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ABSTRACT

Connections are among the most complex elements to analyze and design within struc-
tural engineering. They consist of multiple interacting components, involve intricate
load-transfer mechanisms, and exhibit nonlinear behavior that is difficult to capture us-
ing simple assumptions.

Although numerical modeling can be employed to evaluate connection behavior and
stiffness, it is often computationally demanding and requires careful verification and
interpretation. Consequently, connections are frequently idealized in the design phase
as either perfectly pinned or fully fixed, and in some cases, assigned an intermediate
stiffness. While such simplifications may be acceptable for simple structural systems,
they offer limited insight into the governing parameters that influence connection stiff-
ness. These assumptions restrict the ability to optimize connection design and may be
insufficient for structures with demanding performance requirements, such as high-rise
hybrid buildings.

The objective of this Master’s thesis is to develop a realistic analytical model for the
internal parts of a steel-timber connection and the total rotational stiffness in the elastic
state. The study considers an embedded steel plate connection, which is widely used
due to its aesthetic appeal and ease of on-site installation.

To achieve this objective, load paths and structural models are identified for internal
parts in connection. By summing the resulting elastic deformations of each part, the
total deformation and rotational response are obtained. The analytical results are sub-
sequently validated and calibrated against numerical simulations, including a 3D solid
model and a 2D beam model. Based on this process, a simplified and verified expression
for estimating the rotational stiffness of the embedded steel plate connection is derived.

Keywords: embedded steel plate connections, slotted in steel plate-timber connection,
elastic rotational stiffness, timber-concrete connection, connection rigidity.
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Elastisk rotationsstyvhet hos en insnitslad stålplåt-träförbindning
En förenklad lösning, baserad på en analytisk studie verifierad med numerisk modeller-
ing

Examensarbete inom masterprogrammet Konstruktionsteknik och Byggnadsteknologi

VICTOR GUSTAFSSON

KARAM KATERGI

Institutionen för arkitektur och samhällsbyggnadsteknik
Avdelningen för Konstruktionsteknik
Chalmers tekniska högskola

SAMMANFATTNING

Förbindningar är bland de mest komplexa elementen att analysera och designa inom
konstruktionsteknik. De består av flera interagerande komponenter, involverar inveck-
lade lastöverföringsmekanismer och uppvisar ickelinjärt beteende som är svårt att fånga
med hjälp av enkla antaganden.

Även om numerisk modellering kan användas för att utvärdera förbindningsbeteende
och styvhet, är det ofta beräkningskrävande och kräver noggrann verifiering. Följaktli-
gen idealiseras förbindningar ofta i designfasen som antingen fritt upplagda eller helt
inspända, och i vissa fall tilldelas de en mellanliggande styvhet. Även om sådana fören-
klingar kan vara acceptabla för enkla strukturella system, ger de begränsad insikt i de
styrande parametrarna som påverkar förbindningsstyvheten. Dessa antaganden begrän-
sar möjligheten att optimera förbindningens design och kan vara otillräckliga för struk-
turer med krävande prestandakrav, såsom höga hybridkonstruktioner.

Syftet med denna masteruppsats är att utveckla en realistisk analytisk modell för de
interna delarna av en stål-träförbindning och den totala rotationsstyvheten i elastiskt
tillstånd. Studien behandlar en insnitslad stålknivplåtsförbindning, som används flitigt
på grund av dess estetiska tilltalande och enkla installation på plats.

För att uppnå detta mål identifieras lastbanor och strukturella modeller för interna de-
lar i sammankoppling. Genom att summera de resulterande elastiska deformationerna
för varje del erhålls den totala deformationen och rotationsresponsen. De analytiska
resultaten valideras och kalibreras därefter mot numeriska simuleringar, inklusive en
3D-solidmodell och en 2D-balkmodell. Baserat på denna process härleds ett förenklat
och verifierat uttryck för att uppskatta rotationsstyvheten hos den insnitslade stålkniv-
plåtsförbindningen.

Nyckelord: Inslitsade plåtförband, elastisk rotationsstyvhet, förband mellan trä och be-
tong, förbandsstyvhet, hybrida konstruktioner
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Notations

Roman upper case letters

E Young’s modulus of elasticity
EI Flexural rigidity
F Force
Fb Bolt force including prying action
Ft Applied tensile force
Fv,Rk Characteristic shear resistance
Fax,Rk Characteristic axial withdrawal resistance
G Shear modulus
K Rotational stiffness/spring stiffness
I Moment of inertia
M Bending moment
My,Rk Characteristic yield moment
Q Prying force
Sj Rotational stiffness of the joint
Sj,ini Initial rotational stiffness

Roman lower case letters

d Diameter of bolt/screw/dowel
f Stress or strength parameter
fh,1,k Characteristic embedment strength
h Height
kh Size factor for timber
ki Stiffness coefficient for joint component i
kmod Modification factor for load duration and service class
ks Foundation stiffness modulus
t Thickness
t1 Thickness of timber member
z Lever arm

Greek letters

β relative stiffness factor
µ Stiffness ratio
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ν Poisson’s ratio
θ Rotation
σ Stress
ε Strain
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Acronyms

ABAQUS Finite Element Analysis software
AI Artificial Intelligence
BCs Boundary Conditions
CO2 Carbon Dioxide
EC Eurocode
EWP Engineered Wood Product
FEM Finite Element Method
FEM-Design Finite Element Analysis software
GL30c Strength class for glulam timber
N.A Neutral Axis
RH Relative Humidity
RP Reference Point
S235 Structural steel grade S235
S355 Structural steel grade S355
ULS Ultimate Limit State
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1
Introduction

This chapter introduces the background of the research �eld and provides a detailed de-
scription of the problem under investigation. It also presents the purpose and objectives
of the study, along with its scope and limitations. Finally, an overview of the proposed
methodology is provided.

1.1 Background
Global warming is a global challenge that demands more sustainable solutions across all
sectors. The construction industry is a major contributor to greenhouse gas emissions,
as well as to the use of materials and land. In Europe, the sector accounts for roughly
30% of total CO2 emissions, consumes about 40% of the energy, and generates around
40% of the waste (Swedish Wood, 2026b). At the same time, urbanization is increasing,
with more people moving to larger cities (SCB, 2015). To accommodate this growing
population, cities must construct additional housing and infrastructure. Building taller
structures can help meet this demand while limiting the need to reduce land allocated
for recreation and other urban functions.

Timber is more environmentally friendly than concrete and steel. However, historical
regulations have been a signi�cant obstacle to its use in taller structures across Europe.
To encourage the adoption of timber over more carbon-intensive materials, various pro-
grams and regulatory changes have been introduced (Swedish Wood, 2026b). Timber
offers several advantages due to its high strength-to-weight ratio compared to concrete
and its ease of use, making it suitable for a wide range of applications. At the same time,
designing tall buildings using only timber can be challenging, particularly when trying
to meet requirements for wind resistance and vibration control. As a result, combining
timber with concrete in the structural system has become increasingly common.

Hybrid structures combine different materials so each can be used to its strengths. This
improves ef�ciency and can reduce overall material consumption. Such structures exist
at both small and large scales. On a smaller scale, different materials are typically
combined in details like joints and connections. On a larger scale, hybrid structures refer
to the use of multiple materials within a building's main structural system. In large-scale
hybrid systems involving timber, it is common to pair timber elements with a concrete
core. The concrete core provides stiffness to resist wind loads and control vibrations,
bene�ting from its higher self-weight. Meanwhile, timber is used for columns and
beams to transfer vertical loads to the foundation. This approach makes it possible to
use timber in the primary structural system of taller buildings.
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1.2 Problem description
Hybrid structural systems offer several advantages. However, the interaction between
different materials also introduces signi�cant challenges. In tall timber–concrete hy-
brid structures, additional complexities arise due to the differing mechanical behaviour
of the materials. These complexities are not fully accounted for in current design pro-
cesses, which may lead to an increased risk of insuf�cient structural performance.

In current engineering practice, structural connections are commonly idealized as either
fully pinned or fully �xed. Previous research has shown that this simpli�cation is not
always valid. A master's thesis by Larsson and Widén (2025) demonstrated through
detailed analysis that embedded steel connections exhibit semi-rigid behaviour rather
than perfectly pinned behaviour. Their study further indicated that, in tall hybrid tim-
ber–concrete structures, this inherent rigidity can lead to high stresses in the connection
caused by unintended bending moments. These moments arise from differential verti-
cal de�ections between the concrete core and the timber facade columns. Such effects
are typically neglected in conventional design approaches and may result in failure of
the connection or of adjacent structural elements. Figure 1.1 showcases the differential
deformation and the settlement in the horizontal element connecting timber columns
with a concrete core.

Figure 1.1: Settlement of timber beams connecting timber column with concrete core.

According to Dahlqvist and Kollberg (2023), the differential deformation would reach
20 mm for a 10-storey building and 35 mm for a 20-storey hybrid concrete-timber build-
ing as per Figure 1.2.
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Figure 1.2: The long-term differential deformation for high-rise timber-concrete struc-
tures.

Currently, no readily available analytical approach exists for estimating rotational stiff-
ness in connections exhibiting intermediate behavior between pinned and �xed con-
ditions. Although numerical methods can be employed to address this problem, they
are generally complex, computationally demanding, and time-consuming to implement.
Hence, there is a strong need for a simpli�ed analytical approach that enables practical
consideration of actual rotational stiffness in connection design.

1.3 Aim and objectives
The primary aim of this master's thesis is to develop an analytical model for structural
connections that accounts for the effects of unintended rotation, veri�ed by numerical
modelling, and to contribute to a deeper understanding of the behaviour of such connec-
tions. To achieve this aim, a selected connection between a timber beam and a concrete
core will be analysed in detail.

To support this aim, the following speci�c objectives are de�ned:

• Calculate the connection's rotational stiffness analytically through a model that
accounts for the contributions of individual components.

• Verify the analytical model through a parametric study, comparing with numerical
results from ABAQUS.

• Identify the parameters that in�uence the rotational stiffness the most and propose
a simpli�ed expression for the analytical model.

• Determine the rigidity of the connection and classify its behaviour as pinned,
semi-rigid, or rigid based on the rigidity.

1.4 Scope and limitations
This thesis examines connections in hybrid structural systems composed of a concrete
core and timber elements. The objective is to develop an analytical model capable of
evaluating the rotational stiffness of these connections. To achieve this, several limita-
tions have been de�ned for both the overall scope and the numerical modelling.
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General scope limitations

• The analysis is restricted to the linear-elastic range; plastic deformation and force
redistribution are not considered.

• Environmental and external in�uences, such as moisture variation, dynamic load-
ing, and temperature effects, are excluded.

• The study focuses speci�cally on an embedded steel plate connection between a
timber beam and a concrete core.

• The results are not intended for direct design application but rather to provide
conceptual insight into how rotational stiffness in hybrid connections can be as-
sessed and which parameters most signi�cantly in�uence it.

Numerical modelling limitations

• Only the steel connection components and the timber beam are explicitly mod-
elled. The concrete core is represented as a rigid surface.

• Construction tolerances for screw and bolt holes are neglected to avoid introduc-
ing unintended displacements in the analysis.

• Contact interactions between components are modelled to behave linearly, pre-
venting any overlap between parts. Consequently, friction is not considered in
the model.

• No capacity veri�cation is carried out, as linear-elastic behaviour is assumed.
Instead, results are extracted and evaluated manually.

1.5 Methodology
The methodology of this thesis is divided into several stages. The �rst stage consists of
a comprehensive literature review, covering relevant standards and design guidelines, as
well as previous research on the design and structural behaviour of connections in hy-
brid concrete–timber structures. This stage also includes a review of material properties.

The second stage involves numerical modelling and analysis of the selected embedded
steel-plate connection. These analyses are used to evaluate the stiffness of the connec-
tion and to quantify the in�uence of individual connection components on the overall
stiffness response. Also in the second stage, an analytical model to evaluate the rota-
tional stiffness is developed using the component method.

In the �nal stage, a parametric study is conducted to verify the analytical model, so it
accurately represents the structural behaviour of the connection. If the analytical model
does not match the numerical results, it is to be re�ned until it does.

1.6 Use of AI
Arti�cial intelligence (AI) has been used as a supportive tool throughout this master's
thesis. It has primarily assisted with correcting grammar and spelling errors, as well
as generating code for speci�c LaTeX commands to improve the overall quality of the
report. AI tools were also consulted when encountering errors in ABAQUS, helping to
clarify issues and suggest possible solutions.
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2
Literature review

This chapter begins with a brief explanation of the material properties relevant to timber-
to-concrete connections and a brief introduction to engineered wood products. It then
presents common types of connections between a timber beam and a concrete core.
The chapter continues with a review of previous research and design codes related to
the stiffness of an embedded plate connection. In the �nal part, a basic overview of
prying action and beams resting on an elastic foundation is provided.

2.1 Material properties
Timber, concrete, and steel each have distinct material properties that make them unique.
When combining these materials in a hybrid structure, it is essential to understand their
differences in order to prevent challenges and to select the appropriate material for each
structural purpose. The material properties presented in this text are those considered
most relevant for the design and performance of timber-to-concrete connections.

2.1.1 Timber

Historically, wood has been one of the most important construction materials (Swedish
wood, 2026a). In the past, its use was largely limited to smaller buildings due to regu-
latory constraints and competition from alternative materials. However, during the 21st
century, regulatory changes have been introduced to promote the increased use of wood
in the construction sector, as it is a more sustainable and the only renewable structural
material (Swedish wood, 2026b).

Timber is an anisotropic material, exhibiting mechanical properties that vary with di-
rection (Swedish wood, 2022a). Conventionally, three principal directions are distin-
guished: longitudinal, radial, and tangential (Figure 2.1). The variation in mechanical
properties for the radial and tangential directions is typically small and often considered
collectively. Consequently, for most structural analyses, timber behavior is described in
terms of two primary categories: parallel to the grain (longitudinal) and perpendicular
to the grain (radial–tangential plane).
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Figure 2.1: Structural directions of timber (Swedish wood, 2022a)

Timber exhibits markedly higher strength and stiffness when loaded parallel to the grain
than when loaded perpendicular to the grain (Swedish wood, 2022a). This anisotropic
behavior is illustrated in Figure 2.2, which presents the stress–strain relationships for
clear wood subjected to tension load both parallel and perpendicular to the grain. The
�gure further demonstrates that timber fails in a brittle manner under tensile loading,
as the stress–strain curve does not display a plastic plateau at peak stress but instead
terminates shortly after the linear elastic region.

(a) (b)

Figure 2.2: Stress-strain relationship for clear wood loaded in tension, a) parallel to the
grain, b) perpendicular to the grain (Swedish wood, 2022a).

Similar to tensile loading, timber subjected to compression exhibits higher strength and
stiffness when loaded parallel to the grain than when loaded perpendicular to the grain
(Swedish wood, 2022a), although the strength ratio is less pronounced than in tension.
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Figure 2.3 presents the stress–strain relationships for clear wood loaded in compression,
both parallel and perpendicular to the grain. In contrast to tensile loading, timber dis-
plays more ductile behavior in compression. As shown in the �gure, the stress–strain
curve reaches a maximum stress followed by a plateau, indicating signi�cant plastic
deformation prior to ultimate failure.

(a) (b)

Figure 2.3: Stress-strain relationship for clear wood in loaded in compression, a) par-
allel to the grain b) perpendicular to the grain.(Swedish wood, 2022a)

The strength of timber is in�uenced not only by the orientation of the load relative
to the grain but also by several other factors, including moisture content, temperature,
duration of loading, inherent imperfections, and member size (Swedish wood, 2022a).
Increased moisture content generally reduces both the stiffness and strength of timber.
In addition, higher moisture content causes swelling, whereas lower moisture content
leads to shrinkage. The surrounding environmental conditions signi�cantly affect the
timber's moisture content. This effect is addressed by assigning structural elements to
a service class, which re�ects the highest moisture content the element is expected to
experience during its service life. Then, reducing the design strength with a factor de-
pending on the service class (Eurocode 5, 2004a).

Temperature and time also affect timber strength. Both stiffness and strength decrease
as temperature rises (Swedish wood, 2022a), but in the range –30°C to 95°C, this effect
is relatively minor and usually not included in the design process. In terms of time,
longer load durations reduce the timber's strength. In design, the effect of load duration
is combined with the service class into a single factor kmod (Eurocode 5, 2004a).

Large timber members do not contain perfectly straight �bres and typically include
natural imperfections, such as knots, which act as local weaknesses and induce stress
concentrations (Swedish wood, 2022a). Consequently, the mechanical behaviour of
clear wood cannot be directly applied to structural-sized sawn timber elements. Larger
members are more likely to contain such defects, and according to the weakest-link
theory, their characteristic strength is therefore reduced compared to smaller specimens.
The in�uence of member size is accounted for by the size factor kh, which increases the
strength for smaller cross-sections (Eurocode 5, 2004a).
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2.1.2 Steel

Steel is one of the most widely used structural materials due to its high strength, ductil-
ity, and reliability. It is applied in a wide range of structures, from buildings and bridges
to industrial facilities. Steel enables slender structural elements and long spans. Its pre-
dictable mechanical behavior makes it well-suited for engineered design (Al-Emrani et
al., 2013). Steel has notable environmental impacts, contributing to pollution and ac-
counting for up to 11% of global CO2 emissions. The carbon footprint of steel largely
depends on the production method used, making the manufacturing process the most
signi�cant factor in�uencing its overall environmental impact (Arbor, 2025).

From a material perspective, steel is characterized by high strength in both tension and
compression. For structural steel, the yield strength typically governs design and com-
monly ranges from about 235 MPa to 460 MPa depending on the steel grade (Al-Emrani
et al., 2013). The compressive strength of steel is essentially equal to its tensile strength,
as it is an isotropic and homogeneous material. However, for compression members, in-
stability phenomena such as buckling can govern the design rather than material failure.

The stress–strain relationship for structural steel is typically idealized as elastic–plastic.
Up until the yield strength, steel behaves linearly elastic according to Hooke's law, with
a modulus of elasticity E of approximately 210 GPa. Beyond the yield point, plastic
deformation occurs, allowing signi�cant strains at nearly constant stress before strain
hardening and eventual fracture (Al-Emrani et al., 2013). The stress-strain relationship
for structural steel of S235 is shown in Figure 2.4.

Figure 2.4: Stress-strain relationship for structural steel S235, (Moaieri & Khedmati,
2021)

For fasteners such as bolts and screws, higher-strength steel is typically used (Al-Emrani
et al., 2011). Structural bolts are often produced in high-strength classes with an ulti-
mate tensile strength of around 800 MPa or higher. This allows them to transfer signi�-
cant tensile and shear forces in connections, making them essential components in steel
and timber–steel joints.
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2.1.3 Concrete

Another commonly used structural material is concrete. It is a composite material made
primarily of cement, water, and aggregates. Its main strength lies in its high compres-
sive capacity, durability, and ability to be cast into almost any shape (Al-Emrani et
al., 2013). Concrete performs very well under compression, which makes it ideal for
columns, foundations, and slabs. However, its tensile strength is relatively low, so it is
commonly reinforced with steel to form reinforced concrete.

Despite its technical advantages, concrete has signi�cant negative environmental im-
pacts. The production of cement is energy-intensive and generates large amounts of
carbon dioxide CO2 (Cheng et al., 2023). The calcination of limestone and the high-
temperature kiln processes contribute substantially to global greenhouse gas emissions.
In addition, concrete production consumes large quantities of natural resources such as
sand, gravel, and water. This can also lead to habitat destruction and landscape degra-
dation. The high impact on the environment results in a strong demand to use concrete
ef�ciently in design.

Concrete undergoes time-dependent deformation due to creep and shrinkage (Engström,
2014). Both phenomena are in�uenced by environmental conditions and evolve over
time. However, a key distinction is that creep depends on loading conditions, whereas
shrinkage occurs independently of applied loads.

Shrinkage is composed of both drying shrinkage and autogenous shrinkage (Engström,
2014). Drying shrinkage results from the loss of moisture from hardened concrete to
the surrounding environment. As water evaporates from the pores, volume reduction
occurs. This type of shrinkage depends mainly on the relative humidity, the notional
size of the member, curing conditions, and time. It develops gradually over a long pe-
riod and is strongly in�uenced by environmental exposure. Drying shrinkage does not
occur homogeneously through the specimen since most of the drying happens at the
surface.

Autogenous shrinkage is caused by the chemical process of cement hydration (En-
gström, 2014). As hydration progresses, internal self-desiccation occurs, leading to
volume reduction even without moisture exchange with the environment. This effect
is particularly signi�cant in high-strength concretes with low water–cement ratios and
develops mainly at early ages. The total shrinkage, according to Eurocode 2 (2004a)
the sum of the autogenous and drying shrinkage.

Creep is load-dependent and does not occur in the absence of sustained loading (En-
gström, 2014). Unlike elastic deformation, which occurs immediately upon load appli-
cation, creep develops gradually over time and continues as long as the load is main-
tained. The effect is more pronounced at early ages, particularly when the load is ap-
plied soon after casting. Relative humidity (RH) also plays a signi�cant role. Lower
RH accelerates creep because increased moisture loss from the concrete is required to
reach equilibrium with the surrounding environment.
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2.2 Glulam
To mitigate the inherent variability and defects of solid timber and to enable construc-
tion with larger dimensions, a range of Engineered Wood Products (EWPs) has been
developed (Swedish wood, 2022a). EWPs are manufactured from sawn timber, veneers,
particles, or �bres bonded together using adhesives to form products with enhanced and
more predictable mechanical properties. A commonly used EWP is glued laminated
timber (glulam), which is the material used for the beam in this study.

Glued laminated timber is the oldest form of engineered wood product and remains one
of the most widely used (Swedish wood, 2022a). It is manufactured by bonding multi-
ple layers of sawn timber with their grain directions aligned parallel to one another, as
illustrated in Figure 2.5. The thickness of each layer is typically 45 mm, and the beams
generally have a maximum width of 215 mm. Wider beams can be achieved by gluing
multiple glulam beams together. While glulam exhibits mechanical properties compa-
rable to those of solid sawn timber in smaller cross-sections, its primary advantage lies
in the ability to produce large structural members with more uniform and predictable
properties. This is achieved by distributing natural timber imperfections throughout the
member during manufacturing. Glulam behaves predominantly as a linear structural
element and is therefore primarily used for beams and columns in load-bearing systems
(Quesnel, 2020).

Figure 2.5: Glulam beam with seven layers of sawn timber, (Swedish wood, 2024)
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2.3 Challenges in hybrid structures
Building a hybrid structure poses several technical challenges due to the different be-
haviors of its materials. A major concern is moisture interaction between timber and
concrete (Swedish wood, 2022b). Timber is highly sensitive to changes in humidity
and can swell when exposed to moisture, whereas concrete experiences drying shrink-
age and creep as moisture leaves the material and moves into the surroundings. If not
carefully detailed, freshly cast concrete can introduce additional moisture into adjacent
timber elements, potentially causing swelling, deformation, or long-term durability is-
sues. Therefore, controlling moisture transfer is essential in hybrid design. This can
be achieved by incorporating barriers between timber and concrete and by allowing for
material movement. Steel components are often used as an intermediate layer between
concrete and timber to help prevent moisture transfer.

Another challenge arises from the structural interaction between materials with differ-
ent stiffness and long-term behavior (Al-Emrani et al., 2013). Concrete and timber
respond differently to loading and moisture. Concrete elements may undergo creep and
shrinkage over time, whereas timber exhibits swelling and shrinkage that is in�uenced
by moisture conditions. The difference in stiffness also affects the de�ection of the
different members. Timber is a more �exible material and will de�ect more under the
same load. In taller buildings, these differences can lead to uneven settlements or in-
ternal stresses due to restraint if not properly considered in the design. High stresses
resulting from differential vertical de�ections between timber and concrete were ob-
served in Larsson and Widén's (2025) master's thesis, highlighting the signi�cance of
this issue in taller structures.

Materials behave very differently when exposed to �re. Concrete is non-combustible
and heats up slowly due to its low thermal conductivity (Eurocode 2, 2004b). This al-
lows the inner core to retain load-bearing capacity for a relatively long time. Although
its strength reduces at high temperatures and spalling may occur, it generally provides
good inherent �re resistance without additional protection. Timber is a combustible
material, but it chars at a predictable rate (Eurocode 5, 2004b). The char is forming a
protective layer that insulates the core and allows it to retain its structural capacity for
a de�ned period. Failure, therefore, occurs gradually rather than suddenly. Steel is also
non-combustible but heats up very quickly, and its strength and stiffness decrease sig-
ni�cantly in high temperatures (Eurocode 3, 2004). Without �re protection, it can lose
load-bearing capacity rapidly, so it usually requires insulation or coatings to achieve the
required �re resistance.

This difference in �re response must be considered when designing a timber structure
that incorporates steel components. By concealing the steel elements, they are shielded
from direct exposure to a potential �re. This can be achieved by effectively embedding
the steel components within timber elements or by applying additional �re protection
measures.
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2.4 Timber-concrete connections
Connections are essential in a structural system to ensure that loads are effectively trans-
ferred between members. A complete structure relies on various types of connections
linking its different components. This study focuses on a beam-to-wall connection be-
tween a timber beam and a concrete core. The following section presents some of the
most common connection types, together with their challenges and advantages.

2.4.1 Beam hanger

A common detail for connecting a timber beam to a concrete wall is a beam hanger. This
connection transfers vertical loads from the beam into the wall (WoodWorks, 2024).
Typically, the beam is seated in a steel hanger and secured with dowel-type fasteners.
The hanger is welded to a steel plate, which is anchored to the concrete wall using dow-
els, see Figure 2.6a. As an alternative to a steel hanger, an embedded plate combined
with an angle bracket may be used, see Figure 2.6b. The load-carrying capacity of these
connections is often governed by the timber's strength perpendicular to the grain. How-
ever, the shear capacity of the dowels in the steel hanger or embedded plate must also
be veri�ed, along with the tensile capacity of the anchors embedded in the concrete.
In addition, the effects of timber swelling and shrinkage should be considered in the
design, as moisture-related movement can in�uence the connection's performance. Fi-
nally, if the beam is not placed centrally in the support, an eccentricity will occur and
introducing additional moment in the connection.

(a)
(b)

Figure 2.6: Connection of a beam perpendicular to the wall where the beam is con-
nected with, a) Beam hanger b) embedded plate on angle bracket (WoodWorks, 2024).

12 CHALMERS Architecture and Civil Engineering, Master's Thesis ACEX30



To increase the capacity and redundancy of a simple beam hanger connection and to
improve resistance to eccentric loading, the hanger can be provided with a top plate
(WoodWorks, 2024). This plate is placed in a pocket in the concrete wall and secured
with grout, see Figure 2.7. When designing the anchorage of the top plate, it is important
to consider the risk of edge failure in the concrete wall, since limited edge distances can
signi�cantly reduce the anchorage capacity.

Figure 2.7: Beam hanger with top bearing, (WoodWorks, 2024)
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2.4.2 Wall notch

The wall notch connection is designed to transfer vertical loads from a timber beam to
a concrete wall. The concrete wall is cast with a rectangular recess, forming a pocket
to receive the connection (WoodWorks, 2024). The timber beam is bolted either to an
embedded plate or to side plates, which are welded to a bearing plate equipped with
threaded studs. During installation, the beam–plate assembly is placed into the pocket
in the concrete wall, with the threaded studs embedded vertically into the concrete. The
gap between the bearing plate and the embedded plate is �lled with grout to accom-
modate construction tolerances between the timber and concrete. Providing adequate
tolerances is particularly important for this type of connection, as timber is sensitive to
changes in moisture content and may swell or shrink over time. Without suf�cient al-
lowance for movement, restraint from the surrounding concrete could induce additional
stresses in the timber or the connection.

This type of connection is capable of carrying high loads, with its capacity primarily
governed by the compressive strength of the timber perpendicular to the grain. To
ensure long-term durability and performance, it is essential to protect the portions of
the timber in contact with the concrete against moisture ingress, thereby reducing the
risk of swelling.

Figure 2.8: Wall notch connection (WoodWorks, 2024)
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2.4.3 Embedded steel plate

In an embedded steel plate connection, the timber beam is bolted to a steel plate em-
bedded within the beam, known as an embedded plate. This embedded plate is welded
to a steel plate that is anchored to the concrete core with screws (WoodWorks, 2024).
Together, these components form a connection capable of transferring the vertical loads
from the beam to the concrete. The capacity of the connection depends on the shear
strength of the fasteners and the compressive capacity of the timber around the fasten-
ers.

The embedded plate offers the advantage of being protected by the surrounding timber
in the event of a �re (Swedish wood, 2022a). The timber delays heat transfer, thereby
preventing the steel plate from reaching critical temperatures for a prolonged period.
If the embedded plate were replaced by two steel plates located on the exterior of the
timber beam, additional �re-protection measures would be required to safeguard the
connection. From an aesthetic standpoint, embedding the embedded plate within the
beam is also bene�cial, as only the timber remains visible.

Figure 2.9: embedded plate connection (WoodWorks, 2024)

This study will further investigate this connection. It has been selected as it is a com-
monly used solution that, in addition to the previously mentioned bene�ts, also provides
an aesthetically favorable appearance in structures with an exposed load-bearing sys-
tem. Since the steel components are embedded within the timber beam, only the timber
is visible in the �nal construction.
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Rothoblaas is a well-established supplier of structural connections and fastening sys-
tems, offering a range of different embedded plate solutions. In their product documen-
tation for embedded plate connections, only the shear capacity is speci�ed (Rothblaas,
2022), meaning that these connections are generally considered fully pinned. As a re-
sult, the designer must verify that no unintended rotational effects occur in the structure
that would generate bending moments in the connection. Otherwise, the connection
might reach failure before the designed load. Figure 2.10 illustrates an embedded plate
connection between concrete and timber, taken from the product sheet of a Rothoblaas
(2022) embedded plate.

Figure 2.10: Embedded plate connection (Rothblaas, 2022)
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2.5 Design of timber-steel connections
Today, in the design of timber connections, Johansen's theory is used (Swedish wood,
2022a). The theory includes three possible types of failure, with each failure type having
multiple possible failure modes. The �rst possible failure mode occurs when the timber
member reaches compression failure due to the pressure applied by the dowel, as shown
in Figure 2.11 a, c, f, and j. The second failure mode is when the dowel yields and a
plastic hinge forms in the stronger material, as illustrated in Figure 2.11 b, d, g, and k.
The �nal failure mode occurs when plastic hinges form in both materials, meaning the
dowel develops plastic hinges in both the steel and timber members, as shown in Figure
2.11 e, h, and m.

Figure 2.11: Failure modes for steel-timber connections (Swedish wood, 2022b)

Each failure mode is associated with a speci�c design equation, which depends on the
connection con�guration (Eurocode 5, 2004a). The capacity is then taken as the weakest
of the failure modes. An embedded plate with dowels has the possible failure modes f,
g, and h. These design equations are shown in 2.1.

Fv;Rk = min

8
>>>>>>>>>><

>>>>>>>>>>:

f h;1;k t1 d (f)

f h;1;k t1 d

" s

2 +
4My;Rk

f h;1;k d t2
� 1

#

+
Fax;Rk

4
(g)

2:3

s

M y;Rk f h;1;k d +
Fax;Rk

4
(h)

(2.1)

The design equations based on Johansen's theory provide a shear capacity for the con-
nection from lateral loads. But if a moment is acting in the connection, this needs to
be checked separately. In Eurocode 5 (2004a), a timber–steel connection subjected to
moment is designed by transforming the applied bending moment into a force couple
within the joint. The moment is resisted by tensile forces developing in one part of the
fastener group and compressive forces in the opposite zone. The fasteners in tension
are veri�ed for axial resistance, including withdrawal capacity, head pull-through, and
steel tensile strength where relevant. If shear is present simultaneously, the interaction
between axial and shear forces is checked. In addition, the compression stresses in the
timber are veri�ed to prevent crushing perpendicular to the grain. The design resistance
is governed by the weakest failure mode, with ductile behaviour preferred in accordance
with Eurocode principles.
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2.6 Previous studies on connection stiffness

2.6.1 Rotational stiffness in Eurocode

Rotational stiffness, according to Eurocode 3 (2005), is de�ned by the moment–rotation
behaviour of a joint, in which the deformable response is described by the relationship
between the bending moment acting on the joint and the relative rotation between the
connected members. The slope of this relationship in the initial elastic range is de�ned
as the initial rotational stiffness.

Eurocode 3 (2005) provides simpli�ed calculations for the initial rotational stiffness for
some types of steel joints using the component method. In this approach, a joint is ideal-
ized as an assembly of components, each representing a physical source of deformation
within the connection. Each component is assigned a stiffness based on its mechani-
cal behaviour, and the overall rotational stiffness of the joint is obtained by combining
the stiffness contributions of the individual components. In this way, the joint stiffness
is not assumed, but derived from its material properties and con�guration. The initial
rotational stiffness can be calculated according to equation 2.2.

Sj =
E z2

X

i

1
ki

� (2.2)

where,

Sj = rotational stiffness of the joint according to Eurocode

E = Young's modulus of elasticity of the material

z = lever arm of the joint components

ki = stiffness coef�cient for basic joint component i

� = stiffness ratio Sj;ini =Sj

The initial rotational stiffness Sj;ini is obtained from this expression with � = 1:0.

This initial rotational stiffness of a joint is used to classify the joint as rigid, semi-rigid,
or pinned (Eurocode 3, 2005). The classi�cation is based on the joint's stiffness relative
to the bending stiffness of the connected members, rather than on its absolute value.
In this comparison, the stiffness is treated as a relative property rather than an absolute
one. A joint may be considered rigid in one structural context but semi-rigid in another.

When a joint is classi�ed as rigid, its rotational deformation is considered suf�ciently
small that it does not signi�cantly in�uence the distribution of internal forces in the
structure (Eurocode 3, 2005). For instance, in the case of a beam-beam joint, the joint
may be modeled as fully continuous, and its actual stiffness does not need to be ex-
plicitly introduced into the analysis model. When a joint is classi�ed as pinned, its
rotational stiffness is considered suf�ciently low that it does not transfer signi�cant
bending moment, and it may be modeled as a hinge. In both situations, rotational stiff-
ness is evaluated to justify the modeling assumption, but it is not directly inserted into
the design. For semi-rigid joints, rotational stiffness plays a direct role in the design.
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The calculated stiffness should be incorporated into the structural model, typically by
modeling the joint as a rotational spring.

In Eurocode 3 (2005), the limits for a joint to be classi�ed as nominally pinned are:

Sj;ini �
0:5 � EI

L
(2.3)

For the joint to be classi�ed as rigid, it has to meet the requirement of:

Sj;ini �
kb � EI

L
(2.4)

where, kb is 8 for frames where bracing reduces horizontal displacement by at least
80%. Otherwise kb is 25.

If the joint falls in between these requirements, it is to be classi�ed as semi-rigid. Some
examples of steel-steel connections and their rigidity (moment-rotation relationship) are
shown in Figure 2.12 and Figure 2.13.

Figure 2.12: Different types of Steel-steel connections and their rigidity classi�cation.
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Figure 2.13: Moment-Rotation Relation for Different Types of Steel Connections.

2.6.2 Master Thesis on the effects of deformation differences on con-
nections in hybrid structure, Larsson and Widén, 2025

(Larsson and Widén, 2025) studied embedded steel-plate connection in multistory hy-
brid structures, where the differential long-term deformations are introduced. Consis-
tent, prede�ned terms inspired by (Larsson and Widén, 2025) are used throughout this
report to improve clarity and readability. Figure 2.14 illustrates the terminology adopted
for the connection components.

Figure 2.14: De�ned terms for the parts in the connection. Larsson & Widén (2025)
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The dowels that fasten the timber beam to the embedded plate are referred to as "bolts",
while the fasteners that attach the back plate to the concrete core are designated as
"screws".

The stiffness of an embedded-plate connection is in�uenced by several components that
govern how moment and rotation are transferred through the joint. Key components that
could impact the rotational stiffness are bolts/dowels connecting the timber beam with
the embedded plate, the screw-in back plate, and the back plate.
In the Master's thesis by Larsson and Widén (2025), a parametric study was carried out
to evaluate the rotational stiffness of an embedded-plate connection using numerical
analysis. Although not all components of the connection were examined in detail, the
study investigated the in�uence of bolt con�guration, bolt diameter, and the thicknesses
of both the embedded plate and the back plate on the overall behaviour of the connec-
tion as follows:

2.6.2.1 Bolts in timber beam

The results showed that bolt properties in the timber member were important for stiff-
ness (Larsson and Widén, 2025). As illustrated in Figure 2.15, increasing bolt diameter
increased rotational stiffness and rigidity. Larger bolts prevent rotation more effectively
and attract higher moments at lower rotations.

Figure 2.15: Moment-rotation curves for various bolt sizes

Bolt con�guration also had a strong in�uence on the connection behaviour. Figure
2.16 shows that connections with two columns of bolts developed higher moments and
were therefore stiffer than single-column arrangements, and that stiffness generally in-
creased with the total number of bolts. However, bolt placement proved more decisive
than quantity, as bolts positioned at the top and bottom of the connection contributed
most signi�cantly to the overall rotational stiffness.
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Figure 2.16: Moment-rotation curves for various bolt con�gurations

2.6.2.2 Back plate

In the parametric study by Larsson and Widén (2025), the back plate thickness was
identi�ed as one of the most in�uential parameters governing rotational stiffness. As
shown in Figure 2.17, increasing the back plate thickness resulted in a steeper mo-
ment–rotation response with higher moment capacity and greater rotational stiffness.
Conversely, thinner back plates led to earlier plastic deformation and a substantial re-
duction in stiffness. The study further demonstrated that plastic deformation of the back
plate largely controls the onset of global ductile behaviour in the connection.

Figure 2.17: Moment-rotation curves for various back plate thicknesses

2.6.2.3 Embedded plate

The embedded-plate thickness had a very limited in�uence on the connection behaviour.
Figure 2.18 illustrates that variations in embedded-plate thickness produced almost
identical moment–rotation curves, with negligible differences in stiffness.
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Figure 2.18: Moment-rotation curves for various embedded plate thicknesses

Changes in thickness did not signi�cantly affect the total rotation stiffness of the con-
nection. This minor effect is expected since the embedded plate rotates about its strong
axis, and its thickness has a negligible in�uence on the �exural stiffness compared to
its height in that direction.

Overall, the �ndings of Larsson and Widén (2025) indicate that the thickness of the em-
bedded plate does not signi�cantly in�uence the rotational stiffness of the connection.
In contrast, both bolt diameter and bolt con�guration were shown to affect stiffness,
while the back plate thickness had the most pronounced impact. However, their study
did not investigate the contribution of the timber beam itself or how the fasteners in
the back plate in�uence the rotational stiffness. Furthermore, the numerical model was
simpli�ed by representing the concrete as a rigid surface rather than modeling the con-
crete explicitly. This assumption may affect the results, as the force transfer and stress
distribution between the steel components and the concrete were not captured in a fully
realistic manner. Because of these simpli�cations, the results should not be interpreted
as exact quantitative predictions. Instead, the overall trends identi�ed in their study are
of primary interest and provide insight into the relative in�uence of connection mem-
bers.
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2.7 Prying action
Prying action is a phenomenon that occurs in bolted steel connections when deforma-
tion of the connected plates generates additional tensile forces in the bolts (Kombate,
T. J. de la C., & Taskin, K., 2022). The effect typically appears in connections where a
plate is subjected to tension or bending, and the bolts are positioned some distance from
the free edge of the plate. When a tensile load is applied, the force is initially transferred
to the bolts, but the plate may also bend due to its �exibility. As the plate bends, the
free edge of the plate may come into contact with the supporting element and act as a
secondary support, see Figure 2.19. This contact creates a lever mechanism in which
reaction forces develop at the plate edge. These reaction forces act opposite to the bolt
force on the plate, but, through the lever effect, increase the tensile force that must be
resisted by the bolts. The additional force generated by this mechanism is referred to as
the prying force.

Figure 2.19 illustrates a typical example of a T-stub subjected to a tensile force. Due
to the bending of the �ange plate, reaction forces develop near the plate edges where
the �ange comes into contact with the supporting element. These reactions generate
prying forces that increase the tensile force in the bolts. In such a con�guration, the
total tensile force in each bolt consists of the direct tensile force from the applied load
and the additional force resulting from prying action. Assuming symmetrically placed
bolts, the tensile force in each bolt can be expressed according to equation 2.5.

Fb =
Ft

2
+ Q (2.5)

Figure 2.19: Illustration of prying action, (SteelConn, 2026)
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In structural design, prying action must be considered because it can signi�cantly in-
crease the tensile force acting in the bolts compared with the directly applied load. In
design according to Eurocode 3 (2005), prying action is taken into account through
simpli�ed mechanical models that represent the interaction between bolt tension and
the bending of the connected plates. A commonly used idealization is the T-stub model,
which represents the bending behaviour of the plate together with the tensile resistance
of the bolts. This model allows the joint to be analysed using a simpli�ed mechanical
representation that captures the key aspects of the load transfer mechanism. The design
procedure considers several potential failure modes depending on the relative stiffness
and strength of the bolts and the plate.

In some situations, prying action may be neglected if the deformation of the plate is
suf�ciently small (Eurocode 3, 2005). This is typically evaluated by comparing the cal-
culated bolt elongation length with a reference value. If the elongation length remains
below this limit, the plate deformation is considered limited, and the additional prying
forces are assumed to be insigni�cant. The design rules in Eurocode 3 are formulated
for veri�cation in the ultimate limit state, where the resistance of both the bolts and
the connected plate is checked while accounting for the potential increase in bolt forces
caused by prying action. In this study, the prying action applies to the back plate, where
it can occur in the connection. As mentioned, prying forces can be neglected if the con-
nection ful�lls the requirement in Eurocode 3 (2005). The analytical method proposed
in this study is only applicable when prying forces can be neglected, see more under
section 4.5.3.
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2.8 Beam on elastic foundation
There is no readily available analytical method for calculating the deformation of the
bolts embedded in the timber beam. In this study, the beam resting on an elastic bed
model is used to simplify the behavior of bolts bearing against timber. Further details
are provided in Section 4.8. A beam on an elastic foundation is a structural model
used to describe a beam that is supported continuously along its length by a deformable
medium rather than by discrete supports (Hetényi, M., 2015). Instead of resting on rigid
supports, the beam interacts with a foundation that deforms in response to the applied
loads. There are many engineering problems that can be idealized as beams on elastic
foundations. Assuming linear behavior of the foundation, the reaction is proportional to
the local de�ection of the beam. Figure 2.20 illustrates a beam on an elastic foundation.

Figure 2.20: Beam on elastic foundation, (Basu et al., 2008)

When designing beams on elastic foundations, one important conceptual distinction is
whether the system is treated as having an in�nite beam length or a �nite beam length
(Hetényi, M., 2015). An in�nite beam on an elastic foundation is an idealized case
where the beam extends inde�nitely in both directions. This assumption simpli�es
the mathematics signi�cantly and is useful for studying local effects of loads without
boundary in�uences. In such cases, the response of the beam is governed purely by the
interaction between the applied load and the foundation stiffness.

Engineering problems usually involve �nite-length beams, where boundary conditions
at the ends of the beam play a crucial role (Hetényi, M., 2015). The beam may be sim-
ply supported, �xed, or partially restrained. These constraints signi�cantly in�uence
the bending moments, shear forces, and de�ection shapes. Unlike the in�nite case,
internal forces arising from the boundaries in�uence the response, and the full system
must satisfy both equilibrium and compatibility conditions along the entire beam length.

A key factor in beam-on-elastic-foundation behavior is the stiffness relationship be-
tween the beam and the foundation (Hetényi, M., 2015). This is governed by the beam's
�exural rigidity (EI) and the foundation stiffness (ks). Together, they de�ne a parameter
often called the relative stiffness or characteristic length, which indicates how the beam
and foundation interact and over what distance loads and de�ections are distributed.
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3
Methods

This thesis aims to develop and verify an analytical model to estimate the rotational
stiffness of an embedded steel plate-timber connection. A �owchart illustrating the
methodology used in this project to evaluate and verify the analytical solution is pre-
sented in Figure 3.1.

Figure 3.1: Methodology Flowchart.

The �rst stage involves developing a numerical model in ABAQUS and formulating an
analytical method for determining the rotational stiffness of the connection. To accu-
rately capture the structural response, all connection components will be modelled as
3D-solid elements in ABAQUS, providing a realistic representation of their behaviour.
To accurately determine the rotational stiffness from ABAQUS. The connection was
also modeled in FEM-design as a beam structural element to extract a value for the ro-
tational stiffness.

In parallel with the development of the numerical model, an analytical model will be
established based on the component method. This approach involves identifying and
isolating the individual components that contribute to the connection's rotational stiff-
ness and combining their respective contributions to obtain the overall stiffness.
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After establishing the numerical model and developing an analytical model, a paramet-
ric study is carried out in which one or more components of the connection are modi�ed
to evaluate their in�uence on the rotational stiffness and to compare the numerical re-
sults with the analytical predictions. The investigated parameters comprise:

• Screws in the back plate, (screw diameter and screws con�guration)

• back plate thickness

• Bolts in the timber, (bolt diameter and bolt con�guration)

• Beam dimensions

If the parametric study shows agreement between the numerical model and the proposed
analytical model, the analytical model is considered valid, and its results are numeri-
cally veri�ed. If a mismatch is observed between the numerical and analytical solutions,
the numerical model is iteratively re�ned by introducing several adjustments, and the
updated outputs are compared again with the analytical model until satisfactory agree-
ment is achieved.

3.1 3D Solid Model
This section describes how the �nite element 3D solid model in ABAQUS is devel-
oped and implemented. It includes the de�nition of geometry and material properties,
a description of the interactions within the model, as well as the application of mesh,
boundary conditions, and loads. The section also covers the veri�cation of the numeri-
cal model and the procedures used for data extraction.

3.1.1 Geometry and Structural Model

As noted in Section 2.4.3, the connection examined in this study is the embedded steel
plate with an initial geometry that is adopted from Larsson and Widén (2025). The
geometry is based on practical, standard connection sizes for this type of joint and
is determined using Johansen's theory for a hypothetical multi-story hybrid structure,
while the timber beam dimensions are designed in accordance with Eurocode. So these
dimensions, edge distances, and center distances are reasonable for connections used in
a normal layout of a hybrid structure.

This speci�c model is called the reference model, and an illustration of the geometry
is shown in Figure 3.2. The dimensions of the reference model are explained in Tables
3.1-3.5.
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Table 3.1: Screw con�guration in the reference model.

Symbol Value Parameter
Nscrews 5 Rows of screws
Vend;s 50mm Vertical edge distance
Vmid;s 168.75mm Vertical spacing
Hend;s 53.75mm Horizontal edge distance
Hmid;s 122.5mm Horizontal spacing
dscrew 16mm Screw diameter

dh 20mm Screw head diameter

Table 3.2: Bolts con�guration in the connection.

Symbol Value Parameter
Nbolts 11 Rows of bolts
M bolts 1 Columns of bolts
Vend;b 87.5 mm Vertical edge distance
Vmid;b 50 mm Vertical spacing
Hend;b 112 mm Horizontal edge distance
dbolt 16 mm Bolt diameter

Table 3.3: Back plate dimensions in the reference model

Symbol Size [mm] Dimension
Hback 775 Height
bback 230 Width
tp 20 Thickness

Table 3.4: Embedded steel plate dimensions in the reference model

Symbol Size [mm] Dimension
Hembedded 675 Height embedded plate
tembedded 15 Thickness embedded plate

Wembedded 270 Depth of embedded plate
Zembedded 50 Distance from glulam to back plate

Table 3.5: Timber beam dimensions in the reference model

Symbol Size [mm] Dimension
Hglulam 675 Height
bglulam 230 Width
Lglulam 1000 Length
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Figure 3.2: Dimensions of the reference model, (Larsson & Widén, 2025).

The structural model of the reference connection is a cantilever with a 1-meter span.
This model is structurally determinate and easier to analyze analytically, and improves
computational ef�ciency by avoiding unnecessary beam length, which would otherwise
increase the number of elements in the analysis. However, several different structural
models, including simple beams and cantilevers with different spans, were used to ver-
ify the global calculation of rotational stiffness.

3.1.2 Material properties

To account for the anisotropy of wood, the glulam GL30c material is de�ned in ABAQUS
using engineering constants. This material model was also used by Zhang et al., (2023)
and allows different stiffness values to be assigned in each principal direction. In the
analysis, the timber is modeled as linear-elastic, meaning that no plasticity or failure
mechanisms are included in the model. This is appropriate for analyses where the ap-
plied loads are relatively small, and the resulting stresses and deformations are expected
to remain within the elastic range. In practice, the timber will likely experience crushing
due to compression perpendicular to the grain under loading. Since this study focuses
on the initial rotational stiffness rather than the capacity, the timber was modelled as a
linear-elastic material in both tension and compression.

The material properties used in the model are presented in Table 3.6, which lists the
elastic moduli, Poisson's ratios, and shear moduli in the different principal material di-
rections. In this study, Poisson's ratio is assumed to be identical in all directions. Given
the linear-elastic analysis and the focus on the connection's initial rotational stiffness,
this simpli�cation is not expected to have a signi�cant in�uence on the results.

Table 3.6: Engineering constants used in the material model for GL30c.

E1 E2 E3 Nu12 Nu13 Nu23 G12 G13 G23
13000 MPa 300 MPa 300 MPa 0.3 0.3 0.3 650 650 50
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Steel is modeled in ABAQUS as an isotropic, elasto-plastic material. Although the
study focuses on the elastic state, the steel components were modeled as elasto-plastic
to allow for potential future extension of the analysis into the plastic state. The absence
of plasticity in the model is veri�ed manually for each model. The connection includes
multiple components made of steel, varying in type and strength. Both the embedded
plate and the back plate are made of structural steel with a strength grade of S355. The
elastic properties of steel are summarized in Table 3.7, while the plastic properties of
S355 used in ABAQUS are provided in Table 3.8.

The bolts and screws share the same elastic properties as the embedded plate and back
plate. However, these fasteners are made from higher-strength steel of grade 8.8, result-
ing in different plastic properties. These are presented in Table 3.9.

Table 3.7: Elastic material properties used in ABAQUS, for all parts in steel.

Young's modulus Possion's ratio
210 GPa 0.3

Table 3.8: Plastic material properties used in ABAQUS, for parts made of structural
steel S355.

Stress Plastic strain
355 MPa 0
530 MPa 0.0176

Table 3.9: Plastic material properties used in ABAQUS, for parts of grade 8.8.

Stress Plastic strain
640 MPa 0
800 MPa 0.12

For more information about the material properties, check Appendix B.

3.1.3 Boundary conditions

The concrete component, such as a shear wall or column, is not modeled explicitly
in Abaqus. Instead, it is represented by a discrete rigid surface positioned behind the
back plate. A discrete rigid surface is an undeformable surface that can interact with
deformable elements when in contact. Similar to how a concrete wall would behave,
assuming the wall is suf�ciently stiff, and its deformations are negligible.

In reality, the screws in the back plate are embedded in the concrete item to a certain
length. In the ABAQUS model, screws are extended to the rigid surface, where the
nodes are constrained in all degrees of freedom. This assumption implies that the con-
crete provides full restraint to the screws and that the concrete does not crack due to the
tensile forces acting in the screws. The boundary conditions are illustrated in Figure
3.3.
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Figure 3.3: BCs applied in ABAQUS.

3.1.4 Load

A pure bending moment is applied to simplify the model and the comparison with the
analytical solutions. A moment of 10kN.m is applied, keeping stress levels suf�ciently
low to ensure the ful�llment of the assumption of linear-elastic behavior. The load is
introduced at a reference point (RP) positioned at the centroid of the cross-section at
the free end of the beam. This RP is kinematically coupled to the beam's end surface,
with all degrees of freedom constrained, as illustrated in Figure 3.4. By constraining the
end nodes in this way, the boundary condition enforces Bernoulli's hypothesis, which
assumes that plane sections remain plane when deformed.

Figure 3.4: Constraint properties, used to couple the RP kinematically to the end of the
timber beam.
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3.1.5 General interaction

In Abaqus, interactions are used to de�ne the mechanical relationship between different
parts of a model during analysis. In the absence of a de�ned interaction, the parts are
treated as independent bodies, which means that they may penetrate each other and do
not transfer load. In this analysis, a general contact interaction is employed, with the
normal behavior de�ned as hard contact. See �gure 3.5.
However, friction between the components is beyond the scope of this study and is
neglected in the analysis, as it is considered negligible and does not affect the results

Figure 3.5: General interaction property, used in the analysis.

3.1.6 Parts and mesh

All components in the model are represented as deformable 3D solid items, except
for the rigid face, which is modeled as a discrete rigid 3D shell item. The solid parts
use C3D8R elements, that is, eight-node linear brick elements with reduced integration
and hourglass control. This element type is also adopted by Tako et al., (2023) and is
computationally ef�cient for complex models such as the one used in this study. To
achieve a balance between accuracy and computational ef�ciency, mesh convergence
studies were performed for both the steel embedded plate and the timber beam (see Ap-
pendix A). To better capture realistic behavior, a �ner mesh is applied in regions where
stress concentrations or abrupt stress gradients are expected. These regions include ar-
eas around bolts and screw holes, as well as the portion of the timber beam adjacent to
the embedded plate. Smaller components, such as screws and bolts, are also assigned
a re�ned mesh to ensure a realistic response. The mesh con�gurations applied to all
components are illustrated in Figure 3.6.
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Figure 3.6: Mesh sizes for all the parts modelled in ABAQUS.

3.1.7 Veri�cation of numerical model

Model veri�cation is essential to ensure reliable results. First, the material properties of
steel and timber are validated by modeling simply supported beams and comparing the
results with hand calculations.

To further verify the structural model in ABAQUS, a timber beam with a span of 7.3m
is modelled, and maximum de�ection is measured and compared with hand calcula-
tions for two idealized cases: a beam simply supported at both ends and a beam simply
supported at one end and �xed at the other. Since real connections exhibit semi-rigid
behavior, the numerical model is expected to produce results that fall between these two
cases. The load applied in this veri�cation is 10 kN/m, and the outcome of this de�ec-
tion veri�cation is presented in Table 3.10. The results show that the hand calculations
and the numerical model produce nearly identical values for the idealized support condi-
tions, indicating that the material properties implemented in the model are appropriate.
When the connection is explicitly modeled at one end, the resulting de�ection lies be-
tween those of the idealized cases, as expected. This con�rms the semi-rigid behaviour
of the connection.

Table 3.10: Comparison of beam de�ection for different support conditions at the end
of the embedded plate. The other end is simply supported in all cases.

Support condition Analytical [mm] Numerical [mm]
Simply supported 5.62 5.63
Fully �xed 2.92 2.91
Modelled connection - 4.14
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Finally, a mesh convergence study was conducted to verify the selected mesh size and
type and ensure correct and accurate results. See Appendix A for a detailed mesh anal-
ysis.

3.1.8 Extraction of data

3.1.8.1 Forces

Forces are obtained using the free body cut tool in ABAQUS. For the bolts, the forces
are extracted at the section where they are in contact with the embedded plate. For the
screws, the forces are taken from the surface at the surface where they connect to the
concrete core.

3.1.8.2 Displacements

The displacements are obtained by probing values at selected nodes. For the screws,
the node is located at the center of the screw head, where elongation is most accurately
represented. For the back plate, the displacement is measured at the center of its top
surface, and the elongation of the screws is subtracted to isolate the displacement con-
tribution of the back plate

The maximum vertical displacement is extracted at the end of the cantilever. This value
is used to estimate the total rotational stiffness of the connection

3.1.8.3 Neutral axis location

The location of the neutral axis is determined by extracting the CPRESS values from
the nodes at the centre of the back plate. Since CPRESS represents the contact pressure,
the neutral axis is identi�ed at the point where the pressure value becomes zero.

3.1.8.4 Rotation

Due to the non-linearity of deformations in the cross-section of the deformed shape
in the 3D solid model, the rotational stiffness cannot be calculated at the connection
directly. Rather, the rotational stiffness is veri�ed by using FEM-design as explained in
the following section.
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3.2 Structural Beam Model
To extract the rotation of the connection from the ABAQUS model, a simpli�ed model
was created in FEM-Design. In this model, the timber beam has a cross-section of
230×675 mm, and material properties for GL30c as seen in �gure 3.7).

Figure 3.7: Material properties for GL30c in FEM-design.

Note that it is the E0;mean and Gmean that have an impact on the de�ection and need to
match with ABAQUS. The beam length is de�ned as the distance from the free end to
the center of gravity of the bolts in the ABAQUS model, as the bolts represent the actual
support location for the beam. Consequently, the beam length in FEM-design is 888 mm
rather than 1000 mm as in ABAQUS. The connection itself is not explicitly modelled
in FEM-Design; instead, it is represented by a point support group. The FEM-Design
model is presented in Figure 3.8.

Figure 3.8: FEM-design model of the beam with a point group support.
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