne of clinker (Barbhuiya et al., 2024; Mehta & Monteiro, 2006).
Additionally, the substantial thermal energy required to sustain these temperatures is
traditionally supplied by fossil fuels, contributing further to greenhouse gas totals and
associated air pollutants (Barbhuiya et al., 2024).

2.3 Structural System
To ensure global stability against lateral forces, structures utilize various stabilising sys-
tems. Diagonal bracings resist loads through axial force, while CLT or concrete shear
walls resist in-plane shear and bending. Rigid frames rely on moment connections, and
horizontal diaphragms distribute these horizontal forces to the vertical elements.
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