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Abstract

In the Netherlands, there is a significant housing demand. The Dutch government aims to construct
100,000 houses per year, which presents an enormous challenge. To address this demand and simul-
taneously tackle the challenge of creating a more sustainable construction industry, timber modular
construction emerges as a potential solution. Compared to traditional construction methods, timber
modular buildings offer several advantages: lower weight, more sustainable, faster construction, re-
duced waste, greater efficiency, and higher quality. Currently, most modular components can be pre-
fabricated off-site, except for the stability system. Traditionally, this system involves a concrete core
or a steel frame. To eliminate their need, self-supporting modules can be applied, making the build-
ing purely modular and more sustainable. Within self-supporting modules, stability is a critical aspect.
While incorporating stability elements along the longitudinal side of the module poses no issue, the
main challenge lies in the limited available length for stability walls in the transverse direction. Also,
the shear wall located in the module conflicts with the preferred open floor area. The design of the
module, and in particular the shear wall, has a significant influence on the transverse deflection. Cal-
culating the deflection is crucial to fulfil the requirements for maximum displacements. Therefore, the
main research question of this thesis is: Is it possible to predict the lateral deflection in the transverse
direction of multi-storey timber modular buildings with a calculation method based on proposed equa-
tions?. The goal of this thesis is to propose a calculation method that can be used in the design phase,
which will give insight in the effect of design choices on the lateral deflection of multi-storey modular
buildings.

The approach to answer the main research question consists of several steps. The first step was a litera-
ture study that was conducted on modular construction, lateral stability and deformations of modular
buildings. Knowledge on the structural design of timber modules and cross-laminated timber was ob-
tained. Also, the deformation mechanisms of multi-storey modular buildings were investigated. The
second step was analysing the deformation of individual modules. A general module design and four
configurations were established and the numerical modelling method was investigated and validated.
Hereafter, the equations to calculate the deformation of individual modules in the transverse direction
were proposed for the four module configurations. Based on the numerical model, the equations for
the horizontal displacement and rotation were established. Additionally, the formulas were extended to
incorporate various design options like connection design, shear wall thickness and shear wall position.
The proposed equations were integrated in a calculation method that predicts the lateral deflection of
multi-storey modular buildings in transverse direction. Hereby only the deformation of the modules
was taken into account and not those from the inter-module connections. The cumulative effect due to
rotation of lower modules is added to the individual module displacement to find the total deflection.

The results showed that the proposed equations accurately calculate the deformation of the individual
modules. With differences below 10%, the formulas are able to calculate the horizontal displacement
and rotation for various designs. The calculation method was validated with two examples. Example 1
was a four-storey, four-span building where at the top a maximum error of 8.7% was found. Example
2 was an eight-storey, eight-span building where the proposed calculation method resulted in a max-
imum error of 9.5%, which was on the lowest storey. At the top, a difference of 2.6% was found. Both
errors were lower than 10% and at the safe side, meaning that the calculation method provides accurate
and safe results. A case study was performed to verify the practical applicability of the method. The lat-
eral deflection results showed significant differences (45%), which can be assigned to limitations of the
calculation method. These limitations ensure the method is not suited for detailed calculations that are
necessary in later design phases. For these detailed calculations, a (parametric) finite element model
would be more suited. However, the calculation method offers a solution for early design stages, as it
provides quick and easy insight into effects of certain design choices on the building’s lateral deflection.
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Introduction

1.1. BACKGROUND

Multi-storey timber buildings have experienced massive interest in the last decade because of the aware-
ness of the environmental benefits and the demand to build more sustainable. In addition, there are
new developments in timber construction methods which have become popular and are promising for
the future. A relatively new construction method is modular construction, where buildings are erected
with primarily prefabricated 2D or 3D elements. Modular construction has been gaining popularity due
to many advantages like controlled manufacturing, little waste and quick installation capabilities, re-
ducing the construction time drastically. In combination with timber, it could become an import future
construction method as it is both fast and sustainable.

1.2. RESEARCH SPECIFICATION
This section describes the framework of the thesis by appointing the problem definition, scope, objec-
tives and research questions. It forms the outline of the study.

1.2.1. PROBLEM DEFINITION

In most developed countries, the built environment represents more than 40% of the total energy con-
sumption. Therefore, the European Commission requires significant reduction of CO2 emissions in
new buildings in order to mitigate climate change [1]. This means that not only the energy consump-
tion during the utilization phase should be reduced, but also during the construction phase. This, in
combination with the plan of the Dutch government to built 100,000 houses per year to resolve the
extreme housing demand in the Netherlands, asks for sustainable and fast building methods [2]. One
way of doing this is by using the sustainable material timber. In the last decades this building material
has made its reappearance in the construction industry and timber high-rise buildings are already con-
structed. Over the past few years, a relatively new construction method has also appeared, the modular
construction method. This construction method proves to be promising in combination with timber to
create timber modular buildings. As with any new system, the lack of guidelines and unknown struc-
tural behaviour are however two reasons why designers and contractors might hesitate to choose this
construction method. To increase its popularity, these challenges have to be overcome.

Nowadays, timber modular buildings are being constructed, but in most cases they are supported with
an external stability element made from traditional materials. To make timber modular construction
fully sustainable and modular, self-supporting buildings are required. However, more structural knowl-
edge about these self-supporting timber modular structures is needed. A major challenge is to provide
the lateral stability in transverse direction, which is done by the shear wall inside the modules. Differ-
ent shear walls designs are possible that all have varying stiffness and thus contribute differently to the
stability. The engineer and architect together choose a suitable module design, such that the lateral
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stability is provided and the floor plan layout is convenient. However, in the early design stage, it is
difficult to quickly calculate the structure lateral deflection and check whether the chosen design fulfils
the code requirements.

1.2.2. SCOPE

The scope of the research is given in this section. As modular construction is a broad topic, not all
aspects can be considered within the given time frame. The scope is limited by the following boundary
conditions:

e Materials: The materials used of the design of the modules is limited to cross-laminated timber
(CLT). In the connections, steel is used.

¢ Foundation: The design of the foundation is outside the scope of this research. The connection
between the modules and foundation is modelled as a hinged line support. The stiffness of the
foundation is therefore not included.

¢ Building dimensions: The maximum number of vertical stacked modules that is investigated is
10, because the focus is on low- and mid-rise buildings.

* Fire safety: The fire safety aspects of timber are assessed during the literature study. However, no
calculations will be performed in this thesis.

* Progressive collapse: In the literature research, the progressive collapse of modular buildings is
qualitatively described. In theory, the inter-module connections provide both horizontal and ver-
tical ties. In this thesis, no calculations are performed on progressive collapse.

* Building physics: No attention is paid to the building physics of the modular buildings. Therefore,
acoustics, thermal insulation and ventilation are not considered. Additionally, building services
such as ducts, wiring, plumbing and lift shafts are outside the scope of this research.

1.2.3. RESEARCH CONTRIBUTION AND OBJECTIVES

Focusing on timber shear wall behaviour has been an interest to researchers for years. The focus how-
ever has been mainly on light-frame- or cross-laminated timber shear walls and the analyses of the
wall parameters such as aspect ratio, panel thickness and connections. Additionally, the individual
contribution of the four-term deflection equation (bending, shear, overturning and sliding) has been
investigated for timber shear walls. Where research has lacked, is in investigating the deformation of
timber modular buildings and the influence of the different shear wall designs on the deformation of
self-supporting multi-storey timber modular buildings.

The objective of this thesis is to create a calculation method, based on proposed equations, that predicts
the lateral deflection in transverse direction of timber modular buildings. This will be done for multiple
module configurations to allow for variation in the building design. Additionally, the equations are ex-
tended to incorporate different design options such as intra-module connections, shear wall thickness
and shear wall position. The main goal is to develop a calculation method that provides insight in the
effects of the design choices on the lateral deflection of modular buildings. The main goal is obtained
with the help of the following sub goals:

1. Choose a general applicable module design and commonly used module configurations.

2. Build areliable structural model in Finite Element Software program SCIA, that analyses the mod-
ule deformation behaviour correctly.

3. Propose equations, based on the numerical model, for the horizontal displacement and rotation
of the different module configurations.

4. Extend the equations for several parameters like connection stiffness, shear wall thickness and
shear wall position.
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5. Integrate the equations into a calculation method that determines the lateral deflection of multi-
storey timber modular buildings.

1.2.4. RESEARCH QUESTIONS
The main research question that will be answered in this thesis is:

Is it possible to predict the lateral deflection in transverse direction of multi-storey cross-laminated timber
modular buildings with a calculation method based on proposed equations?

SUB RESEARCH QUESTIONS
In order to answer the main research question, several sub-questions have been formulated:

1. What does the existing literature state about modular construction and lateral deformation of
modular buildings?

2. What is a general applicable module design and what common shear wall configurations are ap-
plied?

3. How can the designed modules be realistically modelled in the Finite Element Analysis program
SCIA?

4. Can accurate equations be proposed that calculate the horizontal displacement and rotation of
individual modules?

5. What is the influence of intra-module connections, shear wall thickness and shear wall location
on the deformation and how could these be incorporated in the proposed equations?

6. Can the equations be integrated in the calculation method that predicts the lateral deflection of
multi-storey modular buildings?

1.3. WORK APPROACH

The literature will focus on the structural aspects concerning timber modular buildings. R. Gijzen in-
vestigated in his thesis [3] the structural behaviour of cross-laminated timber buildings. It contains a
comprehensive research about all aspects influencing the structural behaviour of modular buildings.
This will form a basis for the literature research which will be performed in this thesis.

After the literature study is performed and sufficient knowledge is gained on modular construction,
Cross-laminated timer, connections and Finite Element Methods, the research part can start. First,
a general module design is chosen, for which four module configurations are determined. Then, the
module is modelled in the FEA software SCIA (version 22), where the modelling methods are validated
and tested to obtain a trustworthy model. With this model, the relations between the chosen parame-
ters with the displacement and rotation are determined. Subsequently, the equations for the horizontal
displacement and rotation of individual modules are established based on the found relations. Next,
the equations are extended with several factors that allow for various design options like: connection
stiffness, shear wall thickness and shear wall position. Hereafter, the proposed equations will be inte-
grated in a calculation method that can predict the lateral deflection of modular buildings. Finally, the
practical applicability is verified with a case study. The described work approach is visualized in Figure
1.1.
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Figure 1.1: Thesis outline



Modular Construction

This chapter serves an introduction to modular construction. It will give background information and
an overview of structural aspects. First, an introduction on modular construction will be given in Chap-
ter 2.1. It describes advantages and disadvantages, as well as reference projects. Hereafter, Chapter 2.2
discusses the structural design of timber modular building focusing on module types, connections, fire
safety and robustness. Chapter 2.3 entail information on cross-laminated timber. Finally, Chapter 2.4
will dive deeper into the intra- and inter-module connection types.

2.1. INTRODUCTION

The building industry switches to using more and more prefabricated elements for construction. These
can be prefabricated facade elements or prefabricated structural elements. When prefabrication is
extended, the modular construction type arises. Muse et al. [4] defines modular construction as “a
construction method that produces a building consisting of modular units or modules that are mass-
produced off-site in a manufacturing facility”. A module is an element that is part of the final product
and has substantial functionality to this product. The degree to which the prefabricated modular con-
cepts can be applied varies in terms of geometry. Components may be linear, planar or volumetric
as shown in Figure 2.1. Linear components are the most simple ones, columns and beams are made
with predrilled joints and assembled on site. The planar components consist of walls and slabs forming
larger elements, which also come with precut slots and technical installations could be included when
fabricated. Finally, the volumetric components corresponds to room modules. These are large units
assembled off-site, where entire room modules can be manufactured. They can be completely prefab-
ricated, including interior like kitchens and bathrooms. This latter option has the potential to build
very quickly by delivering fully finished modules, which can be stacked on top of each other to create a
building. When authors speak about modular construction, they only talk about the volumetric units,
which is also the case is this thesis [5].



2.1. INTRODUCTION

(a) (b) (©)

Figure 2.1: Modular concepts: (a) linear, (b) planar and (c) volumetric [5]

2.1.1. ADVANTAGES

The choice for modular construction by the design team usually results in highly repetitive buildings.
Compartmentalized layouts such as hotels, hospitals, student residences, prisons and social housing
are all well-suited for this building method. The advantages of this building type are extensive and
established by different parties. They are elaborated in the paragraphs below.

SPEED OF CONSTRUCTION

Modular construction can increase building time drastically due to the efficient off-site fabrication. The
prefabrication can be done simultaneously with the on-site construction, reducing construction time.
In addition, the repetitive character of the modules ensures efficient fabrication, resulting in increased
productivity. Due to the indoor and centralized manufacturing location, all key parties can work ef-
fectively together in good environmental conditions, which make them independent of weather con-
ditions[6]. According to Lawson et al. [1], time savings for of construction for a modular building of 6
storeys can be up to 50% in comparison to traditional construction. Because on-site construction time
is massively reduced, and off-site manufacturing can be started early, the finishing time is reduced. A
typical time planning is shown in Figure 2.2.

I Volumetric Modular Shortens Construction Timelines

On-Site

Off-Site Building Construction

Construction

Modular Build

_________________ -

< Q
prt Site Work & o 1
< Foundation SEEE & 2 I
5 Connections On-Site g 30-50% 1
g Finishing & Time Saved 1
5 [

o
8 2 !

Traditional Build

Site Work & S On-Site 1 On-Site

Foundation 1 Building Construction i Finishing

Construction Start
Project Complete

Figure 2.2: Typical time planning for modular and traditional construction [7]
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IMPROVED QUALITY AND SAFETY

Manufacturing and assembly of the modules takes places in a factory, where climate conditions can
be regulated, leading to better environmental conditions for the modules as well as the workers. Due
to the repetitiveness process, fewer errors and imperfections occur, minimizing damage and waste.
Finally, the indoor controlled environment reduces risk of rust, sun damage and mould to the materials
[1]. Modular construction methods leads to more safety because less people, equipment and traffic is
present at the construction site. At the same time, the indoor environment makes sure the workers do
not have to deal with extreme weather.

SUSTAINABILITY

An important benefit of modular construction is its sustainability, which is caused by several aspects.
Due to material efficiency, limited waste, reuse potential, limited nuisance and (for timber) CO2 absorp-
tion, this method is seen as very sustainable. At the same time, these advantages also provide economic
benefits([6].

2.1.2. DISADVANTAGES

Besides benefits, there are also disadvantages to modular construction. The main drawback lies in the
limited flexibility regarding building design due to the repetitive nature of the modules. Furthermore,
dimensions are restrained due to transportation requirements for road transport. Without police trans-
port, the maximum width is 3.5 meter. Larger modules could be transported with police escorts, but
costs will increase[8].

2.1.3. HISTORY AND REFERENCE PROJECTS

Historically, modular buildings started in markets with high housing demands and low availability of
labour. After the war, this method gained interest in especially the United Kingdom and the United
States due to the rapid need of social housing and fast construction methods. Nowadays, the housing
demand has accelerated again and therefore modular construction gained renewed attention. With
the additional problem of climate change, the combined advantages of modular construction and the
sustainable material timber has led to the increased popularity of timber modular buildings.

Over the years, multiple timber modular buildings have been built. From these projects, lessons can be
learned and future potential can be evaluated. Figure 2.3 shows four example projects where buildings
have been constructed with CLT modules. Hotel Jakarta is a nine-storey, 30 meter high triangular build-
ing situated in Amsterdam. This timber framed building is 16500 m2, gathering 176 modular rooms
of 30 m2 each (3.25 x 9.50 m). The module consists of a concrete floor with CLT walls and ceiling. As-
sembling the modules took 3 months in total, resulting in 12 modules per day. Woodie is a student
accommodation consisting of 371 modules covering 13500 m2 over six floors. The modules vary from
3.30x6.80m to 3.30 x 7.20 m. The modules were placed in a record rate of 18 a day[5]. Robin Wood and
Poppies are two buildings which are still under construction in Amsterdam, they both have parts of the
building which are self-stabilizing while other parts rely on stabilizing cores.
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Figure 2.3: Examples of timber modular buildings

2.2. STRUCTURAL DESIGN OF TIMBER MODULAR BUILDINGS

The primary vertical load bearing component of a modular building is the module itself. In general,
three types of modules can be distinguished for the local system: continuously supported, corner sup-
ported and non-load bearing modules. They differ in the way of transferring the load and their appli-
cation range for building designs. Looking at the global system, there are several approaches to ensure
a stable structure. It could be done by using a core, bracing system or shear walls. This latter assures a
self-supporting structure, which means that the modules should provide the lateral stability by them-
selves. For low-rise buildings this is possible, but for medium and high-rise it is more difficult. The
core and bracing systems are suitable for medium to high-rise buildings. Furthermore, the intra- and
inter-module connections play an important role in transferring the loads.

2.2.1. MODULE TYPES

In general, three load-bearing module types can be distinguished: Continuously supported, corner-
supported and non-load bearing modules. This study focuses on continuously supported modules.
The three types are briefly discussed.

In corner-supported modules, forces are transferred by edge beams to the columns. For longer mod-
ules, it is common to add an extra column in the middle to keep the height of the beam minimal. The
connections could be made moment resisting so that the module is stiff by itself. Another option is to
make simple connections and use bracing along the edges to create stiffness. Due to the open sides,
this topology allows for flexibility in creating larger floor spaces [1]. The safety of these types of timber
modules is still being investigated. For example, the robustness was investigated by J. Knudde and K.
Zutt [10][11]. Non-load bearing modules are non-structural units which are directly supported on the
floor of the building. They are often called 'pods’ and commonly used for highly served areas such as
kitchens, small rooms like toilets or bathrooms [1]. Continuously supported modules, also known as
load-bearing or volumetric modules, are modules where the walls are load bearing. They have cross-
laminated timber panels trough where loads are transferred. The vertical loads are transferred through
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the side walls by direct wall-to-wall bearing. The walls serve as a barrier between individual modules
and thus have no openings. Because the walls are closed, limited freedom for composition of floor area
is possible. It is possible to create openings in the wall panels, but this depends on the loading situation.

2.2.2. CONNECTIONS

Construction of a modular building requires multiple connections and these can be grouped as inter-
module connections and intra-module connections. Inter-module connections connect individual
modules, while intra-module connections connect elements within a module. Since intra-module con-
nections are done in the factory during prefabrication, the fastening of the inter-module connections
affect the overall on site work the most [12].

Figure 2.4: Modular connection types[13]

INTRA-MODULE CONNECTION SYSTEMS

As mentioned, intra-module connections connect all elements within an individual module, such as
wall-to-wall, floor-to-wall and ceiling-to-wall elements. The connections should provide enough strength
and should be stiff enough to enable the module to act as a whole. Chapter 2.4 describes the different
types of connections and discusses their structural performance.

INTER-MODULE CONNECTION SYSTEMS

Inter-module connections are connections that are located between individual modules (Figure 2.4).
They connect modules to each other and therefore play an important role in ensuring structural in-
tegrity, stability and robustness of modular buildings [14]. Inter-module connections can connect a
module to another module in vertical and horizontal direction, or to the foundation. Depending on the
load direction, the joints may transfer tension, compression and shear forces horizontally and vertically.
According to Li et al. [15] the following connection types can be used when designing the inter-module
connections: steel plates with screws, steel rods, a notched CLT panel or an advanced interlocking con-
nection.

The limited accessibility of inter-module connections is a widely recognised challenge in volumetric
modular construction. External access is required for the installation of conventional timber connec-
tions, while accessibility for these type of connections has long been a key challenge [15]. Especially
when volumetric modules become enclosed, the inter-module connections become entirely inaccessi-
ble. The consequence of this is, that in some CLT volumetric structures, the inter-module connections
are absent and lateral resistance is provided by friction between modules. For self-stabilizing build-
ings, this can decrease the lateral stability significantly. Therefore, the inaccessibility of inter-module
connections is considered as one of the main obstacles in achieving tall CLT volumetric buildings with
sufficient lateral stiffness, due to the importance of these connections in defining the integrity and sta-
bility of the structures.
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SOUNDPROOFING BEARING STRIPS

Sound transmission takes place between modules and according to a case study by Getzner, 90% of the
transmission happens through the walls of the modules [16]. To significantly reduce transmission of
sound and vibrations, Sylomer bearing strips can be used to transfer loads from one module to another
without causing sound- and vibration bridges. Figure 2.5a shows such a bearing strip. It is placed be-
tween the ceiling of the lower module and the wall of the upper module, as can be seen in Figure 2.5b.
The type of strip is chosen in collaboration with an acoustic designer.

continuous
— | elastic bearings

(a) Sound bearing strip [16] (b) Position of the sound bearing strip [17]

Figure 2.5: Application of sound bearing strips

The design of a bearing strip is not only acoustic based but also structural. Because the flexibility of
the strip causes displacements in horizontal and vertical directions, the stiffness must be determined
carefully. Next to stiffness, the strength should be sufficient to ensure that the bearing strip does not fail
in ultimate limit state. These structural values must be provided by the manufacturer. [15].

2.2.3. FIRE SAFETY

The main two objectives in fire safety design are to prevent casualties and avoid damage to adjacent
buildings. To meet these goals, the Building Decree contains minimum requirements for all structures
in the Netherlands. In short, the requirements are explained below [18].

* Fire resistance values: The fire resistance of a building must have a specific period of time that
it should withstand the fire without the risk of structural failure. This can be 30, 60, 90 or 120
minutes.

e Fire performance characteristics: For timber elements, performance requirements are given. Load
bearing capacity, integrity and thermal insulation should be provided by the elements.

 Fire compartments: To prevent fire and smoke spread, the building is separated into compart-
ments. A minimal fire resistance of 60 minutes applies to the separating elements.

 Fire protection systems: Next to passive measures, active measures could be applied. Examples
are smoke detection systems, fire hoses and sprinkler systems.

In the case of fire, the timber elements in the module are exposed to sufficient heat and pyrolysis takes
place. This is a process of thermal degradation where gas is produced. When this process of charring
occurs, it reduces the cross-sectional area and a charred layer is formed on the side surface at the fire-
exposed side. To calculate the remaining properties of the reduced cross-section, formulas stated in
Eurocode 5 can be used. A thickness kydj is affected by the increased temperatures and will not be able
to transfer forces any more. At the same time, there is a charring rate, which determines how much
of the material chars per hour. Expressions for the effective charring depth and rate are shown below.
Important to mention is that if a laminate has a residual thickness of less than 3 mm, it should not be
incorporated in the strength calculations any more. In general, often kydy is taken as 7 mm and g, is
taken as 0,65 mm per minute.
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deff =dcharn + kodo (2.1)

dchar,n:ﬁn*t (2.2)

Because CLT is build out of multiple board layers which are glued together, there is a possibility of
delamination of the glued interfaces. High temperatures in case of fire can lead to charring layers falling
off due to failure of the glued interfaces. When the charred layers fall off, the charring rate is increased
significantly because the wood is no longer protected. Additionally, the position of the element, for
example walls, floor or ceilings, has an influence on the charring rate because of the susceptibility to
delamination. However, there is not a universally valid structural design method to incorporate this
effect. Therefore, the effect is often not included.

For verification of the fire situation, safety factors can be neglected and 20% fractile higher strengths
can be used.

Ofid= ffia (2.3)

Ofid < Kmod,fi * Tas (2.4)
e
Ofid < kgi * kmoa,fi * =1,15x% f; (2.5)
M, fi
where:
Kmoa,fi = 1,00 Modification factor in the event of fire
f20=20% fractile of strength at normal temperature
kfi=1,15 Conversion coefficient for CLT from 5% to 20% fractiles
Ym,fi = 1,00 Partial safety factor for timber in the event of fire

While the timber elements can be designed such that they provide fire safety, another option is to add
fire protective cladding to the elements. Although it takes away the timber look in the building, it is an
effective method to provide a fire safe design.

2.2.4. ROBUSTNESS

A building should be designed such that progressive collapse is prevented. Robustness is the ability of
a structure to withstand events such as explosions, fire, impact or errors, without being damaged to an
extent disproportionate to the original cause (EN 1991-1-7 2006). In other words, failure of a small part
of the building does not lead to failure of a bigger part. Providing this can be done by redistributing loads
in the case of damage. In the literature, two indirect and three direct progressive collapse prevention
methods are given (Figure 2.6).
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Figure 2.6: Direct and indirect robustness design methods [19]

In modular buildings, the redistribution of loads can be achieved by alternative load path design or by
tie forces between the modules [11]. Both methods have the principle that adequate tying of the mod-
ules is crucial. In the case of removal of a module, the forces can be redistributed via the connections
and an alternative load path is created, assuming sufficient capacity of the connections. Investigating
the robustness is outside the scope of this study. It is assumed that progressive collapse is prevented by
alternative load paths.

2.3. CROSS-LAMINATED TIMBER

Cross-laminated timber (CLT) is a solid timber element used for load bearing applications and has been
developed around 15 years ago in Central Europe. It consists of cross-wise glued lamellas which lie at
90 degrees of each other as is illustrated in Figure 2.7. The cross-wise layering brings the advantage of
two directional load bearing, increased shear capacity and the elimination of shrinkage and swelling.
Other advantages are the high level of prefabrication, low weight compared to traditional materials and
easy fastening. CLT panels are build-up of uneven layers, usually 3, 5 or 7. The timber which is being
used for CLT elements in general is spruce wood with strength class C24. The dimensions of CLT panels
can be up to 16 m in length, 3.5 m in width and 0,5 m in thickness, but very often transportation is the
limiting factor [20].

N
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2

Figure 2.7: Cross-laminated timber [21]
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2.3.1. STRUCTURAL DESIGN WITH CROSS-LAMINATED TIMBER

This section discusses the design of cross-laminated timber. The European standard for timber struc-
tures, EN 1995-1-1 and NEN-EN 16531, does not cover everything. Therefore, several papers and man-
ufacturing guides are used to analyse CLT.

MATERIAL PROPERTIES

The material characteristics of cross-laminated timber are listed in the table below. Stiffness and strength
properties of CLT with strength class C24 are presented according to EN1995-1 and manufacturer DE-
RIX [22].

Table 2.1: Strength and stiffness properties of CLT class C24 (prEN1995-1)

Property Loading direction Symbol | Value | Unit
Density - Ok 450 kg/m®
. Out of plane Sk 24 N/mm?
Bending strength Tn plane Fovedgor | 21 N
, In plane frox 145 | N/imm?
T h : =
ension strengt Perpendicular to plane | f; 90,k 0,4 N/mm?
. In plane feok 21 N/mm?
Compressive strength Perpendicular to plane | f 90« 2,5 N/mm?
Out of plane Sok 2,5 N/mm?
Shear strength Rolling shear frk 1,1 N/mm?
Perpendicular to plane | fy vy 5,0 N/mm?
In and out of plane Enean 11000 | N/mm?
Modulus of elasticity | In and out of plane Eo 05 9166 N/imm?
Perpendicular to plane | Egg mean | 370 Nimm?
Out of plane Gmean 690 N/mm?
Shear modulus Rolling shear Gr.mean | 50 N/mm?

CROSS SECTIONAL VALUES

The basis of the limit state verification is the cross-sectional value calculations. CLT is usually treated as
a panel strip when there is a dominating direction of loading. For the ultimate limit state verification,
the net cross-sectional values may be analysed without considering shear flexibility. For the service-
ability limit state, shear flexibility must be considered via multiple possible calculation methods for the
effective cross-sectional values. Generally, in ultimate limit state procedures, the modulus of elasticity
of the transverse boards to the fibre corresponding to the load direction is assumed as Eqy = 0. Here,
it is assumed that the cross-sections are symmetrical and the same material is used for all layers. This
means that there is no difference in moduli of elasticity between the layers.

NET CROSS-SECTIONAL VALUES

Normal and shear stresses in CLT panels can be determined with the net cross-sectional values. Due
to the orthogonal composition, these values have to be determined for the main span direction which
is equal to the grain direction of the outer two layers and denoted with subscript 0. Analogously, the
values can be calculated for the contrary direction. The described method only takes into account the
contribution of the layers parallel to the main direction of loading. The parallel layers can be neglected
because limited or no transfer of normal stresses can take place due to cracks and gaps in longitudinal
direction within these layers. Moreover, the modulus of elasticity of the longitudinal direction is 30
times higher than the timber loaded perpendicular to the grain [3].

Calculating the net cross-sectional values with the described method can be done with the image and
formulas below. Figure 2.8 shows the used designation and corresponding out of plane stresses.
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Figure 2.8: CLT cross section with out of plane stresses [23]

Area: i
Aoner=) bxh; 2.6)
i=1
Moment of inertia:
n n b« h? 5
To,net = Z(Ii+li,8teiner)=Z( 12 +b*hi*ai) (2.7)
i=1 i=1
Section modulus: I
0,
WO,net = et (2.8)
z
Static moment (rolling shear):
mp,
Sonet =) bxhi*a; 2.9)

where:

b = Width of the CLT panel (usually 1 meter)
h; = Thickness of the boards in the layer parallel to the loading direction
a; = Distance from centre of gravity to the middle of the considered layer
z = Distance from centre of gravity to the edge of the cross-section
n = Number of layers in longitudinal direction

my = Index of the longitudinal layer closest to the position of the centre of gravity as seen from the top edge

EFFECTIVE CROSS-SECTIONAL VALUES

In contrary to stress related calculations, the contribution of the transverse boards to deformations
can not be neglected. To perform calculations on the out of plane deformations (including buckling),
the effective moment of inertia should be used. These deformations of a CLT panel consists of pure
bending and a shear portion due to rolling deformation in the transverse layers. This latter depends
on the build-up of the cross-section and the element’s slenderness. To include this shear deformation,
there are three methods; the shear analogy method, the Timoshenko beam theory and the y-method,
(3].

The Timoshenko theory and shear analogy method are based on a shear reduction factor. It results in
a separate calculation of bending and shear deformation. The y-method is used in Eurocode 5 and
is a commonly used method to calculate the effective cross-sectional value. A study which compared
the three methods showed that all three methods are suitable for CLT and the differences are negligible
when the length to thickness ratio is higher than 15, which is usual for engineering practices.[3]

The y-method has the benefit that it allows the calculation to be through pure bending, in which shear
flexibility is already included. That is why this method will be used in this research. The idea behind the
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method is that the CLT section is considered as a mechanically jointed beam according to the Mdéhler
theory. The transverse layers are modelled as equivalent joints between the layers in longitudinal direc-
tion. To determine the effective moment of inertia, the Steiner equation is used, where the longitudinal
layers are reduced with a factor y which accounts for the rolling shear flexibility in the transverse layers.
The downside of this method is that y depends on the length of an element. The formulas which are
used are mentioned below for 3 and 5 layered CLT elements [23].

1

L N I (2.10)
14 Tl

Li r

b * hf’
12

n n
Toers =2 Ui +yi* Iisteiner) = ) +Yi+bxh;*af) 2.11)
i=1 i=1

where:

b = Width of the element (usually calculated for a 1m strip)
h; = Height of longitudinal layer
I; = Reference length of considered element
h = Thickness of intermediate layer (for a 3-layered element, h/2)
G, = Rolling shear modulus of the intermediate layers
a; = Distance from neutral axis of element to the middle of longitudinal layer

n = Number of layers in longitudinal direction

2.3.2. MODELLING OF CLT

Cross-laminated timber is an orthotropic material, meaning that it has different properties in the dif-
ferent directions, depending on the thickness, orientation, strength and number of layers. Modelling
the layers individually is time-consuming and costly, therefore it is proposed to use an equivalent or-
thotropic shell element that is used to create a stiffness matrix, which subsequently can be inputted in
the finite element models. The calculations are based on equivalent shear- and bending stiffness. Be-
cause the CLT panels will be used for stability as well, it is useful to incorporate shear deformations in
the numerical analysis and therefore the Mindlin plate theory should be used [24]. The stiffness matrix
is computed to describe the behaviour of CLT of various thicknesses and is shown in below.

Dy, Db 0O 0 0 0 0 0]
Dy Dp O O O 0 O O
0 0 Dy O O 0 0 0
|0 0 0 Dy 0 0 0 0
0 0 0 0 Dsys O 0 O
0 0 0 0 0 Dg 0 0
0 0 0 0 0 0 Dmx 0

0 0 0 0 0 0 0 Dgl

Determining the stiffness values given in the matrix can be done with the following formulas based on
the code from Austria (ONORM B 1995-1-1) [23]. The Poisson’s ratio Uyxy and vy, are assumed to be
zero according to Aondio et al. [23] as if the boards are 'unglued’. Because CLT consists of a symmet-
rical build-up, the stiffness matrix can be reduced to a diagonal matrix, given the assumption that the
Poisson’s ratio is 0 in all directions. The diagonal terms can be calculated by the following formulas.

_ Eomean*1Ionet .

¢ Bending stiffness in the (main) x-direction D;; = Movayvy) in practice: D11 = Eo,mean * lo,net
. . . . . E I . .
* Bending stiffness in the (secondary) y-direction Dy, = "('l”fz”x—:lfy‘lg’” ; in practice: Doy = Eg mean *

I90,net



2.3. CROSS-LAMINATED TIMBER

16

* Bending moment influenced by transverse strain: D12 = D21 = /Uy * Uyx * D11 * D2; in practice

(no Poisson effects): Dys =Dy =0

. . 3
» Torsional twist: D33 = krwist * Go,mean * 222
* Shear stiffness: Dyg = % % Go,mean * Ao net
,Z

1
K90,z

e Shear stiffness: Dss = * Go,mean * A9, net

 Axial stiffness in plane: Dgg = }_ h; 0, ne

I*EU,mean

* Axial stiffness in plane: D77 = h; 90, netEgg mean

* Axial stiffness in plane Dgg = Go, mean * d * Kspear

where:

Eo,mean = Mean elasticity modulus in the main bearing direction
Go,mean = Mean shear modulus in the main bearing direction
I =Moment of inertia of layer
Uxy,Uyx = Poisson ratios
k:wist = reduction factor to torsional stiffness (= 0,65)
d = thickness of the CLT panel
b= Width of CLT element
Ao ner = Net area in the main bearing direction
Ago ner = Net area in the secondary bearing direction
Kipeqr = reduction factor for shear rigidity (=0,70)

Ip, ner = Net moment of inertia in the main bearing direction:

E; bxd3 E:
—l*—l+ZE—l*b*d,-*a?
c

I =
0,net Ec 12

Igo, ner = Net moment of inertia in the secondary bearing direction:

E; bxd} E;
— %

I = —L4+Y L wbxd;xa
90,net Ec 12 ZEC i i

where:

E; = E-modulus of respective layer
E; = reference E-modulus

b = width
d; = thickness of respective layer

a; = distance between centre of gravity of the whole panel and the layer

Ko, = correction factor for shear

dz

YXGxA *f [E(z * Si»)?

K =
027 (E* Iy per)? Gy *b

(2.12)

(2.13)

(2.14)
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Guideline values for CLT panels with standard slats of different thicknesses:

Type 3s: 0.15 <k, <0.18

Type 5s: 0.18 = x, = 0.20

Type 7s: 0.25 <k, <0.29

Type 9s: 0.26 <k, < 0.29

Guideline values for CLT panels with standard slats of equal thicknesses:

Type 3s: ko, =0.21
Type 5s: x, =0.24
Type 7s: x, = 0.26
Type 9s: x, = 0.27

K9, = correction factor for shear

dz (2.15)

YGx*A *f[E(z)*S(z)lz

K =
902 (E * IQO,net)2 G(z) * b

Same guideline values as described above also apply here but for kg9 = o

Special attention should be given to assigning the correct local coordinate system. The inputted stiff-

ness matrix should correctly represent the material it is supposed to model. Figure 2.9 shows the in-
tended directions and local coordinate system which coincides with the stiffness matrix.

<D, I T T
: Dy I I I
* Dy

. De I I I

(@ (b)

Figure 2.9: (a) Stiffness directions, (b)planes and directions corresponding to stiffness matrix [25]

The above explained calculation method of the stiffness matrix can be used for input of the required
parameters. However, SCIA 22 has a built-in function that will calculate the stiffness matrix. Therefore,
the only input parameters are the layer thickness, board width and the material properties.

2.4. CONNECTION TYPES

As discussed, connections in modular buildings play an important role. Different types of connections
can be used for the intra- and inter-module connections. This section gives an overview of the possibil-
ities.

2.4.1. INTRA-MODULE CONNECTIONS

Connections are critical in timber engineering, because they will in most cases govern the failure mode.
Especially the displacement behaviour of the joints is important as they contribute a lot in the total
displacement. There are multiple ways to connect timber elements, all having different displacement
behaviour. Figure 2.10 gives an overview of this behaviour for the different connection types. It can be
seen that glued joints are the most stiff, followed by notched joints. The downside of these joints is that
they are difficult to assemble and therefore are not commonly used for timber modular buildings. Only
mechanical joints, which have much less stiffness, are considered and discussed in this section.
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N
,(.luod joints

Notched joints
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Dowel -type f fasteners

e

== Slip

Figure 2.10: Slip of different timber-concrete connection types [26]

FASTENERS

Fastener connectors consist of bolts, screws, dowels and nails and are used to connect multiple timber
elements. In this thesis, only screws will be used because of their favourable properties. Figure 2.11
shows a screw from Rothoblaas with dimensional parameters.

TEETETETTEE 3, 1o

Figure 2.11: Dimensions of screw from Rothoblaas. [27]

STRENGTH

A screw can be loaded axially or laterally. For the lateral strength of connections with fasteners, Eu-
rocode 5 can be consulted. There, equations for calculating characteristic load carrying capacity of
fasteners according to the Johansen yield theory are provided. Three main parameters which influence
the load carrying capacity of dowel type joints are the bending capacity, the embedding strength of the
timber and the withdrawal strength of the dowel. This latter can be calculated according to the NEN-EN
1995-1-1:2005+A2:2014+NB:2013.

STIFFNESS

Next to load carrying capacity, the load deformation behaviour is important. The design equations for
the slip and stiffness for fastener type connections are given in section 7.1 of Eurocode 5. However,
these equations are very basic and based on a linear calculation. Therefore, next to equations from the
Eurocode, experimental results should be considered.

For different type of fasteners, different equations should be used. For dowels, bolts and nails with

1.5
predrilling the stiffness can be determined with: Ky, = % and for nails without predrilling:
1.5 0.8
Kser = %. For connections with multiple fasteners the stiffness can be calculated with: Ks.r =
1.5 0.8
nxp xd

= where d is the diameter of the fastener in mm, p,, is the average density of the secondary
beam in kg/mm3 and n is the number of fasteners. If the densities are different, the mean density can
be calculated with p;, = /01 * pm2. When timber to steel or concrete connections are considered, the
density of the timber should be multiplied with 2.

Important to note is that the equations are an estimation of the real load-displacement behaviour. In
Figure 2.12 two graphs with the real load deformation behaviour of timber connections is shown. An
initial deformation (slip) is followed by linear load-deformation and non-linear load-deformation [28].
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Figure 2.12: Characteristics of the load-displacement graph of the connection [28]

PERFORMANCE OF SCREWED JOINT ASSEMBLY

To be able to model the screwed connections, the capacities in terms of strength and stiffness have to
be known. Experiments on the axial and lateral behaviour of self-tapping screws have been done by
Flatscher et al. [29] which focused also on different screw angles, as can be seen in Figure 2.13. The test
results showed a higher stiffness and strength for the axially loaded screw in comparison with the lateral
loaded screw for an angle of 90 degrees. To overcome the relatively low properties for the lateral loaded
screws an inclination of 45 degrees can be used for the screw to increase the strength and stiffness, seen
in table 2.2

a %+
!
Figure 2.13: Tested connection setups [29]
Table 2.2: Results of tested setups [29]
Setup Screw angle | F,,y [kKN] | Ko [KN/mm]
Axial a | 90 20,8 17,6
b | 45 (per pair) | 33,6 16,6
Lateral | ¢ | 90 10,3 0,5
d | 45 (per pair) | 30,0 19,9

ANGLE BRACKETS AND HOLD-DOWNS

Another possibility to connect two timber elements is with angle brackets and hold-downs, as shown
in Figure 2.14. Both of these connectors are designed to connect the walls to the floors below, but
hold downs have as primary function to withstand the rocking behaviour and thus tensile forces, while
angle brackets should resist sliding and thus shear forces. However, angle brackets can resist tensile
forces and help to withstand rocking, but their contribution is often neglected [30]. The mechanical
connectors are placed with screws or nails. The mechanical behaviour depends on the dimensions of
the metal plates but also on the grain direction of the timber. Because this is difficult to capture in
equations, the strength and stiffness are determined with experimental tests.

Experiments on angle brackets and hold-downs are done by Shahnewaz et al. [31]. The study inves-
tigated the strength and stiffness of a steel bracket with dimensions 90 x 48 x 116 mm fastened with
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different type and number of fasteners. Next to the angle brackets, two hold-downs are investigated, a
HTT16 and HTT22 with 9 and 12 fasteners respectively. In case of the angle-brackets, both shear and
tension tests were performed, whereas the hold-downs were only tested in tension. Table 2.3 shows the
strength and stiffness results of the tests. Larger metal brackets can be used to when higher strength
and stiffness are required.

Table 2.3: CLT connections with strength and stiffness [31]

Connection type ID Fasteners Type of test Stre[lll(?\gl Py Shl(flin/?snl](e Type of test Stre[rll(?\gl Py Shl(fgi/i;inl](e
B1 18 16d SN 3.9 x 89 mm 45,5 6,6 38,1 5,0
Angle bracket B2 18 SES screw 4 x 70 mm 48,0 5,9 50,0 5,9
90 x48 x 116 mm B3 10 SFS screw 5 x 70 mm ) 37,3 4,8 Shear 43,0 4,2
B4 12RN 3.8 x 76 mm Tension 35,2 7,7 37,3 5,6
B5 11 RN 4 x 60 mm 20,2 2,5 23,9 2,2
Hold-down HTT16 | HD1 9 RN 3 x60 mm 324 2,5 - -
Hold-down HTT22 | HD2 12 RN 4 x 60 mm 41,8 4,9 . - -
length

Lateral load

CLT wall

é Angle bracket

pper plate
pper plate\

width
&7 Tower plate—%—/ lower plate
Angle bracket Hold-down

Concrete or CLT floor

Figure 2.14: Angle brackets and hold downs [30]

2.4.2. INTER-MODULE CONNECTIONS
Inter-module connections connect modules to each other, either vertically or horizontally. For both
cases, the often used connection types are discussed.

VERTICAL COUPLING

Tensile connections, where high forces should be transferred, can be designed with metal plates. These
plates can connect two inter-storey timber elements and prevent uplift generated by the rotation of the
wall (see Figure 2.15). It is mostly used in platform-type construction but can also be used in balloon-
type construction. Multiple sizes and thickness can be selected depending on the resulting force that
has to be transferred. The plates are attached to the timber by screws and for acoustic damping bearing
strips can be placed [32].
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LT panel 2
HBS fasteners
(Rothoblaas)

WHT PLATE T
(Rothoblaas)

CLT panel 1

Figure 2.15: Steel WHT plate for timber-to-timber connection [27]

Table 2.4 shows strength and stiffness properties of the connection. The stiffness is based on an as-
sumption related to hold-down connectors of Rothoblaas and the equation for coupled nails.

Table 2.4: Properties of the WHT Rothoblaas plate [27]

Type Fasteners dxL[mm] nvl[pcs] nv2[pcs] Ryirimber KNl Ry sieer KNl Kier [KN/mm]
WHTPT720 HBS 8x100 28 28 115,8 135.9 21.2
WHTPT720 HBS 8x100 40 40 176,1 206.6 30.3

HORIZONTAL COUPLING

Horizontal coupling is necessary to create the diaphragm action for transferring horizontal loads to ver-
tical stability elements. Connecting two modules can be done in multiple ways. One of the options is
by a metal plate as discussed previously, but acoustic damping should be considered. Therefore, a hori-
zontal anchor (Straviwood Modulink) is designed by Delta-L which acoustically uncouples the modules
(see Figure 2.16). The Straviwood ModuLink is constructed from two steel profiles (electro-galvanized)
that are acoustically decoupled from each other by means of a natural rubber or polyurethane foam.
The anchors are prefabricated and pre-stressed and only need to be screwed on location [33].

AN QU &

Figure 2.16: Acoustic anchor Straviwood Modulink [33]



Lateral deformation of modular
buildings

Horizontal load acting on a building causes the building to deform. To prevent the structure from ex-
cessive deflections, the lateral stability of the structure should be provided. In modular construction,
the lateral stability can be provided by an external stability system (in the form of a core or bracing
system) or by the modules themselves (with shear walls). Next to the structural system, there are sev-
eral factors that influence the lateral stability of modular buildings. The inter- and intra-connections
should allow the structure to act as a unified system. The foundation needs to prevent the building
from rotating. Geometry and layout of the building has effect on the position and orientation of the
stability elements. All these factors together determine how the lateral stability of a modular building
is provided and how much the building will deform. This chapter will discuss the lateral stability and
deformation of modular buildings. First, the different lateral load resisting systems are described in
Chapter 3.1, followed Chapter 3.2 that goes into more detail about self-supporting modular buildings.
Chapter 3.3 discusses the differences between the deformation of modular buildings and conventional
buildings. Subsequently, Chapter 3.4 discusses the lateral deformation terms of multi-storey modular
buildings. Chapter 3.5 describes the load acting on the structure. At the end, Chapter 3.6 elaborates on
the requirements of the building codes.

3.1. LATERAL LOAD RESISTING SYSTEMS

When modules are stacked on top of each other, multi-storey modular buildings are created. When
the height of the multi-storey buildings increase, the wind load increases as well, resulting in higher
horizontal impact on the building causing the danger of overturning. The overall stability should be
checked to see if there is a risk of overturning. This risk is especially a problem in lightweight structures
such as timber buildings. Next to preventing overturning, the deflection of the building should be kept
under certain limits. This can be done by stabilizing the building with for example a core, a bracing sys-
tem or shear walls. These three options are the most common and are briefly discussed below. Because,
this research focuses on self-supporting modular buildings with volumetric modules, the shear walls
are discussed more thoroughly in the next section.

3.1.1. CORE

The most used stability system is a core. This is a stiff and strong part of the building, where the lifts and
staircases are located. Because that part has a regular shape and is relatively closed, the walls can carry
high forces to the foundation. It is especially used in high-rise modular buildings where the modules
themselves can not provide the stability. Often, corner-supported modules are used in combination
with a core. The horizontal forces are transferred from the facade to the core and subsequently to the

22
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foundation. The vertical forces are transferred directly through the modules. Although this system
allows for high-rise buildings to be stable, the downside is that the concrete core has to be constructed
on site, reducing time efficiency drastically. The benefits of modular construction do not come forward
this way.

3.1.2. BRACING SYSTEM

Another possible stability system is a bracing system. Here, the modules are placed in a framework that
is kept stable with braces. The modules themselves do not contribute in the horizontal force transfer.
In contrary to the core system, the bracing system can be realized by attaching modular elements on
site, but this will take extra time and the system does only apply to low-rise buildings.

3.1.3. SHEAR WALLS

When the stability has to come from the modules themselves, shear walls are used. They are placed
inside the module and can have different configurations. The side walls provide stability in longitudinal
direction and the internally placed shear wall in transverse direction.

3.2. SELF-SUPPORTING MODULAR BUILDINGS

Most multi-storey modular buildings found around the world are assemblies of corner-supported mod-
ules connected to a cast in situ concrete core. Although this is an effective method, it does not charac-
terize the structures as purely modular nor provide them with the benefits of modular construction.
Besides, the external stability elements would be made of traditional materials, reducing the sustain-
ability of the project [34]. If external stabilizing elements are therefore not desired, the modules should
provide the stability themselves. This is possible, but requires the modules to be designed in such a way
that horizontal forces can be transferred to the foundation. This is done by the floors and shear walls of
the modules in such a way that the lateral load is transferred through the floors by diaphragm action to
the shear wall, which bring the force downwards via the other shear walls. When carrying the load, the
shear walls deform under the horizontal load. This will cause lateral displacement and rotation of the
modules.

3.2.1. SHEAR WALL DEFORMATION

Cross-laminated timber is well suited as a shear wall, due to its high strength and stiffness. It has large
capacities to provide the lateral stability of a module. In such a module, the shear wall is responsible for
the horizontal displacement caused by horizontal loads. In general, there are four shear wall deforma-
tion contributions [35] as can be seen in figure 3.1. The total displacement at the top is the sum of the
bending (Ap), shear (Ag), translation (A7) and rotation (Agr) deformation. Equations 3.1-3.4 show how
these terms can be calculated. The bending and shear deformation is a result of the CLT plate itself,
while the translation and rotation are caused by the connections.

Ty

o ———————q

Bending Shear Translation Rotation
deformation deformation deformation deformation

Figure 3.1: Illustration of the different deformation contributions of a shear wall [35]

Determining the strength and stiffness values of CLT shear walls can be done with analytical calcula-
tions. In the literature, several calculation methods are identified to calculate these values [35]. Com-
mon for the strength calculation methods is that they assume a rigid CLT panel and thus neglecting
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bending and shear and that the calculations are based on static equilibrium equations. For the strength
of the shear wall, it means that the load carrying capacity F can be simplified as F = min(F,; F;). Since
this chapter focuses on the lateral stability, the stiffness assessment of CLT shear walls is important.
The stiffness can be determined from the load-displacement relation. With the maximum force act-
ing on the wall and knowing the stiffness of the connections, the corresponding displacement can be
calculated resulting in the stiffness. Simple hand calculations of the displacement can be done in five
ways [35]. One of the methods is presented by Wallner-Novak et al. [23] and takes into account a re-
duced flexural stiffness and a 25% reduction of the shear modulus. The equations for calculating the
deformations are presented below. It must be noted that the translation and rotation equations only
hold for hold-down and angle-bracket connections, but the principle can also be used for other type of
connections such as screws.

_ Bl 3.1
"5l G0
_Fxh (3.2)
5776A :

_F
Ar=og (3.3)

Fxh qg*w h

Arp=( - ) * (3.4)

w 2 w* kY
where:

F = the horizontal load
h = the height of the shear wall

’CH

conn
kZ‘/onn
w = the width of the shear wall

= the horizontal stiffness of the connection

= the vertical stiffness of the connection

El,f = the effective flexural stiffness:(E) o = Eo * (fpf * w®)/12 where ¢, r is the thickness of the vertical layers
GA = the shear stiffness: GA = (0.75 * G) * (¢ * w)

Although these mechanisms interact at a certain degree, this can be ignored and the shear wall can
be idealised as four springs in series: one for each mechanism. The total displacement A;,;,; can be
calculated by adding the individual deflection as shown in the equation below.

Atotal = ABending + Ashear + Atransiation + DRotation (3.5)

The total stiffness of the shear wall k;,;,; can be calculated as follows:

1
kt()tﬂl = 1 1 1 1 (36)

+
kbending kshear krmnslution krotation
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3.2.2. DIAPHRAGMS
Horizontal wind loads should be transferred to the vertical stability elements to bring the forces to the

foundation. This transfer is done by diaphragm action of the horizontal elements that act as a di-
aphragm. In modular buildings, this diaphragm consists of the ceilings together with the horizontal
inter-module connections. Figure 3.2a provides a schematic overview of a diaphragm connected to two
shear walls. The acting horizontal load is transferred by the diaphragm to the two shear walls. Figure

3.2b shows how this causes the structure to displace.

diaphragm

L

diaphragm

shear wall

shear wall

shear wall shear wall

(a) Floor diaphragm (b) Diaphragm displacement

Figure 3.2: Diaphragm action [20]

Depending on the stiffness of the roofs and connections, the diaphragm can act as rigid or flexible. This
depends on the maximum in-plane deformation of the floor diaphragm (A4 ,4x) and the average inter-
storey drift (A 4,¢), which are displayed in figure3.2b. Often, CLT diaphragms are considered as rigid
concerning the shear walls, but if the deflection is 1.1 times the average inter-storey drift they should be
considered flexible [20]. The panel and connection stiffness k4,¢; and k. influence the total diaphragm

stiffness and can be calculated as follows:

F

kpanel = 3.7)

Ad,ma)c

F
ke=—— (3.8)
2% Neon

1

kdiaphragm = T 1 (3.9
kpzmel k_L

3.3. MODULAR BUILDINGS VERSUS CONVENTIONAL BUILDINGS

Modular buildings with shear walls have the deformation behaviour of a combination between a pure
bending and pure shear beam. The side walls in combination with the floor and ceiling creates a frame
which would deform due to shear. The shear wall inside a module experiences both shear and bending
deformation as explained before, but also compression at the supports, which will be discussed in chap-
ter 4.3. Because the shear walls are not continuous, they can not act as one stiff shear wall. Normally,
high shear walls have mainly bending deformation, but in this case that does not apply.

Besides, the difference between traditional and modular buildings is in the internal force distribution.
The main reason can be attributed to the existence of inter-module connections, leading to a differ-
ent frame design. For conventional frames with a "single-beam and single-column" configuration in
the connection zone, releasing the rotational restraint to the upper column would result in bending
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moments being transferred only between the beam and the lower column. In this situation, the bend-
ing moment in the lower part of the upper column will be lower. In contrary, modular frames have a
"double-beam and double-column" configuration in the connection zone. Here the module columns
extend to the connection zone for the end-to-end connection and they are also connected with the floor
and ceiling of the modules. Therefore, when releasing the rotational constraint to the upper module,
bending moments at the bottom of the upper module will still exist due to the restraint provided by the
floor beams [36].

Even though the system is more complex than traditional buildings, summation of the individual de-
formation mechanisms results in the prediction of the lateral displacement.

3.4. LATERAL DEFLECTION OF MODULAR BUILDINGS

The module deformation mechanisms, as described, can be extended to calculate the deflection of
multi-storey modular buildings. The total deflection is the sum of all the individual components. How-
ever, the cumulative effect has to be incorporated in some of the deflection mechanisms. This effect and
the method to calculate the total deflection of multi-storey modular buildings is explained on the basis
of a six-storey modular building. The bending and shear deformations are dependent on the module
design, while the rotational and translational deformation depend on the inter-module connections.
Figure 3.3 shows for the six-storey building how the inter-storey drift and the cumulative effect result in
the total deflection. The cumulative effect is the displacement that is induced by the horizontal rota-
tion of lower storeys. This rotation causes the module to stand at an angle 6. The angle theta times the
height gives the cumulative effect. Because every storey has its own rotation, the displacement due to
the tilt of these storeys should be accumulated to obtain the total storey cumulative displacement.
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Figure 3.3: Bending deformation with cumulative effect of a modular building [37][38] (adjusted)

The total inter-storey drift A{°"%/ s:

i
total _ storey
AR = .ZlAi (3.10)
]:
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where:

Af"ml = the total deflection at the i-th level

Store
AT =

the inter-storey drift at the i-th level

storey

The inter-storey drift Aj is expressed as:

As.torey _ Astorey+Ast?rey+Ast?rey+Astqrey
B,i R,)i T,i

i S,i
where:
A;[frey = the inter-storey drift at the i-th level due to shear
ASB['?rey = the inter-storey drift at the i-th level due to bending
A;ﬁ?rey = the inter-storey drift at the i-th level due to rotation
A‘;;’rey = the inter-storey drift at the i-th level due to translation

3.4.1. FORCE DISTRIBUTION

(3.11)

Before looking at the deflection components, the shear force and bending moment in the structure is
determined, see Figure 3.4. The external horizontal load is modelled as point loads acting at the top of

the storey, representing the wind load that acts on the building.

The shear force V; at the i-th storey is the sum of the applied horizontal force of the above storeys [37].

m is the number of storeys.

Vi=) P

i

The bending moment M; is the sum of the shear force V; times the height of storey H;; [37].

m
M; =) (Vi * Hi1)
i

Ps Vs
e "
L \ .

b H; L\"J
I T
s Hs L\- 3

Figure 3.4: Shear force and bending moment distribution in a multi-storey modular building [37]

3.4.2. DEFLECTION DUE TO SHEAR

(3.12)

(3.13)

For the shear deflection there is no cumulative effect in multi-storey modular buildings, therefore the

total deflection is the sum of the individual deflections as is shown in Figure 3.5.
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A y:ASi (3.14)
S,i ’
[ Second Term - Shear Deflection | e w
L s
w
- — s
o ‘ " A >
s —
Ay 2
Ps Hs
—
Hs
P:

Py

H;

Figure 3.5: Deflection due to shear [37]

3.4.3. DEFLECTION DUE TO BENDING

Deformation due to bending moments at the i-th level causes a horizontal displacement and rotation.
The rotation leads to the cumulative effect. This effect should be accounted for in the total deformation.
Therefore, the deflection of the i-th storey is the bending of the module plus the cumulative effect due
to rotation of the bottom levels. This is visualized in Figure 3.3.

i-1

AT = Mg+ Hi(Y. 0))=Api+Hi(01+02+..+0; 1) 3.15)
=1

where:

Ap,; = the deflection of the module
H; = the storey height

0; = the total deflection due to the cumulative effect

3.4.4. DEFLECTION DUE TO ROTATION
Similar to bending, the rotation at lower levels due to elongation of the vertical inter-module connection
causes cumulative deflection at top levels as follows:

i i-1
AV = (Y. @) = Hya; + Hi (Y ;) (3.16)
' j=1 j=1
with:
A .
aj=—" 3.17)
Ly
where:

Agr,j = the total vertical elongation of the connection
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Fourth Term — Horizontal Deflection
Due to Vertical Deformation (Rotation)
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Figure 3.6: Rotation deformation of a modular building [37]

3.4.5. DEFLECTION DUE TO TRANSLATION
The translation of the modules does not have a cumulative effect in multi-storey buildings, therefore
the total deflection is the sum of the individual deflections (see Figure 3.7).

AT = Ag (3.18)
With:
V;
Ar;= ” (3.19)
where:

V; = the shear force at the storey i

k = the stiffness of the inter module connections
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Figure 3.7: Translation deformation of a modular building [37]



3.5. LOADING

30

3.4.6. DEFLECTION DUE TO ROTATION OF THE FOUNDATION

In addition to the described deformation mechanisms, there is another effect that has to be taken into
account when determining the total building deflection. The rotation of the foundation due to hori-
zontal loading leads to a deflection along the height of the building. Although the detailed calculation
is outside the scope of this research, the deflection should be included when checking for the Service-
ability Limit State (SLS). The total deflection at the i-th storey is the rotation times the height to storey
i:

AT = ppinH (3.20)

where:

¢r = the rotation of the foundation

H = the storey height, assuming H is equal for all storeys

o

* ........... e P

7

Figure 3.8: Rotation of the foundation due to horizontal loads

3.4.7. TOTAL DEFLECTION
The total deflection is the sum of the individual storey deflection and the cumulative effect. The total
displacement Af.mrey can be calculated as follows:

i—1
ATV =N+ Hi (Y 0)) = Aj+ Hi(0y + 02+ ...+ 0;1) (3.21)
j=1

where:
A; = the storey deflection

H; = the storey height

0; = the storey rotation

3.5. LOADING

The load that acts on a modular building is described in this section. Some are only quantitative de-
scribed, because they are not considered in this research, and other qualitative.
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3.5.1. WIND LOAD

The wind load acting on a building can be determined following NEN-EN 1994-1-4. The load depends
on the height of the building, which in modular buildings is related to the number of stacked modules.
The wind force acting on a building can be determined with equation 5.4 in section 5.3 of the NEN-EN
1991-1-4:

Fy=cscqg*cr=qp(2) = Ares (3.22)
where:

cscq = the structural factor
cr = the force coefficient
gp(z) = the peak velocity wind pressure at height z

Aprer = the reference area
For the distribution of the wind force, three cases can be distinguished depending on the dimensions
of the building as illustrated in Figure 3.9:
1. Building height smaller or equal to the building width: Uniform wind pressure along the building.

2. Building height between one and two times the building width: Wind pressure is divided into two
blocks.

3. Building taller than two times the width: Wind pressure is divided into three blocks.
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Figure 3.9: Wind pressure distribution over the building height following the Eurocode EN 1991-1-4

3.5.2. GRAVITY LOAD
Gravity loads are forces that act downwards on a structure. They are categorized into dead and live
loads. Dead load is the weight of the structural components themselves and are permanent live loads
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are variable loads and depend on the intended use of the buildings. The magnitude is guided by build-
ing codes, which also provide information for the snow load.

3.5.3. NOTIONAL LOADS

The initial eccentricities due to installation tolerances of modular buildings are shown in Figure 3.10.
These tolerances are significantly important for the overall performance of the structure and differ from
conventional buildings. When designing with this method, the effects of construction tolerances should
be accounted. Both the tolerances which occur due to manufacturing of a single module and the mis-
alignment during placing of the modules in their final position are contributing to the total imperfec-
tions. The maximum tolerances which are allowed are based on the Eurocode for steel and aluminium
structures (EN 1090-2). For a large number of modules, the average allowable manufacture imperfec-
tion is taken as h/1000 resulting in a total error for n number of floor of n*h/1000 [39].

During installation of the modules, errors can occur when placing them in the right position. Misalign-
ment may arise when stacking the modules. The cumulative allowable error should be limited to 5 mm
per module. According to Lawson and Richardson [39] it is recommended to limit the total out of verti-
cality to 80 mm for 10 or more modules.

Length tolerance < h/500

A
Width |
»n<— tolerance A
7| =< h/500
< Actual
dimensions
of module
~ N\ < his00
Accumulative Accumulative
. vertical tolerance horizontal tolerance
Datum position
(a) Single module (b) Entire building

Figure 3.10: Construction tolerances of modular buildings [1]

The above-mentioned tolerances cause eccentricities may lead to additional horizontal forces. When
the vertical force is due to misalignment applied with eccentricity, moments occur which result in these
additional horizontal forces. When the side walls are unable to resist these bending moments, the ceil-
ing, floor and shear wall have to take these extra forces by shear force. To calculate these additional
moments that act on the base of the module, Lawson et al. [1] came up with a good approximation for
the effective eccentricity of a vertical group of modules:

Aepp=3*n"? (3.23)

The following equation can be used to convert this eccentricity to a horizontal force that acts on each
floor level:

F=02%n% (3.24)

This notional force is expressed as a percentage of the factored vertical load of a module and varies
between 0.5% and 0.8% for 6 and 16 storeys respectively. These additional horizontal loads should be
applied in combination with wind loading.
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3.5.4. SECOND-ORDER EFFECT

The second-order effect results from deformations caused by horizontal loads like wind and notional
forces. It occurs when a structure experiences a displacement in horizontal direction which has the
effect that the centre of gravity will shift respectively to the structure. Therefore, the shift and verti-
cal force will cause a bending moment, resulting in additional horizontal displacement. Usually these
phenomena may be neglected due to small effects, but sometimes can cause failure.

Calculations can be done to check whether a structure is vulnerable to second-order effects. This is
called the critical loading method, where the stabilizing elements are modelled as a column with a
certain bending and shear stiffness uniform over the building height and a rotational spring at the base
(Figure 3.11). Generally, the second-order effect is composed of three displacement components, which
are also shown in Figure 3.11.

qx1"
YVbending = 8+ El (3.25)
g ?
YVshear = m (3.26)
gD
Yfoundation = m (3.27)
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Figure 3.11: Displacement components [3]

When evaluating a structure for the susceptibility to second-order effects, the critical buckling load of
the modelled column is calculated. This is done by determining the stiffnesses which corresponds to
the displacement components as discussed above. The next equation can be used:

1 1 1 1 1 1

—_— = + + = +
Py Pcr,b Pcr,s Pcr,f 7'?37 2GA

(3.28)

1
Tc
L

Dividing the critical buckling load with the total vertical load belonging to the stabilizing element will
result in a ratio n and using this factor n for the magnification factor for the second order effects:

n=—- (3.29)

(3.30)
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Eurocode 2 for concrete describes in art. 5.8.2 that the second order effects can be neglected if it is less
than 10% of the corresponding first order effects. When the second-order effects are significant, the
effects have to be incorporated in the Ultimate Limit State (ULS) and Serviceability Limit State (SLS)
calculations via additional horizontal forces. In this study, only the deformation of the module itself is
considered.

3.6. CODE REQUIREMENTS

The total horizontal deflection at the top of the building is caused by several mechanisms that were ex-
plained in this chapter. All the contribution must be added up to obtain the total displacement that can
be checked for building code compliance. The national codes and Eurocodes recommend a maximum
horizontal displacement. This is because non-structural elements such as cladding or windows can be
damaged if the movements are too large. Also, displacements should be kept low for users comfort. At
the same time, the second order effect can become too large if displacements become large. Therefore,
engineers must make sure the building is sufficient stiff to full-fill the requirements. According to the
Eurocode, the maximum horizontal displacement of a building is H/500 and for a storey h/300, H and
h being the height of the building and storey respectively. The inter-storey displacement is shown in
Figure 3.12.

Module to module connections

A (relative deflection)

Drift=4/h

1 |

Figure 3.12: Inter-storey drift [40]



Design and modelling of individual
modules

With the understanding of the deformation mechanisms of modular buildings and the knowledge on
modular construction, the focus will be on the research part. The first step is to focus on the individual
modules. Designing the module is an important step in the process, as it influences the building layout
and overall performance of the structure. Especially for lateral deformation, structural design choices
have a significant influence on the total lateral deflection. In the longitudinal direction, the side walls
provide sufficient stiffness to limit these deflections. However, due to the limited available length for the
transverse shear wall, lateral stability in transverse direction is a critical aspect. This shear wall is located
inside the module, meaning that it affects the floor plan of the module and therefore the architectural
freedom of the building layout.

This chapter focuses on the individual module configurations and design, as well as the deformation
calculation and numerical modelling. General applicable module configurations are determined in
Chapter 4.1, after which Chapter 4.2 describes the module design. Hereafter, Chapter 4.3 discusses
the deformation calculation of a module and the problems that occur with the superposition principle.
Finally, the numerical modelling approach is explained in Chapter 4.4.

4.1. MODULE CONFIGURATIONS

In this study, equations for the transverse deflection of four different module configurations will be
proposed. The transverse direction is the direction of the shorter side. The module configurations are
based on commonly used designs and dimensions and differ in the design of the transverse shear wall.
The four configurations are shown in Figure 4.1, with the shear wall displayed in dark brown. Module 0
is chosen as the basic module. Although it is not very applicable in practice due to the lack of openings,
it is still considered because it allows for hand calculations for verification purposes. The presented
dimensions of the shear walls in Figure 4.1 show the values for the standard module width of 3.5m.
The standard dimensions will be elaborated in the next section. As mentioned, the modules vary in the
setup of the shear wall. The module configurations are briefly described:

¢ Module 0 (M0): Module with a fully closed shear wall
* Module 1 (M1): Module with a shear wall with a door opening in the middle
e Module 2 (M2): Module with a shear wall with an opening at one side

¢ Module 3 (M3): Module with half a shear wall

35
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Figure 4.1: Design of the four module configurations: M0-M3

4.2. MODULE DESIGN

This section describes the design of the modules, focusing on their global dimensions and CLT ele-
ments. The description is done for the basic module (module 0), but applies to all configurations. Figure
4.2 shows a 3D view of module 0, with the parameters for length, width and height. In the figure, the lon-
gitudinal and transverse direction are indicated. In this research, standard dimension are considered
and are 12, 3.5 and 3.1m for the length, width and height respectively. These dimensions are referred to
as the 'standard’ dimensions and will be used across the study. The corresponding dimensions of the
shear wall configurations are given in Figure 4.1.

Figure 4.2: 3D view of the basic module

The CLT panels are cut from a single piece, so no longitudinal joints are necessary. Below, the thickness
and composition of the panels are listed:

¢ Floor: 120 mm thick 3-ply (40/40/40)

e Wall: 140 mm thick 5-ply (40/20/20/20/40)

¢ Ceiling: 80 mm thick 3-ply (30/20/30)

¢ Shear wall: 260 mm thick 7-ply (40/30/40/40/40/30/40)

Cross-sections of the module are given in Figure 4.3. A horizontal cross-section of the module is given in
Figure 4.3a, showing the build-up of the shear- and side walls. Figure 4.3b shows a vertical cross-section
of the module, including the build-up of the side walls, floor and ceiling. Important to note is that
high compression stresses perpendicular to the grain are prevented by using the balloon construction
type. This means that the floor and ceiling are attached at the inside of the side walls. Also, the floor is
raised with 170 mm. The module design is based on a general design that is used in multiple buildings.
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The dimensions of the elements could vary slightly depending on the situation, but overall, the chosen
design is applicable to many buildings.

260 mm 7-ply
(40/30/40/40/40/30/40)

(a) Horizontal cross-section

80 mm 3-ply (30/20/30)

(ov/oz/oz/oz/ov) Ald-S ww opT

120 mm 3-ply (40/40/40)
(b) Vertical cross-section

Figure 4.3: Cross-sections of the basic module

4.3. DEFORMATION CALCULATION

The aim of the study is to predict the lateral deflection of modular buildings. For conventional build-
ings, the calculation method is known. The structure is modelled as a cantilever or frame, for which
the deflection can be calculated. In those cases the deformation can be separated in bending and shear
deformation by using an infinitely high bending or shear modulus and with superposition the two are
added to obtain the total deflection. Modular buildings are different due to the raised floor and, con-
sequently, the transverse shear wall. Therefore, the modules have not the typical form to model it as a
clamped cantilever or conventional frame. It should be investigated how the lateral deflection could be
calculated. Using superposition to calculate the deflection would be the simplest. To see whether this
is possible, the possibility for superposition is investigated with a Finite Element Software SCIA.

The numerical modelling is done in SCIA, where the shear modulus (G) and bending modulus (E) must
be assigned. The first test that is performed is to check if it is possible to separate the bending and shear
deformations in SCIA by alternately assigning them infinite values (10'°). This is done for a simple
CLT shear wall of 9 m high and 3 m wide. A point load of 500 kN is applied at the top. The CLT wall is
modelled as a 260 mm thick 7-ply (40/30/40/40/40/30/40) orthotropic plate. The model is shown in
Figure 4.4a. The maximum deflection is taken at the top right, ignoring the local effect at the top left
that occurs due to the concentrated load.

The results show that in the normal situation, with realistic moduli (G = 690N/mm?, E = 11000N/mm?,
see table 2.1, the deflection at the top is 44.9 mm, as can be seen in Figure 4.4b. For shear defor-
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mation (G = 10'°N/mm?), the deflection is 12.4 mm (Figure 4.4c) and for bending deformation (E =
10'°N/mm?) 30.4mm (Figure 4.4d). Superposition results in a total deflection of 42,8 mm which is,
compared to the total deflection, a deviation of 5%. Since the difference is so small, it can be concluded
that superposition works with the use of infinitely high moduli.

—
Fe500

Uz [mm ]

ot S S e T

a) Numerical model

d) Bending deflection

Figure 4.4: Shear wall clamped at the bottom: a) model of the shear wall, b) total deflection, c) shear deflection, d) bending
deflection

As explained before, the modules that are investigated in this research are not clamped at the bottom,
but are supported by the side walls. Consequently, the structural model is a shear wall with two hinged
supports at both sides. It should be verified whether superposition is also possible in that case. The
same shear wall is now modelled with two hinged supports at the bottom corners, see Figure 4.5a.
The results are shown in Figure 4.5b-d. The total deflection at the top is 81.7 mm, while the shear and
bending deflection is 12.4 mm and 44.7 mm respectively. Superposition of the latter two gives 57.1 mm,
which is a 30% deviation compared to the total deflection. From this it can be concluded that superpo-
sition is not possible.

—
F=500 kN

uz [mm]

a) Numerical model b) Total deflection c) Shear deflection d) Bending deflection

Figure 4.5: Shear wall supported with pinned supports at the bottom corners: a) numerical model, b) total deformation, c) shear
deformation, d) bending deformation

The explanation for the failed superposition of the bending and shear deflection lies in a third defor-
mation mechanism. The horizontal force causes a local stress concentration at the supports and as
a result, the material compresses and causes local deformations. This leads to a curvature along the
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height of the wall in the horizontal cross-section, which is the largest at the bottom. Due to this rota-
tion, the wall will have an extra cumulative effect, resulting in a higher deflection at the top. Because
the superposition of bending and shear deflection does not include this compression at the supports,
it only gives 70% of the total deflection. Looking at the bottom of the wall in Figure 4.5, it can be seen
that due to the curvature, the bottom of the wall moves vertically. The maximum vertical displacement
indicates how large the curvature is. For shear deformation, there is no curvature. In the bending only
situation, some curvature is visible (maximum vertical displacement is 2 mm) and for the normal situ-
ation a larger curvature occurs (maximum vertical displacement is 4.8 mm). Remarkable is that for the
total deformation situation, the curvature is larger than in the bending situation. This indicates that the
curvature is prevented in the shear only situation. With the E-modulus being infinitely high, the vertical
shear is avoided and thus no curvature occurs.

To confirm that the compression at the supports is the cause of the extra deflection, a rigid beam is
placed between the supports so that horizontal curvature is prevented. The results are in this case
the same as for the clamped shear wall of Figure 4.4. This confirms that the supports themselves do
not cause the inability to use superposition, but the curvature that occurs due to compression at the
supports. Additionally, the shear wall was modelled with one pinned and one roller support to see
whether that influences the results and the possibility to use superposition. The results show that the
same behaviour occurs as for the shear wall with two pinned supports, but due to elongation of the wall
the displacement is slightly higher.

The compression at the supports is a mechanism that can not be expressed in equations and calculated
accordingly. Consequently, it is for a hinged supported structure, like the modules, not possible to
calculate the deflections with simple formulas like the forget-me-nots. Therefore, equations should be
proposed, to incorporate the compression at the supports. The equations are proposed based on the
numerical model.

4.4. NUMERICAL MODELLING

Before the equations can be proposed, the modules should be correctly modelled. The Finite Element
Software that is used to for modelling is SCIA. SCIA is a comprehensive finite element software for struc-
tural analysis and design. Modelling a structure is always a representation of reality, captured as good
as possible in the model to approach real behaviour of the structure. When modelling the modules,
choices have to be made to model the behaviour of the CLT panels, connections, supports and loads in
the software. These modelling choices result in the following modelling methods.

CROSS-LAMINATED TIMBER

As described in chapter 2.3.2, CLT is an orthotropic material. It is important to model this correctly by
incorporating the right stiffness matrix. SCIA has an option to select cross-laminated when creating
the build-up of a 2D element, that calculates the stiffness matrix automatically. As input parameters
it needs a material, which is generated separately, and information on the build-up of the CLT. The
material can be selected from the database and adjusted if necessary, while the following parameters
should be entered: plate thickness, number of layers, thickness of each layer and board width. Based
on the German and Austrian National code (ONORM B 1995-1-1) the stiffness matrix is determined. To
ensure that the stiffness matrix coincides with the intended direction in the models, the local coordinate
system of the CLT elements needs to follow the correct convention: the x-axis is the 'main’ longitudinal
direction, the y-axis in the transverse direction and the z-axis is the out-of-plane direction.

CONNECTIONS

Modelling of the connections can be done as rigid, free, flexible or nonlinear depending on the connec-
tion type. Most connections are modelled correctly as flexible, simplifying the connection as a spring
with a certain stiffness. Connecting elements is done in SCIA by applying a hinge between the mem-
bers, where the degrees of freedom Ky, Kj,, K, and ¢, can be assigned. When non-linear connections are
used, the stress-strain relationship should be given as a function. The connections are modelled con-
tinuous by line elements representing the stiffness per meter length. Figure 9.1 shows the orientation
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of the degrees of freedom of the 2D line-to-line connection. K, represents the in-plane shear stiffness,
K, the out-of-plane shear stiffness, K, the axial stiffness of the connection and ¢ is the rotation.

B Hinge on 2D member edge X
MName L6
e Free
oz uy Rigid
f uz Flexible
Stiff - uz [MN/m"2] 0.0000e+00
LX Ly Stiff - fix [MMm/m/rad] 0.0000e+00
@x Fun - fix NLF2
x2 Geometry
@ Coord, definition Rela
Position x1 0.000
7 Position x2 1.000
J Qrigin From start
N
X Y

Cancel

Figure 4.6: Orientation joint with degrees of freedom in SCIA

LOADING

The lateral load is the wind load that acts on the structure. As we are only investigating the transverse
stability, the wind load in longitudinal direction is not considered. The side walls transfer the load to
the floor and ceiling, where it acts as a line load. It is simplified such that the wind load on the floor is
distributed to the ceiling of the lower module. Therefore, the wind load is only modelled at the ceiling.
Vertical load is not included in the research, meaning that dead and live loads are not modelled.

SUPPORTS
Supports can be modelled to support the building. The degrees of freedom that can be assigned are:
Ky, Ky, Kz, ¢x, ¢y and . The degrees of freedom can be constrained based on the type of support.

4.4.1. VALIDATION

Validation of the model has to be done to ensure the methods and assumptions used in modelling are
accurate and give results that are reliable and in accordance with real structural behaviour. Because
there is no experimental test of an entire CLT module, the validation has to be done with different CLT
elements and structures. For example, with shear wall experiments or other CLT structures. Appendix
A describes this validation process. It starts with a simple shear wall connected with hold-downs and
angle brackets subjected to lateral load. After that, more complex shear walls with perpendicular walls
and roofs, coupled walls and screw connections are checked. Finally, a one storey CLT structure is
validated. As all validations showed accurate results, the modelling method is validated.

4.4.2,. MESH SIZE

In finite element analysis, the elements are divided into small elements for which the software perform
calculations. The size of the finite elements is called the mesh size and has influence on the results.
Normally the finer the mesh, the better the results but the longer the computational time. However,
in this specific module design, a finer mesh results in concentrated stresses which could overestimate
certain results. An optimal should therefore be found. Appendix B provides a study on this optimization
and it was found that the most optimal mesh size is 400 mm. This will be used throughout the study
when the numerical analyses are performed.

4.4.3. MODELLING OF THE MODULE

Now that the validation of the modelling methods is finished, the modules can be modelled. This sec-
tion will describe the modelling process of module 0. The modelling process consists of multiple steps.
First, the material(s) should be created. After that, the build-up of the panels should be established and
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the material assigned to it. Next, the members must be placed, after which the connections between
the members can be modelled. Finally, the loads and supports are added. The modelling process for
module 0 is comprehensively explained below.

For the CLT panels, the timber material that is used is C24, since this material is widely used and avail-
able. The material properties of C24 are listed in table 2.1. Higher material strengths could provide extra
performance of the structure, but large quantities of high strength timber can be difficult to find.

The CLT panels are 2D elements that are modelled as shell elements. A shell element is a combination of
a plate element and plane stress elements. Plane stress elements have only in-plane loading and plate
elements have only out of plane loading. Shell elements thus have both in and out of plane loading.
Figure 4.7 show how the CLT panels form the module. The local coordinate systems are visualized.

Figure 4.7: SCIA model with the local coordinate systems

The module elements are connected with hinges as is shown in Figure 4.8. In the figure, the hinge
connection is visualized with circles between the elements. In the initial situation, the translational
stiffnesses Ky, K, and K are 0. Later, a realistic value based on certain connection types are introduced.
As explained, the wind load is applied at the top of the module. As a starting point, a distributed load
of 5 kN/m is applied, acting on the total length of the module. However, when the modules are stacked,
the horizontal load will be transferred through the transverse shear walls to the lower module, causing
amore concentrated load at that lower module. Therefore, the load will be applied to 1 m width around
the shear wall. This width is found realistic, because it gives a good approximation of the situation with
multiple stacked modules and at the same time large local effects are avoided. The length (12 m) times
the distributed load (5 kN/m) is divided by the applied width (1 m) and results is the total applied load
of 60 kN/m (see Figure 4.8. This concludes the complete numerical model of the designed modules.

Figure 4.8: SCIA model with the loading, connections and supports



Equation proposal for individual
modules

As it is concluded that existing calculation methods can not be applied to calculate the deflection of
the designed timber modules, equations based on the numerical results are proposed. Beforehand, as-
sumptions that apply to the equations are mentioned in Chapter 5.1. Hereafter, the main equations are
established in Chapter 5.2 and 5.3. Several design options are given and incorporated in the equations
in Chapter 5.4. The equations are extended for three situations: connection stiffness, shear wall thick-
ness and shear wall position. To conclude the equation proposals, a workflow on how to use them is
presented in Chapter 5.5.

5.1. ASSUMPTIONS

The assumptions that apply to the proposed equations follow from the design, modelling or other agree-
ments and are as follows:

¢ The build-up and thickness of the CLT elements are fixed.
* The floor is raised by 170 mm for all module dimensions.
¢ The side walls remain closed, no openings are allowed.

e In all situations, the uplift force due to the horizontal wind loading must be smaller than the
vertical load, meaning that there is no tension between the modules that causes the module to
rotate. Therefore, only lateral loads are considered and no vertical loads are taken into account.

¢ The fire safety is fulfilled by protective gypsum layers or other non-structural measures.

¢ Only wind load is considered for the horizontal loads, no earthquake loads are taken into account

5.2. MAIN EQUATION PROPOSAL

In the previous chapter, the modelling of the modules has been comprehensively discussed. Together
with Appendix A, where the modelling methods are extensively validated, it can be stated that the nu-
merical model describes the real structure accurately. That being said, it is possible to establish equa-
tions based on the numerical model. In this section, the main equations will be proposed for the four
module configurations. These are the equation for the horizontal displacement and rotation induced
by the horizontal wind loading.

As discussed in Chapter 4.3, the deformation can not be obtained by superposition of bending and
shear, due to the extra deformation caused by the compression at the supports. This extra deformation
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mechanism makes the use of the existing forget-me-nots not possible. Proposing the equations will
be done however on the basis of the forget-me-nots, but will be adjusted such that they calculate the
module deformation. The starting equations for the lateral displacement u and horizontal rotation
0 are stated below. For the parameters force E height H and width b the relations with u and 6 are
obtained with the numerical model. The bold noted factors A, B, C, b and H are used to match the
found relations. In the proposed equations, the bending stiffness (EI); and shear stiffness (GA); for
the standard dimensions is introduced. Because calculating the stiffnesses for a module is complex,
it is done only for the standard dimensions. This way, the stiffnesses have to be calculated only once.
Subsequently. the factor bH takes into account the deviation of the shear and bending stiffness due to
varying width and height. This factor will be turned into a constant afterwards so that the units of the
equations are correct. For equation 5.1 this will be a for the first term and S for the second term. In
equation 5.2 this will be y.

. AFH?b ,_BFH 6.1)
~ (EDs(bH)  (GA)s(bH) ’
—CF—Hb (5.2)
" (EDs(bH) '

where:

F = the total horizontal load [kN]
H = the module height [m]
b = the module width [m]

E = the elastic modulus [kN/ mz]

G = the shear modulus [kN/m?]

I = the second moment of area [m*]

A = the area on which the force acts [m?]

(ED); = the standard bending stiffness [kNm?]
(GA); = the standard shear stiffness [kN]

Equations 5.1 and 5.2 form the basis of the main equations. To propose the equations, the relation be-
tween the parameters and the deformation terms are needed. In SCIA these relations can be explored
by modelling the modules with varying values for the parameters. By plotting the corresponding dis-
placement and rotation, the relation between the parameter and the unknown is determined. Plotting
is done in Excel and by activating the trend line, excel computes the mathematical formula that de-
scribes the relation. With the help of the trend line, the equations will be proposed. The range of the
parameters is chosen around the standard dimensions and represent realistic values.

The steps that are taken to establish the main equations apply to all four module configurations are
as follows. First, the numerical model in SCIA is created with the standard dimension and horizontal
dummy load of 60 kN. This load is spread over a meter around the shear wall, as explained in Chapter
4.4. From the model, the lateral displacement and horizontal rotation of the module will follow. The
displacement is taken at the top corner of the shear wall and is measured in millimeters. The horizon-
tal rotation is the vertical displacement at the top corners of the shear wall, divided by the length of
the shear wall and is measured in milliradian. The next step is to obtain a relation between the three
parameters width, height and force with the displacement and rotation. Therefore, one parameter at a
time is adjusted, resulting in corresponding values for u, and 6. With the data, the relations between
the parameters and the displacement and rotation is plotted. Knowing the relations, the equations can
be proposed. It begins with determining the standard bending and shear stiffness and entering them
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in the equation. Hereafter, the bold noted factors are adjusted such that the proposed equations match
the found relations. This results in three equations that have the best fit for each parameter. Finally, one
equation is proposed that has the best agreement with all parameters.

5.2.1. STANDARD SHEAR AND BENDING STIFFNESS

Before the equations are established, the standard shear and bending stiffness is determined. With the
method explained in appendix C, the shear and bending stiffness can be determined for the standard
module dimensions (Hxb x L = 3.1 x3.5 x 12m). These stiffnesses are referred to as the standard stiff-
ness ((GA)s and (EI);) of the module and are listed in table 5.1. Important to note is that the stiffness
depends on the dimensions of the module and therefore should be adjusted for different heights and
widths. In most 2D structures the height is not of influence on the shear and bending stiffness, but
as the modules are modelled in 3D the effective width of the side walls is increasing as the height in-
creases, i.e. the higher the module, the larger the part of the side wall cooperates. This phenomenon is
difficult to describe and is therefore not specifically investigated in this research, but is indirectly taken
into account when the equations are proposed. The influence of the width depends on the module
configuration and is therefore investigated separately. With the determined values for (GA)s and (EI);,
the equations for the module configurations can be proposed.

Table 5.1: Standard shear and bending stiffnesses of the module configurations

Module (EI); [kNm?] (GA)s [kN]

0 9.20 % 108 4.79 % 10°
1 3.49 % 108 3.37%10°
2 2.96 % 108 2.34%10°
3 1.42 %108 1.98 % 10°

5.2.2. MODULE 0

The numerical model of module 0 with standard dimensions is shown in Figure 5.1. The model is cre-
ated with the modelling methods explained in Chapter 4.4. With this model the research into the rela-
tions is done from which the equations are proposed. A linear elastic analysis is performed in SCIA to
obtain the results. The mesh size is taken as 400 mm as explained in Chapter 4.4.

Figure 5.1: Numerical model of module 0

The results of the deformed mesh are presented in Figure 5.2. On the left, the horizontal displacement
U, is displayed. At the top right of the shear wall the displacement is taken, which is 0.80 mm. The
right image shows the vertical displacement U,. At the top corners of the shear wall the values are
shown. From the vertical displacement, the horizontal rotation can be determined by adding them and
dividing by the width. In this case 0.04 mrad. Performing the same analysis for different parameters
gives the relations between the parameters and the unknown displacements.
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Figure 5.2: Deformation of module 0 (standard dimensions) with the horizontal displacement (left) and rotation (right)

The obtained relations between the height, width and force with the displacement and rotation are
shown in black in Figure 5.3. For these relations, the trend line formula is given. Investigating the
relations for the module width gives the black curves in Figure 5.3a and b. For several widths, the
displacement and rotation is plotted. In the graphs the trend line formula is given which describes
the relation mathematically. For the relation between the width and horizontal displacement, the for-
mula is approximately « = 3b~! meaning that they are inversely related to the power 1. For the width
and horizontal rotation relation, the trend line formula is approximately 6 = 0.45b~2 which also means
that they are inversely related, but to the power 2. From this is can be stated that for wider modules,
the horizontal displacement and rotation decreases. The relations for the height are shown in graphs
c and d of Figure 5.3 and are as follows: The height and displacement are related with the formula
u=0.012H? +0.13H +0.3. Having the formula as a 2" order polynomial makes it easier to use it when
proposing the equation, because it has the same form as the starting equation. The height and rotation
are related to each other by # = 0.012H". This means that for a higher module both the displacement
and the rotation increases. Figure 5.7e and f show the relations for the force. For both the displace-
ment and rotation, the relation is linear and is described with the formulas © = 0.013F and 6 = 0.0006 F
respectively.
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Figure 5.3: Module 0: a) relation width and displacement, b) relation height and displacement, c) relation force and
displacement, d) relation width and rotation, e) relation height and rotation, f) relation force and rotation

At the beginning of this section, the shear and bending stiffness of the standard dimensioned modules
were determined. The stiffnesses depend however on the dimensions of the module and should be
adjusted for different heights and widths. As explained, the influence of the height is not separately
investigated, but the relation between the width and the stiffnesses GA and EI is investigated. With the
use of the discussed method, the stiffnesses are determined for varying values of b and subsequently
the normalized stiffnesses GA/(GA) and EI/(EI) are plotted in Figure 5.4. These relations describe
how GA and EI are related to the width and shows how it should be incorporated in the equations. For
the shear stiffness GA the relation is linear, meaning that GA is obtained by multiplying (GA) with
(0.34b — 0.156 which can be simplified to (g —0.167). The bending stiffness EI for a certain width can
be obtained by multiplying (EI)s with 0.13b"6. These relations will be incorporated into the equation.
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Figure 5.4: Relation stiffness and width for module 0

As mentioned, the basis of the proposed equations are the forget-me-nots (equation ?2). With the ob-
tained relation for the shear and bending stiffness, the equation can be determined. First the best fitting
equation for H, b and F are established separately, whereafter the best equation for the combined vari-
ables is defined. The same is done for the rotation 8, but because the rotation is not caused by shear
deformation, only the bending term has to be considered. Appendix D contains the best fitting equa-
tions for H, b and E Below the final proposed equations for uz and 0 are presented.

o FH?b . 28FH 5.3)
YOTED(BO) T (G A (L —0.167) HO4) '
_ 22FHb 5

MOTED () '

The proposed equations are plotted in red in the graphs of Figure 5.3 to see how they match the rela-
tions found by the numerical method. It can be seen that it has good correspondence with the found
relations. At the end of this section, the equations will be tested for situations where all the parameters
vary simultaneously to check whether the proposed equations also work in that case.

5.2.3. MODULE 1

The same approach is applied to module configuration 1. This module configuration Figure 5.5 shows
the numerical model of module 1 for the standard dimensions. As the module width and height are
adjusted to obtain the relations, the dimensions of the opening in the shear wall are relatively equal to
the shear wall dimensions. The height of the door opening is 0.785 times the shear wall height and the
width is 0.25 times the shear wall width.

Figure 5.5: Numerical model of module 1
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The analysis of the numerical model results in the values for the horizontal displacement and rotation,
as shown in Figure 5.6. The horizontal displacement is 1.71 mm and the horizontal rotation is 0.03 mrad.

Figure 5.6: Deformation of module 1 with the horizontal (left) and vertical displacement (right)

The parameters are adjusted to obtain the relations for the displacement and rotation (see Figure 5.7).
For the width of the module the following relations are found: u = 6.9b~! and 6 = 0.24b™ 7 (Figure
5.7a and b). The width is therefore inversely related to the power 1 and 1,7 with the displacement and
rotation respectively. For the height and displacement, the trend line formula is given as u = 0.05H? +
0.25H +0.46. The height and rotation are related with 6 = 0.019 H32 as can be seen in Figure 5.7c and
d. Finally, Figure 5.7e and f contain the relations for the force: u = 0.029F and 6 = 0.0005F.

The normalized shear and bending stiffness are presented in Figure 5.8 and show how the width influ-
ences the stiffnesses. The shear stiffness relation is similar to the one of module 0, namely (% -0.167).
The bending stiffness is related to the width by EI = 0.093b'8 « (EI);. Using all the above-mentioned
relations, the equations can be proposed. In appendix D the best fitting equations for the three param-
eters are given. Equations 5.5 and 5.6 are the final proposed equations for module 1.
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The proposed equations 5.5 and 5.6 are plotted in red in Figure 5.7 for comparison with the obtained
relations in SCIA. Overall they show good agreement, but slight differences can be observed for the
rotation in relation with the width and height.

5.2.4. MODULE 2

Module 2 with standard dimensions is modelled in SCIA as shown in Figure 5.9. Similar as for module
configuration 1, the dimensions of the opening are kept relatively equal for all module dimensions. As
such, the opening height is 0.785 times the shear wall height and the opening width is 0.5 times the
shear wall width.

Figure 5.9: Numerical model of module 2

The performed analysis gives the deformed module as shown in Figure 5.10. The horizontal displace-
ment at the shear wall is 4.12 mm and the horizontal rotation is 0.05 mrad.

Figure 5.10: Deformation of module 2 with the horizontal (left) and vertical displacement (right)

The relations between the parameters and unknown displacements are obtained with this model and
presented in Figure 5.11. The module width and height have the following relations with the displace-
ment and rotation: u=9.5b"26% 0 =0.52b"18% 4 =0.1H2+0.19H + 2.6 and 6 = 0.02H%7?, This means
that for wider modules the displacement and rotation decreases, but increases for higher modules. The
force and displacement are related by u = 0.069F and the force and rotation by 8 = 0.0009F. With these
relations and the relations for the normalized stiffnesses in Figure 5.16 the equations can be proposed.
Appendix D contains the best fitting equations for the separate parameters. Equations 5.7 and 5.8 are
the final proposed equations for the horizontal displacement and rotation.
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The final proposed equations are plotted in red in Figure 5.11. The proposed equations show good
agreement with the relations from SCIA as can be seen in Figure 5.11. The red curve represent the
proposed equations and match the found relations in SCIA (black line). Only for smaller values of b, the
displacement u shows some deviating values, but those are small.

5.2.5. MODULE 3
The final module configuration is module 3. The numerical model is shown in Figure 5.13. The shear
wall is for all module dimensions half the width of the module. The deformed modules from the numer-
ical analysis are presented in Figure 5.14. The horizontal displacement is 60.4 mm and the horizontal
rotation is 0.04 mrad.

Figure 5.14: Deformation of module 3 with the horizontal (left) and vertical displacement (right)

The relations for the width, height and force are presented in Figure 5.15 and listed here: u = 94,6703
0=0.57b"2" u=6.18H*>+0.28 H+0.24,0 = 0.013H', u = F+0.1, 6 = 0.0005F. These relations together
with the relation between the normalized stiffnesses and the width are used to propose the main equa-
tions for module 3. The best fitting equations are again listed in Appendix D. The final equations are
equations 5.9 and 5.10.
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The proposed equations are plotted in red in the graphs of Figure 5.15. There, it is possible to quickly
see that the equations have good accuracy with the obtained relations. No significant deviations are
visible.

5.2.6. SUMMARY AND VALIDATION OF THE EQUATIONS

The proposed main equations for the displacement u and rotation 6 of the four module configurations
are summarized below. They are established by adjusting one parameter at a time, but the equations
should also provide good results when the three parameters are varied simultaneously. Therefore, they
are tested for three situations where the parameters all vary. In SCIA these situations are modelled
and the results for the displacement and rotation are compared with the outcomes of the proposed
equations. The results for the displacement equations are presented in table 5.2 while the results of the
rotation are given in table 5.3. The error in percentage is shown in brackets within the table.

Module 0:
S FH?D . 2.8FH _ g 22FHD
MOTED (B9 T (GA) (L —0.167) HO4) MO=EDS ()
Module 1:
S 10FH?b . 3.3FH ' _ 14FHD
ML= (ED (b9 HO2) (GA)S((g —0.167)HO3)’ M= (ED)s(b3HOT)
Module 2:
o = 8FH”b . 10FH _ _ 10FHb
M2 (ED(b0> HO5) (GA)s(é—J—O.lB?)H’ M2 (ED)s(b28 H02)
Module 3:
o= 150FH?b . 10FH _ 42FHb
M3 = ED (b1 15) (GA)5(2~0.167) M ED (b3 T)

The values of the parameters force, height and width are shown in the tables. A wide range of values
are chosen to check the accuracy for all possible situations. The results are considered sufficient if the
error is below 10%. The equations for the displacement show an accuracy between 0 and 12% with the
SCIA model. The largest deviation is for module 2 with 12 and 10%. The other module configurations
all have an accuracy of 6% or lower. For the rotation, a larger deviation occurs for case 3 of module
configuration 2 (13%). The rest of the accuracies are below 10%. It must be mentioned that because
the values are very small and not too many decimals are presented, some results may be closer. These
rounding errors can have an impact on the magnitude of the error.

Table 5.2: Validation of the displacement equations for three module designs

Force Dimensions Module 0 Module 1 Module 2 Module 3
F H b SCIA equation SCIA equation SCIA equation SCIA  equation
[kN] [m] [m] u [mm] u [mm] u [mm] u [mm] u [mm] u [mm] u [mm] u [mm]
50 2,5 2,8 0,71 0,71 (0%) 1,45 1,51 (4%) 3,28 3,68 (12%) 35,5 36,5 (3%)
60 3,1 3,5 0,80 0,79 (1%) 1,71 1,72 (1%) 4,12 4,22 2%) 60,4 59,9 (1%)
20 4.0 4,2 0,27 0,28 (4%) 0,65 0,61 (6%) 1,43 1,58 (10%) 32,1 30,5 (5%)
Table 5.3: Validation of the rotation equations for three module designs
Force Dimensions Module 0 Module 1 Module 2 Module 3
F H b SCIA equation SCIA equation SCIA equation SCIA equation
[kN]  [m] [m] Olmrad] O(mrad] Olmrad]l Olmrad]l O[mrad] Olmrad] Olmrad]l Olmrad]
50 2.5 2.8 0.039 0.038 (2%) 0.031 0.033 (6%) 0.057 0.055 (4%) 0.044 0.043 (2%)
60 3.1 3.5 0.037 0.036 (3%) 0.028 0.028 (0%) 0.051 0.053 (4%) 0.039 0.040 (3%)
20 4 4.2 0.001 0.011 (10%) 0.005 0.005 (0%) 0.017 0.015 (13%) 0.011 0.012 (9%)
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5.3. MOMENT INDUCED DEFORMATION

The main equations proposed in the previous section describe the deformation due to horizontal wind
load. When modules are stacked on top of each other, the horizontal load results in a bending mo-
ment. This bending moment leads to tension and compression forces in the lower module side walls.
Consequently, these forces cause the module to rotate, because one side is extended due to tension
forces, while the other side is compressed due to compression force. The difference in height of both
sides leads to a tilt of the module. As the shear wall has to follow the deformation of the side walls, it
will displace horizontally at the top. These mechanisms should be incorporated to determine the total

deformation of the module.

5.3.1. MOMENT INDUCED ROTATION
The modules are stacked on top of each other at the side walls. The tension and compression force

caused by the bending moment is transferred through the side walls. The force leads to an extension or
compression of the side walls, which results in the rotation as visualized in5.17.
e

FE oo ————
ey o

i
=)
S

Figure 5.17: Deflection due to the bending moment: left) tension and compression force due to the horizontal load, right)
deflection due to the tension and compression forces

The extension or compression of the side wall follows from the equation below:

L (.11)
" EA ‘

where:

F = the compression or tension force
I = the height of the side wall

E =the modulus of Elasticity

A = the area of the side wall
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The tension and compression force is determined with:

with: M=F,H (5.12)

M
Ft/c=?,

where:

M = the bending moment at the top of the module
b = the width of the module
F,, = the horizontal wind load
H = the height of the module

Eventually, the rotation follows from trigonometry:

Oy =— (5.13)

Now that the mechanism for the rotation is explained, the equation that can predict the rotation of the
modules should be proposed. Since the compression and tension force is acting on the side walls, which
are the same for every module configuration, the relations are valid for all module configurations. From
literature, the equation for the rotation due to the moment is taken and adjusted with the standard
bending stiffness and factor D and bH (see equation 5.14) [38].

DMH

0= — 5.14
(ED)s(bH) 619

The numerical model that is used is shown in Figure 5.18. A moment of 600 kNm is assumed. The cor-
responding tension and compression force at a module with standard dimensions is 171.4 kN. Similar
as for the horizontal load, the force is modelled 1 meter around the shear wall. The found relations be-
tween the parameters b, H and M and the horizontal rotation are shown in black in the graphs of Figure
5.19.

Figure 5.18: Numerical model for the moment induced rotation
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Figure 5.19: Equations for the modules plotted next to the numerical results

While the relations apply to all the module configurations, the bending stiffness differs. Therefore, the
equations for the modules will be different. Just as for the main equations, the standard bending stiff-
ness is used and adjusted for varying dimension with a constant bH. In these equations, this constant
will be called A. The equations for the four modules are presented below. They are plotted next to the
found relations to compare the results (Figure 5.19). It can be seen that the equations for all four module
configurations have good agreement with the numerical results.

o 22MH (5.15)

MO=ED (b2 HO) ‘

g, = SMH (5.16)

MU ED (b2 HOS) '

gr, o MH (5.17)

M2 = ED (b2 HO) '
__33MH (5.18)

M3 = ED (b2 HOS) '

Just as for the equations for the displacement and rotation due to the horizontal load, the equations
should be correct when multiple parameters vary at the same time. Table 5.4 shows the results for the
same three cases. It can be observed that the difference between the numerical and equation results

are between 0 and 4%, from which can be concluded that the equations provide close results with the
numerical model.
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Table 5.4: Accuracy determination of the equations for varying parameters

Moment [kKNm] Dimensions [m] Rotation [mrad]
M H b SCIA MO M2 M2 M3
200 2,5 2.8 0.086 0.088 (2%) 0.084 2%) 0.087 (1%) 0.086 (0%)
350 3.1 3.5 0.180 0.184 (0%) 0.177 (4%) 0.182 (1%) 0.179 (3%)
100 4.0 4.2 0.024 0.024 (0%) 0.023 (4%) 0.023 (4%) 0.023 (4%)

5.3.2. MOMENT INDUCED DISPLACEMENT

The bending moment does not only cause a horizontal rotation of the module, but also a horizontal
displacement. As explained, the tension and compressive force induced by the bending moment causes
the side walls to extend and compress. Since the shear wall is attached to these walls, it has to follow
this deformation, meaning that one side will extend and the other will compress. As a result, the shear
wall will displace horizontally. Equation 5.19 describes this effect [38]. Again, the standard bending
and shear stiffness are used and adjusted with a constant. For the moment induced displacement, this
constant is chi.

EM H?

= 5.19
(ED)s(bH) 5-19)

Umpm

In contrary of the moment induced rotation, the displacement is different for the module configura-
tions. When the shear wall has to follow the deformation of the side walls, its design is of importance.
The obtained relation between the width and height with the displacement is presented in Figure 5.20.
The continuous line represents the found relation in SCIA and the dashed line represents the proposed
equations as are listed below (eq. 5.20-5.23). As can be seen, the results of the proposed equations show
good agreement with the found relations in SCIA.

5.5M H? 5.20)
UMMO = o .
(EDs(bH)
y 1.6M H? 5.21)
MM1= .
(EDs(bH)
2.0M H? 5.22)
UMM2 = T e .
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0.8M H? 5.23)
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Figure 5.20: Equations for the module configurations (dashed curve) plotted next to the numerical results (continuous curve)
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Again, the equations are tested for situations where the parameters vary simultaneously. Table 5.4
shows the results for three different cases. It can be observed that the difference between the results
are between 0 and 20%. Even though this quite a big difference, it must be mentioned that the low
accuracy can come from rounding errors. The majority of the results have an error less than 10%.

Table 5.5: Validation of the moment induced displacement equations for three module designs

Moment Dimensions Module 0 Module 1 Module 2 Module 3
F H b SCIA equation SCIA equation SCIA equation SCIA equation
[kNm] [m] [m] u [mm] u [mm] u [mm] u [mm] u [mm] u [mm)] u [mm] u [mm]

200 2,5 2.8 0.12 0.11 (9%) 0.09 0.08 (13%) 0.13 0.12 (8%) 0.11 0.10 (10%)
600 3.1 3.5 0.31 0.32 (2%) 0.24 0.24 (0%) 0.35 0.36 (2%) 0.29 0.30 (3%)
100 4.0 4.2 0.05 0.06 (20%) 0.04 0.04 (0%) 0.06 0.06 (0%) 0.04 0.05 (20%)

5.4. EXTENSION OF THE EQUATION

The proposed equations are established for the module design presented in Chapter 4.2. Because sev-
eral module designs can be chosen for modular buildings, multiple design options should be given to
broaden the applicability of the proposed equations. In this study, three design choices are included:
intra-module connection stiffness, shear wall thickness and shear wall position. The design options are
incorporated into the equations by certain factors. For the intra-module connection, a factor k. is in-
troduced. The shear wall thickness is included with factor k; and the shear wall position by u, s,,. How
these factors are incorporated in the main equations for horizontal displacement and rotation can be
seen in equations 5.24 and 5.25.

FH?bk, . FHk, . -
u= y |
kier(EDsa  kiga(GA)sB p,sw
FHbk,
" o EDgy (5.25)
ke, e1(EDsy

5.4.1. CONNECTION STIFFNESS

The intra-module connections can be designed in different ways, as discussed in chapter 2.4. De-
pending on the type and amount of connections, they have a certain stiffness, which is used to model
the connections properly. This stiffness has influence on the deformation behaviour of the module
and affects the lateral stiffness and thus the horizontal displacement. For the proposed equation, the
intra-module connections were modelled as hinges with fixed translation in x/y/z-direction. To model
the intra-module connections correctly, the translation should be modelled as springs with the corre-
sponding stiffness. This section provides three design options for the intra-module connections: ’stiff’,
‘medium’ and ’flexible’. They differ in the spacing between the screws. As explained, the influence of
the connection is incorporated in the proposed equation with the factor k.

FH?Dbk, . FHk, . FHbk,
u= u ; = @
kepr(EDsa  kiga(GAsB 7 ki g1 (EDsy

First, the design of the connections is explained. Figure 5.21 shows a cross-section of a module at the
shear wall. The five locations where the intra-module connections are located are presented and Figure
5.22 shows the enlarged details. All the elements are connected through screws of 8 mm diameter, but
the length and angle differs. Detail 1 and 2 are the connections between the side wall and ceiling/floor
and will be done with 28x240 mm screws placed at an 90 degrees angle. Connection 3 connects the
side- and shear wall, with 8x260 mm screws placed at 90 degrees. Details 4 and 5 consist of two screws
placed at an angle of 45 degrees. For connection 4, which is between the ceiling and shear wall, 8x240
mm screws are used, while for connection 5, which is between the floor and shear wall, 28x260 mm
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screws are used. The direction of placement is different for connections 4 and 5, because of manufac-
turing convenience. As discussed in chapter 2.4, the connections have a certain stiffness.

4

1

Figure 5.21: Cross-section of a module at the shear wall with the positions of the 5 intra-module connections
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(c) Connection 3: side wall with shear
wall

(b) Connection 2: side wall with floor

140 mm v
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! w o e oy 0]
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2x STS 8x260 mm,
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ww ozt

LI I

v 260 mm y L
(e) Connection 5: Floor with shear wall

(d) Connection 4: Ceiling with shear wall
Figure 5.22: Details 1-5

The translational stiffness of the connections is listed in table5.6. Note that because the floor and ceiling
are positioned slightly inside the side walls, additional stiffness arises. However, the value is difficult to
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determine, so for simplification this additional stiffness is neglected. Only the stiffness from the screws
is taken into account.

Table 5.6: Translation spring stiffness of the intra-module connections [29]

Connection Kx Ky Kz
[MN/m] [MN/m] [MN/m]

1 0.5 17.6 0.5

2 0.5 17.6 0.5

3 0.5 17.6 0.5

4 19.9 16.6 1.0

5 1.0 16.6 19.9

For the equation, three options will be presented. They differ in the spacing of the screws; the smaller
the spacing, the stiffer the connection. Option A is the stiffest option, option B is the middle most and
option C is the most flexible option. Table 5.7 presents the line-to-line spring stiffness that is used for
modelling.

Table 5.7: Modelling line-to-line stiffness of the three options. Spacing in mm and stiffness in MN/m/m

. Option A "Stiff’ Option B 'Medium’ Option C’Flexible’
Connection . . .
spacing Kx Ky Kz spacing Kx Ky Kz spacing Kx Ky Kz
1 100 5.0 176.0 5.0 200 2.5 88.0 25 300 1.7 587 1.7
2 75 6.7 2347 6.7 150 3.3 1173 3.3 225 22 782 22
3 125 159.2 140.8 4.0 250 79.60 704 2.0 375 53.1 469 1.3
4 100 199.0 166.0 10.0 200 99.5 83.0 5.0 300 66.3 553 3.3
5 100 10.0 166.0 199.0 200 5.0 83.0 995 300 33 553 663

The modelled springs have an equal tension and compression stiffness, which in most cases is cor-
rect. However, in some directions, elements will collide if compression occurs. That accounts for the
y-direction for all five connections. This means that the compression should be rigid and the tension
flexible, but SCIA gives no option to model that precisely. Therefore, non-linear springs are used with
10 times as stiff compression value compared to the tension. Figure 5.23 shows for connection 1, option
A how that looks. This way the collision of the elements is modelled as accurate as possible. Using non-
linear springs means that a non-linear calculation must be performed. The Newton-Raphson method
is used, where the load is applied is five steps. The maximum number of iterations is 50. No geometric
or physical non-linearities are considered.

F [MN] g

176.0000 |

0000

u [m]

1.0000

_|-176.0000

Figure 5.23: non-linear function of connection 1, option A

The factor k., can now be determined for the four module configurations and the three connection
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design options. In the numerical model, the connection stiffnesses are modelled and the linear elastic
analysis is performed. Similar as for the main equations, the module height and width are adjusted
to find the corresponding displacement and rotation. Plotting the results next to the found relations
with the standard connection design (i.e. fixed translational stiffness), shows the influence of the three
design options. Figure 5.24 shows for module 0 the found relations with the continuous curve. As can
be seen, the displacement and rotation increase significantly for the three design options A, B and C.
The factor k. should account for this increase and will be in the form of ﬁ!‘ Adjusting these factors
and incorporating them into the main equations results in the dashed lines in the graphs of Figure 5.24.
Appendix D contains the results of all four module configurations.
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Figure 5.24: Relations for the connection design options of module 0

The values for k. are chosen such that the equations show the best possible agreement with the found
relations. Table 5.19 provides an overview of the factors k., and k. g for the four module configurations
and three connection design options.

Table 5.8: Factor k. for the three connection design options

k ke
Module ) ou . Module c

A:’stiff’  B:’medium’ C:’flexible’ A:’stif’  B:’medium’ C:’flexible’
0 34 74 54 0 2 T42 T44

01 o4 p-0.1 o4 P01 o4 Friny oL o1
1 2.0 2.5 3.1 1 1 L1 1.2

h—OAlHO,S b—OAlHOS b—O.lHOS po-1 (j—0.4 pO-1-0.4 po-1 -0.4
2 23 2.9 3.5 2 1.6 1.7 1.8

01 02 P01 o2 01 (02 pO1 01 01 o1 o1 o1

3 i 4 = 3 1.02 1.04 1.06

5.4.2. SHEAR WALL THICKNESS
The shear wall is the most important element for the transverse stiffness. Its dimensions determine the
stiffness, because it influences the second moment of area I. The length of the wall is already incorpo-
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rated separately in the proposed equation with the module width, but the shear wall thickness is not.
The shear wall thickness will be included in the formula by the factor k;. The values will be different for
the bending and shear term of the equations.

FH?bk, FHk, FHbk,
u= + Up,sw; =
ki pr(EDsa  k,ga(GA)sS k¢, gr(EDsy

The standard thickness was chosen as 260 mm as discussed in Chapter 4.2. However, when designing
a modular building, it could be necessary to choose a thicker or thinner shear wall to create a stiffer
or less stiff module. Three shear wall design that are commonly used are therefore considered in this
study. A thinner and a thicker design than the standard shear wall thickness [22]. Below, the build-up of
the walls is listed:

¢ Smaller design: 200 mm 5-ply (40/40/40/40/40)
¢ Main design: 260 mm 7-ply (40/30/40/40/40/40/30/40)
e Larger design: 300 mm 7-ply (45/40/45/40/45/40/45)

Calculating the factor k; will be done in two steps. First, the bending stiffness (EI); and shear stiffness
(GA); must be determined again, because they are different for varying shear wall thicknesses. Table 22
provides an overview of the stiffnesses per module configuration and shear wall thickness.

Table 5.9: Standard stiffnesses for the three shear wall thicknesses

Module (ED;s [kNm?] (GA)s [kN]
t=200 t=260 t=300 t=200 t=260 t=300
0 8.26-10° 9.20-10° 1.02-10° 3.57-10° 4.79-10° 5.21-10°
1 2.91-105 3.49.10% 3.72.10° 2.62-10° 3.37-10° 3.70-10°
2 2.51-108 2.96-10° 3.16-10° 1.81-10° 2.34-10° 2.58-10°
3 1.18-10% 1.42-10% 1.54-105 1.53-10° 1.98-10° 2.17-10°

The second step is to determine the values for k;. In the numerical model, the adjusted shear wall de-
signs are modelled and the analysis is performed to find the corresponding horizontal displacement
and rotation. Subsequently, the found results are divided by the results of the standard shear wall thick-
ness of 260 mm. The factor that follows becomes the value for k;. Tables 5.10 and 5.11 show the values
for k;.

Table 5.10: Values for k¢ y,

ke ET ktuca
Module . ,00 (260 (=300 =200 =260 t=300
0 093 100 099 110 1.00 095
1 099 1.00 1.01 1.06 1.00 0.98
2 098 1.00 1.02 106 1.00 0.99
3 120 1.00 094 125 100 092

Table 5.11: Values for k; g

kg ET
Module .0, 260 =300
0 109 100 096

1 1.17 1.00 0.94
2 1.15 1.00 0.94
3 1.18 1.00 0.94
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5.4.3. SHEAR WALL POSITION

In the proposed equations, the shear wall is located in the middle of the module. It could be possible
however that the shear wall is placed more to the side. This asymmetric design will influence the lateral
displacement because the horizontal load causes a torsional moment due to the eccentricity of the load.
The additional displacement uy, 5, that occurs should be added to the displacement of the module.

FH?bk, FHk, FHbk,
u= + + Up,sw; =
kigr(EDsa  ki,ga(GA)sS ki, gr(EDsy

The mechanism that cause the extra displacement is visualized in figure below, where 5.25a shows the
deflection d;y, in the symmetric situation and 5.25b shows the extra displacement 1 s, .

lllllllllllllqm

S S U O

(b) Deflection of the diaphragm in an asymmetric design

Figure 5.25: Deflection of the diaphragm in symmetric and asymmetric designs

How large the additional displacement is, depends on different aspect. The formula for u,, 5, is derived
here. The eccentric wind load, relative to the shear wall position x of the building, determines the mag-
nitude of the torsional moment. The distributed wind load is multiplied with the length to obtain the
concentrated wind load that acts as a point load in the middle of the module (equation 5.26).

F=qu+L (5.26)

Multiplying this load with the eccentricity gives the torsional moment, see equation 5.27. This force is
resisted by the side walls of the module who are positioned perpendicular to the wind load. To get the
compression and tension force F;, . that acts on these walls, the torsional moment should be divided by
the width of the module (equation (5.28)).

Mr=Fxx (5.27)
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M
For=7 (5.28)

This force F,/; leads to the extension and compression of the side walls A;. The relation between the
force and A; is obtained with SCIA and is shown in Figure 5.26. A distributed load of 5 kN/m (concen-
trated load F of 60 kN) is applied to a module with standard dimensions. Subsequently, the shear wall
is translated along x, which gives the torsional moment, whereafter F; . can be determined. This force
is plotted against A; in Figure 5.26. The relation can be described with the formula A; = 0.004F.

Relation force and deformation
0,25

y =0,0041x + 0,001

0 10 20

30 40
Force F [kN]

Figure 5.26: Relation between the concentrated wind load F and A;

With the obtained compression or extension of the side walls, the rotation of the shear wall can be
calculated. Hereafter, the torsion induced displacement can be calculated (equations 5.29 and 5.30).

2% A
¢= 5 (5.29)
Up s = P* L (5.30)
Substituting equations 5.26 - 5.30 gives the equation for up 5.
LI (5.31)
Upsw=———7X+= .
P 125027 2

5.4.4. TEST OF THE EXTENSIONS

The extensions of the equations are established by only looking at one varying design option at a time,
but the equation should also work when all three vary simultaneously. Therefore, three module designs
are made and the numerical results are compared with the results of the proposed equations. The three
design vary for the choice of the shear wall thickness, connection stiffness and shear wall position.
Table 5.12 shows the design choices and the displacement results for all the module configurations.
The equation results have an error between 0 and 8%. Table 5.13 presents the results of the rotation for
the three designs.

Comparing the results shows that the difference between the proposed equation results and the numer-
ical results are between 0 and 8%. For the rotation equation, the difference with the numerical results
are between 0 and 3%. Again, it is assumed that the results have sufficient accuracy when the errors are
below 10%. Therefore, it can be concluded that the proposed extensions of the equations do work when
multiple design choices are adjusted.
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Table 5.12: Validation of the displacement equations for three module designs

Design choices

Displacement u [mm]

Shear wall Connection Shear wall

Module 0

Module 1

Module 2

Module 3
SCIA Equation

thickness option position SCIA Equation SCIA Equation SCIA Equation
t=200 mm A 1m 2.4 2.6 (8%) 34 3.6 (6%) 8.6 8.6 (0%) 711  73.4 (3%)
t=260 mm B 2m 2.9 3.1 (6%) 4.0 4.1 (3%) 9.8 9.3 (5%) 755  76.8 (2%)
t=300 mm C 3m 3.8 4 (5%) 4.9 5.1 (4%) 11.3 10.5 (7%) 81.2 83.0 (2%)
Table 5.13: Validation of the rotation equations for three module designs
Design choices Rotation 6 [mrad]

Shearwall Connection Shear wall Module 0 Module 1 Module 2 Module 3
thickness option position  SCIA Equation SCIA Equation SCIA Equation SCIA Equation
t=200 mm A 1m 0.045 0.046 2%) 0.040 0.039 2%) 0.067 0.068 (1%) 0.042 0.041 (2%)
t=260 mm B 2m 0.046 0.045(2%) 0.043 0.042 (2%) 0.069 0.070 (1%) 0.041 0.041 (0%)
t=300 mm C 3m 0.043 0.043 (0%) 0.046 0.046 (0%) 0.072 0.074 (3%) 0.040 0.041 (3%)

5.5. WORKFLOW

Now that all the equations are established, a workflow is introduced to provide a guide on how to use
the equations. When designing a timber modular building, this workflow can be used to calculate the
horizontal displacement and rotation in the transverse direction of an individual module. The steps are

here:

1. The firststep is to choose the module configuration. This research provides four possible options:

module 0, 1, 2 and 3.

2. Consequently, the choice of the module configuration results in corresponding equations that
predicts the displacement and rotation of the module (u); and 6,;). These equations consist of
various factors that depend on the dimensions of the module and of constants that depend on the
design of the module. The dimensions are chosen in step 3, while the design is chosen in steps 5,

6and 7.

290

150

1750
b =) 1

Figure 5.27: Design of the four module configurations
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Table 5.14: Equations for the module configurations

Equation
Module . .
Displacement Rotation

_ FH?%bk. 2.8FHk. 5.5M H? _ 22FHbk. , 22MH

0 UMO = T EDea * Tooa@Ap T (EDyy T Upsw  OMo= @Dy t DA
_ 10FH?bk, 3.3FHk, 1.6 MH? _ 14FHbk, SMH

1 UMY = T EDsa + Tooa@Ap T (EDyy T Upsw  OM1= 5 @Dy + DA
_ 8FH%bk. 10FHk, 2MH? _ 10FHbk, 7TMH

2 UM2 = T, 5 @EDsa t TooaGALB T (EDyy T Upsw Onmz = Kop1EDsy © (EDA
3 U = 150F H2 bk, 10FHk, 0.8M H? ‘u Quypa = A2FHbke | 33MH
M3 = % g1 EDsa ' ki,a(GASP * (EDsy psw  UM3 = E p(EDgy © (EDSA

In this step, the decision on the module dimension is made. The length, height and width can be

chosen. The standard dimensions are 12 x 3.1 x 3.5 m respectively. From the chosen dimensions,
the shear wall height (H;,, = H — 170) and design follows.

b

4 :
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Figure 5.28: Module dimensions H, b and Hy,, (left) and the corresponding shear wall design (right)

In step 4 the constants a, 3,y, y and A are calculated based on the chosen dimensions. These

factors adjust the standard shear and bending stiffness to account for varying dimensions

Table 5.15: Determination of the constants

Module a B x 0% A
0 6 (2-0.167)H b
1 b1.9 H0.2 (§ —0.167) H0.3 bH b3 H0.7 b2 HO-6
2 BOSHOS  (2-0167)H b*8 o2
3 bt (£ -0.167) b1

Step 5 gives the option to choose the shear wall position x, where x=0 m is the center of the module

and x increases as the shear wall translates along the module. For x=6 m the shear wall is at the
end of the module. Choosing the position of the shear wall will give the value x after which the
additional displacement u,, 5;, can be calculated with the following equation.

Fx
125b2

L
(x+2)

Up,sw = 5
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6. The thickness of the shear wall is chosen in step 6. The three options will lead to the standard
bending and shear stiffness (EI); and (GA)s. Subsequently, the constants k; s, gr and k¢ su,G4
follow.
Table 5.16: Standard stiffnesses for the three shear wall thicknesses
(EDs [kNm?] (GA)s [kN]
Module .\ .00 (=260 (=300  t=200 =260 =300
0 8.26-10° 9.20-10° 1.02.10° 3.57-10° 4.79-10° 5.21-10°
1 2.91-10° 3.49.106 3.72.10% 2.62-10° 3.37-10° 3.70-10°
2 2.51-10° 2.96.10° 3.16-10° 1.81-10° 2.34.10° 2.58-10°
3 1.18-105 1.42.10° 1.54-105 1.53-10° 1.98-10° 2.17-10°
Table 5.17: Values for k¢,
ke El ktuGa
Module . »00 (260 (=300 =200 =260 t=300
0 0.93 1.00 0.99 1.10 1.00 0.95
1 0.99 1.00 1.01 1.06 1.00 0.98
2 0.98 1.00 1.02 1.06 1.00 0.99
3 1.20 1.00 0.94 1.25 1.00 0.92
Table 5.18: Values for k; g
ko el
Module . 0, (260 =300
0 1.09 1.00 0.96
1 1.17 1.00 0.94
2 1.15 1.00 0.94
3 1.18 1.00 0.94
7. Step seven gives the option for the connection stiffness. Three options are given, which leads to
the constant k..
Table 5.19: Factor k. for the three connection design options
k k
M 1 ou c,0
odule A:’stiff’  B:’medium’ C:’flexible’ Module A:’stiff”  B:’medium’ C:’flexible’
0 34 iz 54 0 17 T2 T4
b—O.lHOA b—0.1H0.4 b—O.lHOA bOAl bo,l bOAl
1 2.0 2.5 3.1 1 1 1.1 1.2
b*O.lHO.S b70.1H0.3 b70'1H0'3 bO.lH—OA bOA1H7044 b0‘1H70'4
2 2.3 2.9 3.5 2 1.6 1.7 1.8
O1 02 o102 01 02 P01 01 01 (01 pOT 0T
3 71 = 23 3 1.02 1.04 1.06

8. When all steps are completed, the equation for the displacement and rotation is obtained with all
values for the parameters, factors and constants. Below, the workflow is presented.



Calculation method for multi-storey
modular buildings

The previous chapter proposed equations for the horizontal displacement and rotation of individual
modules. These equations can be used to calculate the deflection of multi-storey modular buildings.
This chapter describes the calculation procedure to determine the lateral deflection in transverse di-
rection of multi-storey modular buildings. First, the deformation mechanisms that are taken into ac-
count in this research are elaborated on in Chapter 6.1. The modelling method for connected modules
is discussed in Chapter 6.2. Next, the calculation method is described in Chapter 6.3 and a workflow is
presented in Chapter 6.4. Finally, two examples are considered in Chapter 6.5 to check the calculation
method against the numerical results.

6.1. INDIVIDUAL MODULE DEFORMATION

Chapter 3 described the deformation mechanisms of multi-storey modular buildings. In this study, the
focus is only on the deformation of the module itself. Rotation and sliding of the modules is ignored,
because inter-module connections are not studied specifically. The earlier stated assumption, that the
resultant vertical force is negative, means there is no uplift of the modules and therefore no rotation
can occur. Ignoring this term will therefore not result in incorrect calculations. Sliding of the modules
occurs if the horizontal force is larger than the friction between the modules. By ignoring this deforma-
tion mechanism, the assumption arises that the friction between the modules is larger than the force,
meaning that the modules stay in place. This will be taken as true and further investigation is outside
the scope of this research. Since only the deformation of the module is taken into account, the proposed
equations describe all necessary deformation mechanisms that are needed to calculate the deflection of
multi-storey modular buildings. To summarize, four module deformation mechanisms were observed:
horizontal displacement due to horizontal force uy, horizontal rotation due to horizontal force 6y, hor-
izontal displacement due to bending moments u); and horizontal rotation due to bending moment 6,
(see Figure 6.1). The proposed equations of Chapter 5 include terms for these deformations and will be
integrated in the calculation of multi-storey modular buildings.
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Figure 6.1: The four deformation contributions 6y, ups,0y and uy

6.2. MULTI-STOREY DEFORMATION

Expanding from single module deformation to multi-storey deformation is explained here. Figure 6.2
shows for a six-storey building, with horizontal wind loading, the shear force and bending moment
distribution. Also, the deformation behaviour is presented. To calculate the deformation, the displace-
ment of the module itself is added with the displacement due to the cumulative effect that is caused
by the module rotation. As explained, four terms lead to the deformation, where u, and u,; cause the
module displacement and 68y and 6, cause the cumulative effect.
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Figure 6.2: Force distribution and deformation behaviour of a six-storey building [37][38] (adjusted)

To begin with, it must be noted that the horizontal rotation due to the shear force is much smaller than
the rotation due to the bending moment. Especially for higher structures, this difference is significant,
meaning that 8y can be neglected. This results in three remaining contributions. The total building
displacement is the sum of the storey displacements. The lateral displacement of the i-th storey con-
sists of the contribution due to the shear force, the bending moment at the top of the storey and the
cumulative effect due to rotation of the lower storeys. For all three terms, an equation is proposed in
the previous chapter. Substituting V and M in the proposed equations will give 6, ups and uy. For up,
the bending moment at the top of the storey is used. Summing u)s and uy gives displacement of the
module at the storey. Additionally, the displacement due to the cumulative effect should be calculated.
The rotation calculated at a lower storey is multiplied with the height of the modules times the number
of modules. Doing this for all lower modules gives the cumulative effect, as visualized in Figure 6.2. The
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explained deflection calculation of multi-storey modular buildings with the proposed equation must be
checked with results from the numerical simulations to see whether the results show good agreement.
Therefore, the modelling of vertical and horizontal stacked modules is explained in the next section.

6.3. MODELLING OF VERTICAL AND HORIZONTAL STACKED MODULES

As amodular structure is considerably more complex than a traditional structure owing to the existence
of inter-module connections, it is necessary to introduce a few assumptions for simplification. The
calculation assumptions in this study are as follows:

* Thevertical inter-module connection is a combination of vertical, horizontal and rotational springs.
The vertical and horizontal spring stiffness is taken as infinite, meaning that the axial deforma-
tion is not considered. For the rotational spring, a stiffness of zero is used, resulting in a hinged
connection.

¢ The horizontal inter-module connection, between adjacent modules on the same storey, is equiv-
alent to a rigid connection (k = co). From this follows that the displacement of each module on
the same storey is equal.

¢ The modules and inter-module connections stay in the elastic state.

From the above listed assumptions, the models for vertical and horizontal stacked modules can be con-
structed. Figure 6.3 contains these models, with on the left the vertical and on the right the horizontal
stack. A modular building consists of m x n modules. In vertical direction, the modules are denoted
from 1 to the i-th module and ends with module m. In horizontal direction, they also start with 1 and
goes via the j-th module to the final n-th module. The modules have dimensions H x b. The lateral wind
load that acts on the facade of the building is transferred through the side walls to the ceiling and floor
of the modules. There, it will act as a distributed line load q on the ceiling. For simplification, the line
load that acts on the floor is modelled at the ceiling of the module below. Multiplying this line load with
the length gives the point load F as is shown in Figure 6.3.
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Hy Hy

I b, b;
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Figure 6.3: Simplified model of vertical (left) and horizontal (right) stacked modules
At the location where modules come together, a 2D connection scheme is presented in Figure 6.4. The

intra- and inter-module hinges are visible, as well as the horizontal inter-module connection. The hor-
izontal inter-module connections are modelled with a rigid 1d-element at the top of the modules.
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Figure 6.4: Modelling detail of horizontal and vertical connected modules

6.4. CALCULATION METHOD

The calculation method integrates the proposed equations with the theory. To do so, the equation re-
sults are compared with the numerical results of stacked modules. Stacking modules on top of- and
next to each other creates a multi-storey modular building. The translation from the individual module
equations to the calculation method of the total building deflection will take place in this section. First,
the horizontal stacking is discussed, whereafter the focus shifts to vertical stacking.

6.4.1. HORIZONTAL STACKING

Positioning modules next to each other results in a distribution of force E which is dependent on the
stiffness of the modules. Having for example two modules, where one is twice as stiff as the other, leads
to a force distribution of 2:1. However, because the assumption is that the displacement of each module
at the same storey is equal and the system acts in series, the combined stiffness of the storey determines
the storey displacement. In the case where the same module configurations are used in the entire storey,
the force F can be divided by the number of modules n. When different configurations are situated in
a storey, the force should be divided by the equivalent number of modules that can be calculated with
the module stiffnesses. However, in this study it is assumed that all the modules on a storey have the
same configuration. In building designs this is often the case and therefore the assumption is valid.

The theory that is described above is checked with the numerical model of module configuration 0. For
the situation with a distributed gq-load of 50 kN/m the displacement of 1, 2, 4 and 8 horizontally con-
nected modules are compared. The distance between two modules is 80 mm and they are connection
with five inter-module connections located at the edges, in the middle and in between the edge and
middle. They are modelled as rigid bar, because it was assumed that k = co. The displacements are 8.4,
4, 1.9 and 0.9 mm respectively. This shows that with double the amount of modules, the displacement
decreases by just over half (approximately 2.1). The reason for this is that at the location of the applied
load, compression of the shear wall occurs, which results in part of the force going directly to the sup-
ports. A smaller force is therefore transferred to the next module. The reaction force at the support of
the first module is thus higher than that of the others. If, for example, the force is applied at one of
the other modules, that module would have higher reaction forces. To account for this, a factor k;, is
introduced. It is found that when doubling the number of modules in a storey n;, the displacement
is 2,1 times lower, meaning 5% extra reduction. Since linear analysis is used, doubling the amount of
modules is equal to dividing the force by two. Therefore, dividing the force by the number of modules
will give a conservative result. Concretely, this means that for the proposed equations, the shear force
Vis divided by the number of modules at the storey: V;/n;. Besides, the bending moment due to the
horizontal load is also divided by the number of modules n, because the tension and compression force
due to the bending moment M is divided over the whole storey: M;/n;. Atthe end, a reduction factor k,
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is applied which is 1 for n = 1 and is subtracted with 0.05 every time n gets doubled. In between, linear
interpolation can be applied. This approach reduces the m x n building to a m x 1 building, simplifying
the calculations.

6.4.2. VERTICAL STACKING

Chapter 6.4 described the calculation method to predict the lateral deflection of a multi-storey modular
building. In this section, the calculation with the proposed equations for vertical stacked modules is
checked against numerical results. The proposed equations determine 6, uy and uy and with the
explained calculation the deflection of the building can be calculated. The results are compared with
the results from the numerical model. This is done for a building of m x 1 modules, with m having
values of 2, 4, 6, 8 and 10. The modules have the standard dimensions (Lxb xH =12 x3.5x3.1m)
and a distributed horizontal line load of 5 kN/m is applied at the top of every module. Figure 6.5 shows
the numerical models of the four configurations for a 6 x 1 building. Figure 6.6 presents the deflected
structures, the mesh size is again chosen as 400 mm. The deflection at every storey is taken at the top
of the module at the location of the shear wall.

S0

Module 0 Module 1 Module 2 Module 3

Figure 6.5: Numerical models of the four module configurations for a 6 x 1 building

Module 0 Module 1 Module 2 Module 3

Figure 6.6: Lateral displacements of the four module configurations for a 6 x 1 building
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The results are shown in Figure 6.7, where the displacement versus the storey number is plotted. The
continuous curves are the numerical results and the dashed lines are the calculation results. Graphs a
to d represent the module configurations 0 to 3 respectively.
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Figure 6.7: Lateral deflection of an m x 1 modular buildings

In the graphs it can be seen that the for all module configurations, the 2 and 4 storey building results
show good agreement. However, when the height increases, the curves show significant different be-
haviour. A building with 10 storeys shows the biggest difference for module configuration 0 and 1 (170
and 115% respectively), for configuration 2 the difference is 43% and for module 3 this the lowest (8%).
It can be concluded that the cumulative effect gets dominant for higher buildings and is overestimated.
This can be assigned to the made assumptions when the equations were proposed and will be explained
hereafter.

6.4.3. FORCE SPREAD FACTOR

When the equations were proposed, an assumption was made for the width of the acting force. As
explained in chapter 4.4, the wind load that acts as a distributed load on the whole width of the facade
is transferred through the shear walls to the lower modules. Therefore, the horizontal force on the lower
module is concentrated around this shear wall. In the assumption, the load was spread over 1 meter.
For the horizontal load this is a valid assumption since the load has to travel constantly through the
shear walls and thus remains at this width. However, the compression and tension force in the side
walls, caused by the bending moment, can spread over a larger width. The force is not transferred via
the shear wall but through the continuous side walls. Consequently, the force spreads over a larger area.
In Figure 6.8 this is visualised. For a 8-storey modular building with a distributed horizontal load of 1
kN/m at the top, the internal normal force is presented. It can be seen that going down the structure the
force gets larger (because the bending moment increases) and also spreads. This means that for lower
modules the force is acting over a larger width and this results in smaller deformations, because a larger
part of the wall contributes in absorbing the force.
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Figure 6.8: Visualization of the normal force spreading in a multi-storey modular building due to an applied lateral load at the
top.

To incorporate this effect, a factor is introduced at every storey to account for the spreading of the load
and the corresponding reduction of the deformation. First, it is investigated how much the reduction is
for a certain force spread. In the initial situation, a width of 1 meter was assumed, meaning half a meter
at both sides of the shear wall. Table 6.1 shows for a load of 1000 kN, that is applied at a certain width,
the corresponding vertical and horizontal displacement of the side wall. Comparing the results with
the initial width gives the reduction factor. It shows that the reduction factor is equal for the vertical
and horizontal displacement and that for the first meters the reduction is large and after that slowly
decreases.

Table 6.1: Displacement due to spreading of the force

q[kN/m] width[m] U,[mm] Uyxlmm] Factor

1000 1 1.8 1.8 1.00
500 2 1.1 1.1 0.61
333.3 3 0.8 0.8 0.44
250 4 0.6 0.6 0.33
200 5 0.5 0.5 0.28
166.7 6 0.4 0.4 0.22
142.9 7 0.35 0.35 0.19
125 8 0.3 0.3 0.17
111.1 9 0.25 0.25 0.14
100 10 0.23 0.23 0.13
90.9 11 0.21 0.21 0.12
83.3 12 0.19 0.19 0.11

The factor that has to be used per storey can now be determined. Important to mention is that because
a horizontal load is applied on every storey, all spreading along the height of the building, every storey
should have a factor for all the individual horizontal loads. However, this makes it complicated and
therefore for simplification it is chosen to only apply one factor per storey that incorporates the force
spread of all the horizontal loads.

Determining the exact spreading of the force over the building height is difficult. Therefore, numerical
results are used and compared with the calculation results. By applying a force spread factor at every
storey, the calculation results can be matched with the results from SCIA. The factors are chosen such
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that for every storey, the force spreads equally. Or in other words, for every storey you go down, the
load is spread over an equally increased width. The objective is to follow the deformation behaviour
of the numerical model, meaning that the results do not have to match exactly, but the displacement
curve should be parallel. This is done because there are other aspects that can cause deviations, but not
the deformation shape. Figure 6.9 shows the results for the same models as in the previous analyses,
but with the force spread factor per storey as is presented in table 6.5. The top storey does not have
a factor, because the force does not start to spread yet. The factor is multiplied with 0, to reduce the
overestimation of the cumulative effect. For a building with m storeys, the load spread factor is applied
as follows: for the top storey, the factor for storey m is used. Subsequently, the factor for storey m-1 is
used for the second-highest storey and so on until the ground module is reached.

Table 6.2: Force spread factor per storey

Storey m9 m-8 m7 m6 m5 m4 m-3 m2 ml m
force spread factor k; 0.14 0.17 0.19 022 028 033 044 061 100 -

The graphs show again the displacement versus the storey number for the different module configura-
tion. In the graphs, it is visible that the calculation method curves follow the numerical method curves.
Although they have no perfect agreement, the introduced load spread factor results in a matching de-
formation behaviour.

Lateral displacement comparison module 0 Lateral displacement comparison module 1

Displacement [mm Displacement [mm)]

Figure 6.9: Lateral displacements of an m x 1 modular buildings. Situation with the force spread factor

6.4.4. CORRECTION FACTOR

Finally, to get a better agreement between the results, a correction factor k¢, is introduced. They are
chosen such that the calculation method results show the best possible agreement with the numerical
results for all values of m. In the process of proposing the equations, several simplifications and as-
sumptions were made. For example, the rotation due to the bending moment was taken as equal for
all module configurations. In reality however, there will be some small differences. Another assump-
tion was that in the equation proposal, the load was applied at one meter width to simulate the force
transfer to a lower module. In the stacked modules the load is modelled over the total length and the
FEA determines how the load is transferred. The one meter is a simplification, how much the load really
spreads can be different. The correction factor incorporates these effects.
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Table 6.3: Correction factor

Module k.or

0 1.17
1 1.04
2 1.15
3 0.98
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Figure 6.10: Lateral displacements of an m x 1 modular buildings. Situation with the force spread- and correction factor

After this correction factor is applied, the results are plotted in Figure 6.10. Now the calculation results
show good agreement with the SCIA results. The deviations at the top of the buildings are listed in table
6.4. The accuracy lies between 0 and 5% which is lower than 10%, meaning the calculation method
results in good prediction of the lateral deflection of modular buildings in transverse direction.

Table 6.4: Results of the numerical analysis and hand calculation

number of storeys 2 4 6 8 10
Module SCIA calc. SCIA calc. SCIA calc. SCIA calc. SCIA calc.
0 3.1 3.1 2%) 12.0  12.5(5%) 28.5 29.8 (4%) 55.5 58.3 (5%) 96.9 99.3 (2%)
1 5.7 5.8 (1%) 20.6 21.1 (2%) 46.6 47.3 2%) 86.4 87.7 (2%) 143.8 143.3 (0%)
2 14.8 14.9 (1%) 51.6 51.8 (0%) 112.0 112.2 (0%) 198.8 199.5 (0%) 315.3 314.8 (0%)
3 173.3 1763 (2%) 579.5 589.4 (2%) 1227.4 1240.6 (1%) 2107.0 21329 (1%) 3234.0 3267.2(1%)

6.5. WORKFLOW

A workflow is presented to have a brief overview on the calculation procedure. First, the applied as-
sumptions are listed, whereafter the specific steps for determining the lateral deflection of a multi-
storey modular building using the proposed method are given.

Assumptions:

» One module configuration is applied in the entire building.
» Local effects at the storeys are not considered.



6.6. EXAMPLES

78

¢ Vertical loads are not taken into account.

Specific steps:

1. Choose the building dimensions m x n.

2. Choose the module configuration that will be used. Design the module with workflow 1 that
is presented in chapter 5.5 and determine the corresponding equations for uy, ups,0y and 6y,.
Remove the term for Oy.

3. Determine the wind load that acts on the building and calculate F per storey. Calculate the shear
force and bending moment distribution along the building. Divide V and M by the number of
modules n.

4. Calculate uy, up; and 6y for every storey.

5. Reduce 6); with the force spread factor. For the top storey, use the factor according to storey
10. The second-highest storey gets the factor for storey 9, and so on until the lowest module is
reached.

Table 6.5: Force spread factor per storey
Storey m9 m-8 m7 m6 m-5 m4 m-3 m2 m-l m
force spread factor 0.14 0.17 0.19 0.22 028 033 044 061 1.00 -

6. Calculate the cumulative effect per storey due to 6.

7. Sum the three displacements to obtain the inter-storey drift per storey.

8. Reduce the displacement with k,. For n =1, k,, = 1, and for doubling the number of modules n,
0.05 is subtracted. In between, linear interpolation can be applied.

9. Accumulate the storey displacements to obtain the total building displacement.

10. Multiply with k., to find the deflection of the building..

Table 6.6: Correction factor

Module k.o

0 1.17
1 1.04
2 1.15
3 0.98

6.6. EXAMPLES

Two examples are evaluated in this study: a four storey, four span building with module configuration 1
(Example 1) and a eight by eight building with module configuration 3, which is based on hotel Jakarta
(Example 2). Based on the workflow for the calculation method as described above, the lateral deflec-
tion is calculated. The results are compared with the numerical results.

6.6.1. EXAMPLE 1

This example consists of a four storey, four span building designed with module configuration 1. Table
6.7 shows the design characteristics of the building. The modules have dimensions L x b x H of 3.3
x 3.7 x 12m. As for the design choices, shear wall thickness 300 mm, connection design B and shear
wall position x=2 m are chosen. A horizontal distributed load q of 6 kN/m is applied at the top of every
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storey. As discussed earlier, the horizontal stiffness of the inter-module connections are modelled as
rigid (k = 0o). The mesh size is 400 mm. The numerical model is shown in Figure 6.11(a).

Table 6.7: Design characteristics example 1

Building design Module dimensions Module design
Characteristic m n Module configuration Gu H b L Shear wall thickness  Connection design ~ Shear wall position
Value 4 4 1 6kN/m 33m 37m 12m 300 mm B Xx=2m

R

(a) Numerical model (b) Lateral displacement results

Figure 6.11: Numerical analysis of Example 1

The results of the numerical model are shown in Figure 6.11b. Note that the maximum displacement
occurs at the edge due to local effects, while the proposed equations predict the displacement at the
location of the shear wall. The displacement of the numerical model at the shear wall (uscy4) is given
in table 6.8. They are compared with the calculation results, which consist of the module displacement
due to shear force uy and bending moment uj; plus the displacement due to the cumulative effect
ug,,- Summing these displacements gives the inter-storey drift Ay and by accumulating the total dis-
placement u7 is obtained. The last step is to include the correction factors k., (=1.06) and k, (=0.9) to
find ur,f. The results of the numerical model and calculation method indicate that the difference is in
the range between 0 and 8.7%. Thus, the errors are below 10% meaning the calculation method results
are in good agreement with the numerical results. As the obtained values are larger, the results are safe.
Comparison of the lateral deflection obtained by the proposed method and the numerical simulations
are shown in Figure 6.12.

Table 6.8: Lateral displacement of Example 1

Storey uy Uy Ug,, Ag ur Ur,f uscra Error
(mm] [mm] [mm|[ [mm] [mm] [mm] [mm] (%]
4 1.13 0 0.3 1.43 12.09 11.2 10.3 8.7
3 2.25 0.02 0.25 2.52 10.66 9.9 9.2 7.6
2 3.38 0.06 0.15 3.59 8.14 7.6 7.1 7.0
1 45 0.04 0 455  4.55 4.3 4 7.5
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Figure 6.12: Lateral displacement of Example 1

6.6.2. EXAMPLE 2

An eight-storey, eight-span timber modular building is evaluated in Example 2. The example is inspired
on Hotel Jakarta, which is evaluated in the study of R. Gijzen [3]. Within the design choices that are
given in this study, the design of Hotel Jakarta will be approached. The relevant model parameters and
details are provided in table 6.9.

Table 6.9: Design characteristics example 2

Building design Module dimensions Module design
Characteristic m n Module configuration Guw H b L Shearwall thickness Connection design Shear wall position
Value 8 8 3 kN/m 29m 35m 9m 200 mm A x=0.5m

Figure 6.13a shows the numerical model of the building. Module configuration 3 is chosen with module
dimensions of L x b x H of 9 x 3.5 x 29m. The design choices are as follows: shear wall thickness
t=200 mm, connection design A and shear wall position x=0.5m. The horizontal wind load differs per
storey and can be seen in Figure 6.13a. From top to bottom the values for q are: 2.18, 4.36, 4.36, 4.36,
3.79, 3.60, 3.38 and 3.10kN/m respectively. Subsequently, the shear force V and bending moment M
over the building can be calculated.

(a) Numerical model of Example 2 (b) Results of Example 2

Figure 6.13: Numerical analysis of Example 2

The deformation of the numerical model is shown in Figure 6.13b where the horizontal displacement is
presented. Per storey, the displacement value ugcy4 is listed in table 6.10. In the table, the inter-storey
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drift is given as a result of the three terms uy, uy and ug,,. Accumulating and incorporating the factors
kcor =0.98 and k;,, = 0.85 results in the total building displacement. Comparing the calculation method
results and the numerical results show an error between 0 and 9.5%. The curves in graph 6.14 show
good agreement and because the error is below 10% it can be concluded that sufficient accurate results

were obtained. As the calculated values are larger, the results are safe.

Table 6.10: Lateral displacement Example 2

Storey uy up Uy, Ag ur ur g uscra Error

[mm] [mm] [mm[ [mm] [mm] [mm] [mm] [%]
8 2.70 0.00 1.79 449 169.88 1415 1379 2.6
7 7.96 0.03 1.74 9.73 165.39 137.8 133.9 2.9
6 13.22 0.06 1.62 14.90 155.66 129.7 125.6 3.2
5 18.47 0.11 1.42 20.00 140.76 117.3 113.1 3.7
4 23.19 0.14 1.16 24.50 120.76 100.6 96.4 4.3
3 2750 0.18 0.82 2851 96.26  80.2 76.1 5.3
2 3155 0.21 0.44 3219 67.75 56.4 52.6 7.3
1 35.32 0.24 0.00 35.56 35.56 29.4 26.8 9.5
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Figure 6.14: Lateral displacement of Example 2



Case study verification

This chapter contains a verification for the proposed calculation method. A case study is used to verify if
the method provides an accurate prediction of the transverse lateral deflection of multi-storey modular
buildings. The case study is explained in Chapter 7.1. Hereafter, Chapter 7.1 calculates the lateral de-
flection of the modular structure. Finally, the calculation method results are compared with the official
results in Chapter 7.3.

7.1. POPPIES

The case study that is used is the building Poppies, which is located in Amsterdam and constructed by
the company Van Rossum Raadgevende Ingenieurs. It is a timber modular building that is divided in
four blocks: block A to D. Block A is a self-supporting modular structure that is stabilized by timber shear
walls in both directions. For the transverse direction, the shear walls inside the module have to provide
the lateral stability. In this case study, block A is analysed. The lateral deformation in transverse direc-
tion is calculated with the proposed equations and calculation method. The results are subsequently
compared with the results of the internal documents of the company. These results will be referred to
as the Van Rossum results. By verifying the calculation method with the practical case study, it can be
investigated whether the method is applicable to the company’s calculation process.

=

Figure 7.1: Cross section of Poppies with block A indicated [41]

7.1.1. STRUCTURAL DESIGN

Block A is a four-storey, six-span building that consists of CLT modules. The structure is 23.1 m wide
and 12.3m deep. The height of the four storeys is 12.4 meter. It is supported by a concrete podium
construction that consist of beams and columns. Between the modules, a cavity of 80 mm is present
and four steel plates connect the horizontal aligned modules. In vertical direction the modules are
separated by sound bearing strips and no vertical connections are needed because no tension forces
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occur. Fire safety is provided by gypsum boards.

MODULE DESIGN

The modules have a length of 12.3 m, a width of 3.58 m and a height of 3.1 m. The shear wall in trans-
verse direction has an opening at one side of 1.625 x 2.232 m. It is located 2.82 m from the center. The
build-up of the CLT elements is as follows:

¢ Side walls: 140 mm thick 5-ply (40-20-20-20-40)

¢ Roof: 80 mm thick 3-ply (30-20-30)

¢ Floor: 120 mm thick 3-ply (40-40-40)

¢ Shear wall: 260 mm thick 7-ply (40-30-40-40-40-30-40)
MODEL AND DEFORMATION

The numerical model used for the Van Rossum calculation is shown in Figure 7.2. The assumptions that
correspond to the model are as follows:

¢ The bottom modules are supported with pinned supports

* Floor and ceiling are connected with hinges to the side walls

¢ The floor and ceiling are not connected to the shear wall

* Between vertical stacked modules, sound bearing strips are modelled with a E-modulus of 5 MPa.

¢ No tension between the module arises.

Figure 7.2: Van Rossum model of Poppies [41]

The horizontal wind load acting on the building is calculated in the documents. For block A, the wind
load has a magnitude of 0.92 kN/m?. The pressure and suction coefficients are 0.8 and 0.6 respectively.
A reduction factor of 0.85 may be used because pressure and suction will not act simultaneous. As a
result, the wind load is 1.095kN/m. Figure 7.3(a) shows how the load is applied on the building. The
deformation corresponding to the loading is shown in Figure 7.3(b). The results are taken at the location
of the shear wall and are compared later with the proposed calculation method.
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Figure 7.3: Numerical analysis of Van Rossum [41]

7.2. PREDICTING THE LATERAL DEFLECTION

The structural design as described above can now be used to predict the lateral deflection of the build-
ing. The proposed equations and calculation method is used to calculate the lateral deflection in trans-
verse direction. Within the possibilities of the design options that are given in the study, the design of
Poppies will be approached as good as possible. These design choices are determined first, whereafter
the calculation based on the workflows as presented in chapter 5.5 and 6.5 is performed.

7.2.1. DESIGN

To match the design of Poppies block A, the following design choices that lie within the possibilities of
the proposed equations are made. The building size m x n is 4 x 6 modules. The module design is in
good correspondence with module configuration 2. The module dimensions are: Lxb xH =12.3x3.58
x 3.1 m. The CLT elements have equal dimensions except for the floor, which is 20 mm thicker in the
design of Poppies. For the shear wall a thickness of 260 mm is taken, equal to the design of Poppies. Its
position is 2.82 m from the center. In the analyses of Poppies the connection stiffness is not considered,
so this won't be taken into account in the calculation as well. An overview of the design is given in
table 7.1. Overall, the Poppies design can be matched closely with the design choices of the proposed
equations.

Table 7.1: Design characteristics Poppies

Building design Module dimensions Module design
Characteristic m n Configuration H b L Shear wall thickness ~ Connection design  Shear wall position
Value 4 6 2 31m 358m 123 m 260 mm - Xx=2.82m

7.2.2. CALCULATION

To begin with, the workflow from chapter 5.5 is followed to obtain the equations for the deformation
of the module. The first step is to pick the module configuration, which is M2. The corresponding
equation for the displacement and rotation is found in step 2 (equation 7.1 and 7.2).

_ 8FH*bk, . 10FHk, +2MH2
kier(EDsa  kiga(GA)sp  (EDsy

Upn2 + Up,sw (7.1)

g _ \0FHbk. 7MH 02
M2 = e el(EDsy  (EDsA '

The third step is to set the module dimensions, after which the shear wall dimensions follow. The di-
mensions L x b x H are 12.3 x 3.58 x 3.1 m, this means that the height of the shear wall is 3.1 - 0.17 =
2.93m. The opening in the shear wall is 0.5*3.58 = 1.79 m wide and 0.78*2.93 = 2.29 m high. Now that
the dimensions are known, the constants a, 8, ¥, Y and A in equations 7.1 and 7.2 can be determined in
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step 4. From b = 3.58 and H = 3.1 their values can be calculated: a =3.33 §=3.18 y =25.27 y = 44.58
and A =11.10.

Step 5 calculates up,5,. Since x = 2.82, the additional displacement u, s,y = 0.19 mm. Then in step 6,
the shear wall thickness is chosen, which is 260 mm. This gives (EI); = 2.96 * 108k Nm? and (GA), =
2.34%10°kN. Also kt,up1 =1,kt,u,ca=1and k;g gy = 1 follow. The last step is to choose the connection
design. Since the connections are not considered in the analyses of Poppies, k., and k. g are equal to
1.

All factors and constants for the equations of a individual module are now known, except for the forces
V and M. That will be determined when the calculations on the global structure is performed. Chapter
6.5 gives the specific steps for determining the lateral displacement of a multi-storey timber modular
building using the method proposed in this study. First, the building size m x n is chosen. Block A of
Poppies is a four-storey, six-span building, as such m = 4 and n = 6. The next step is to calculate the
horizontal wind load F that acts on the top of every storey. The distributed wind load q is multiplied
by the length of the module to obtain force E For Poppies, wind load F for storey 4 to 1 is 23.4, 46.7,
46.7 and 23.4 kN respectively. Subsequently, the shear force and bending moment distribution along
the building can be calculated. V and M are then divided by the n, which is 6. The force distribution
is presented in table 7.2. By substituting V and M in the obtained equations from the first part (7.1
and 7.2), the values for uy, ups and 0y are obtained. The term 0y can be neglected. For 8); the force
spread factor must be applied, whereafter the displacement per storey due to the cumulative effect can
be calculated. The penultimate step is to collect the individual displacement contributions per storey
and accumulate them to find the lateral displacement at the top. Finally, k., and k, are multiplied
with the displacement. In this case k., = 1.15 and k;,, = 0.875. Below, table 7.2 shows all the outcomes.

Table 7.2: Lateral deflection prediction of Poppies

Store M u'V u M O Ug,, Ag us ur
y [kN] [kNm] [mm] [mm] [mrad] [mm] [mm] [mm] [mm]
4 23.37 0 0.47 0.00 0.000 0.08 0.55 5.09 5.12

3 70.11 72.45 1.01 0.01 0.004 0.07 1.08 4.54 4.57
2 116.85 289.79  1.55 0.02 0.009 0.04 1.61 3.46 3.48
1 140.22 652.02 1.82 0.03 0.014 0.00 1.85 1.85 1.86

Note: V and M are not yet divided by n, ug,, denotes the cumulative effect displacement, As denotes the
total displacement per storey, ugs denotes the displacement at every storey and ur is the final displacement
including k¢or and ky,.

7.3. RESULTS

The results are compared with the Van Rossum results. Figure 7.4 shows the graph with the plotted de-
flections. The black curve represents the Van Rossum results and in blue the results from the proposed
calculation method are displayed. The displacement at the top are 9.2 and 5.1 mm respectively. The
results have a difference of 45%, with the calculation method having smaller values.
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Figure 7.4: Lateral deflection of Poppies

The large difference can be assigned to different aspects. The most important difference between the
models is the existence of soundproofing bearing strips. In the Van Rossum analysis these are included,
while they are not incorporated in the calculation method. These strips have a very low stiffness and
therefore deform significantly. Especially in vertical direction, it can cause an extra rotation of the mod-
ule, which subsequently leads to extra cumulative effects and thus additional deflections. That is also
the reason why at higher storeys the results have less agreement. At the first storey the results only have
a deviation of 7.5%, because the influence of the mentioned extra rotation is not present. At higher
storeys, this additional rotation gives the extra deflection and that is why the results show more de-
viating results. Another aspect is that the shear walls were not connected to the roof and floor of the
modules. This reduces the stiffness and therefore larger deformations can occur.

Everything considered, the results do have significant differences, but those are explainable. This means
that in hindsight, it is not possible to verify the calculation method with this case study. At the same
time, it can also not be rejected, because the different results can be explained.



Discussion

The outcomes of this research provided equations for the horizontal displacement and rotation of in-
dividual modules, which were integrated in a calculation method that predicts the lateral deflection
of multi-storey timber modular buildings in transverse direction. The results indicated that the pro-
posed equations provide accurate results of the horizontal displacement and rotation of the designed
modules. Two examples demonstrated that the calculation method is capable of predicting the lateral
deflection of modular buildings. A case study verification investigated the practical application of the
calculation method. Because deviating results were found, shortcomings of the method were revealed.
In this chapter, the results, modelling approaches, implications of certain assumptions and limitations
are discussed.

RESULTS

The proposed equations showed overall sufficient accurate results, because errors lower than 10% were
found. Several design choices were integrated, increasing their applicability. The extensive validation
of the numerical simulations proved the reliability of the model. The extended equations showed suf-
ficient results as well, as errors were below 4%. Only the main equation test of module configuration
2 showed an error of 12%. Even though this is larger than 10%, the results are considered as sufficient
because of the small exceedance being for one test only. The equation for the moment induced dis-
placement showed for 3 out of 12 results errors between 10 and 20%. Although these are too large, they
could be explained by the confined use of decimals, that resulted in rounding errors. Presenting them
with more decimals would have lowered the errors. In addition, a notion must be made on the number
of tests. Every proposed equation was tested for three situations. The input parameters were chosen
such that a wide variety of designs were tested. The three situations can however not represent all mod-
ule designs. Even though practical applicable input parameters were chosen, errors of other designs
are not known. However, it can be stated, that since the three cases showed sufficient accurate results,
other designs will show accurate results as well.

The calculation method was validated with two examples. The lateral deflection of two created build-
ings was compared with numerical results. Results showed sufficient accurate results, with the errors
being below 10% (9.5 and 7.0% for example 1 and 2 respectively). Additionally, the calculation method
results were on the safe side, because larger deflections were obtained than those from the numerical
results. It was shown that deflections of modular buildings that are designed within the scope of the
study could be predicted accurately with the calculation method.

A case study was performed to investigate whether the calculation method could be applied to a practi-
cal example. A building constructed by the company Van Rossum Raadgevende Ingenieurs was chosen
to verify if the method would be applicable for their calculations. The significant difference in results
(45%) between the calculation method and the Van Rossum calculation can be explained by the de-
sign differences. The existence of sound proofing bearing strips and the lack of connection between
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the shear- and side walls in the case study results in a higher deflection. Because the difference can be
explained, this specific case study can not confirm or reject the practical applicability of the calculation
method. However, it can be discussed that in practice, the sound proofing bearing strips are almost al-
ways applied. As such, the calculation method will not provide accurate results if the cumulative effect
of the soundproofing bearing strips is not included. The calculation method results were smaller than
the Van Rossum results, meaning that no safe results were found as well. It could be argued however
that a company has the aim to design safe buildings. By doing so, a conservative approach is used to
ensure a safe building and also be able to tackle possible future changes and setbacks. Therefore, it is
unsure whether the Van Rossum calculations provide results that represent reality closely. Investigating
this would be interesting for a future study.

As the calculation method shows sufficient accurate results for buildings within the design boundaries,
but not for practical constructed buildings, it can be stated that the method is not applicable for later
design stages. In early design stages, when exact calculations and numerical models are not yet made,
the calculation method could provide a reference for engineering design. It gives quick insight in the
consequences of certain design choices. Although it does not provide accurate results for buildings
out of the boundary conditions, it can be used to make design decisions. Existing methods to explore
module designs are not available, which makes a thorough calculation necessary in the early design
stages. The significance of this research lies in the applicability in early design stages and the ease of use.
Comparing the equations of this thesis to for example the study of Wang (2022), who proposed complex
equations for the lateral displacement of steel column-supported modules, the relative simplicity of the
equations stand out.

MODELLING

Modelling is done to represent reality as close as possible. In the study, a comprehensive validation was
done on the modelling methods. However, capturing reality exactly is almost impossible. Therefore, a
discussion on the model used and its weaknesses is necessary.

« The equations were proposed based on numerical analyses. Therefore, it was crucial that the nu-
merical model represent reality as close as possible. No experiments that investigate the deformation
of timber modules were found in literature. As a result, the numerical model could only be validated
against comparable structures. Although the validation demonstrated that the model produced realis-
tic results, it would be preferable to validate it with experiments on actual modules.

« Since the mesh size had significant influence on the results, an optimal mesh size was studied. Find-
ing the optimal mesh size was based on an estimation. This leaves room for errors and by choosing a
different mesh size, smaller or larger results could have been found. On the total results, it would have
had a lower impact, because the correction factor would have tackled the differences.

ASSUMPTIONS
In the process, several assumptions and simplifications were made. The correctness and influence of
them is discussed below.

« An important boundary condition for the use of the method was that the resultant vertical force must
be negative. This means that uplift due to horizontal wind loading is prevented. The assumption is
introduced to neglect the rocking deformation and making the results valid for wind loading in both
directions. In practice, this boundary condition proves to be plausible, because self-supporting mod-
ular buildings are often low-rise buildings with more modules next to each other than on top of each
other. Therefore, the resultant vertical force is in most situations negative and thus the equations can
be applied.

» Local deformation effects were not considered. The maximum displacement was taken at the loca-
tion of the shear wall and if necessary added with the torsion induced displacement. As the wind load
is applied as a distributed load along the length of the module, additional displacement would occur
at the edges. At the top storey, the additional displacement gives the maximum building displacement.
In practice, often a middle value between the edge and shear wall is chosen to incorporate some local
effects. However, local effects are mainly of importance at the top storey and therefore only slightly
higher deflections would be obtained.
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LIMITATIONS
The proposed equations and calculation method have several limitations, which are discussed here.

« For this research, a general applicable design was made for the modules. However, not all buildings
are constructed with this design. For example, concrete floors are often applied, although the trend is
to switch to timber floors. As it is one design only, the design freedom is restrained. To overcome this,
several frequently used design choices were incorporated.

¢ Only buildings with one type of module configuration were examined. The proposed calculation
method is therefore verified for those types of buildings only. The aim was to make the calculations
possible for a modular building with various types of modules so that design freedom was achieved.
Due to time constrains, this was not achieved.

» The focus of the study was specifically on the serviceability limit state. No calculations for the ulti-
mate limit state were performed. That means that if the lateral deflection prediction fulfils the code
requirements, no conclusions can be drawn on the strength of the structure.



Conclusions and recommendations

In this research, it was investigated if a calculation method can be developed to calculate the deflection
of multi-storey timber modular buildings in transverse direction. In the final chapter of this thesis, the
main findings are stated in Chapter 9.1. Hereafter, recommendations for future research based on the
results and discussion are provided in Chapter 9.2.

9.1. CONCLUSIONS

This thesis dealt with research on lateral deflections of multi-storey timber modular buildings. The
main objective was to propose a calculation method that is able to predict the lateral deflection in
transverse direction of multi-storey modular buildings. By proposing equations for the deformation of
individual modules and integrating them in multi-storey deflection calculations, a calculation method
was established.

First of all, it was found that superposition of bending and shear deformation does not result in the total
deformation of a module. The possibility of the shear wall to compress at the supports results in an ad-
ditional deformation term. Equations are therefore proposed to incorporate this effect. On global scale,
the lateral deflection of multi-storey timber modular buildings includes the lateral displacement of the
module itself and the cumulative effect caused by the rotation of lower modules. Horizontal wind load
results in both deformation due to shear forces and bending moments. Therefore, four deformation
terms were included: horizontal displacement and rotation due to shear force and horizontal displace-
ment and rotation due to the bending moment. It was found that the rotation due to the shear force
was negligible, as it is substantial small compared to bending moment induced rotation.

In addition, the research showed that the proposed equations for the deformation of individual mod-
ules give sufficient accurate results for calculating the horizontal displacement and rotation of a module
with a general applicable design. Equations for four different module configurations were established
based on numerical models. Results showed errors less than 10%. The extension of the equations in-
cludes various design options such as intra-module connection design, shear wall thickness and shear
wall position. Including them with factors into the equations makes it possible to use the formulas in
a variety of designs. Accurate results for the extensions were obtained as well. Besides the lateral dis-
placement of the module itself, the cumulative effect due to rotation of lower modules must be added
to obtain the buildings’ deflection. The proposed calculation method includes those terms. Based on
two examples, the accuracy of the proposed calculation method has been demonstrated. Example 1
showed the maximum error of 8.7% at the top. Example 2 resulted in a maximum error of 9.5%, which
was on the lowest storey. At the top, a difference of 2.6% was found. Both errors were lower than 10%
and on the safe side, meaning they were sufficient accurate and safe. The excellent agreement between
the predicted deflection and that obtained from a detailed finite element analysis suggests that the pro-
posed calculation method is suitable for use by design engineers. Calculating the lateral deflections of
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multi-storey timber modular buildings designed within the design conditions of the method is therefore
possible.

A case study was performed to verify if the method is applicable in practice. The building design was
outside the design conditions, mostly due to the existence of soundproofing bearing strips. Also, the
lack of connections between the shear wall and ceiling was a notable difference. The results showed
significant different results (45%). Even though these can be assigned to the mentioned deviating de-
signs, the case study can not confirm or reject the practical applicability of the calculation method.
However, because soundproofing bearing strips are often applied in practice, the calculation method is
not suited.

This thesis aimed to answer the main research question stated in this research: Is it possible to predict the
lateral deflection in the transverse direction of multi-storey timber modular buildings with a calculation
method based on proposed equations?. The research showed that the proposed calculations can predict
the lateral deflection of buildings that are within the design boundaries of the method. At the other side,
the case study results show that for practical applicability, the method is not yet suited. The limitations
of the method make detailed calculations, that are necessary in later design stages, not possible. For
more detailed calculations, it is recommended to use finite element software. However, in early design
stages where quick hand calculations are performed, the method shows its value. Compared to a para-
metric model that can be useful when a finite element software is needed in the early design stages, it
provides quick insight in the effect of certain design choices on the building’s deflection.

9.2. RECOMMENDATIONS

Based on the discussion and conclusion presented in this thesis, further recommendations can be pro-
posed to enhance and expand the current research. Potential areas for future exploration and improve-
ments are given here.

» The equations could be extended with many other design options. For example, concrete floors and
different element sizes for the ceiling and floor could be added. Also, different connections types can
be applied. For the included design choices in this research, the most common options were chosen.
These reflect however not all possible options. Expanding the options will increase the design freedom
and thus the applicability of the equations.

» The influence of soundproofing bearing strips was not considered. However, as they are common
practice, including them in the analysis would increase the practical applicability and closer results
to the reality will be found. The induced rotation can be calculated based on known equations. The
cumulative effect can subsequently be calculated, resulting in the extra deflection.

 Analyses were performed on buildings with one module design applied in the whole building. It would
be interesting to check the calculation method if buildings with multiple module configurations are
used within the building. Would the proposed calculation method give accurate results in that case as
well? The freedom of building design would increase drastically in that case.

« This research did not specifically examine inter-module connections. This led to neglecting two defor-
mation mechanisms corresponding to this connection type: rocking and sliding. More realistic results
could be obtained for the lateral deflection of multi-storey modular buildings when these mechanisms
are included. This would have as a consequence that the vertical load should be added to the analysis,
making it more complex.

« In the research, several aspects that contribute to the deflections of modular buildings are not con-
sidered, because they were outside the scope. For example, the inter-module connections, the second
order effect and the notional loads influence the total building’s deflection. A Finite Element software
can perform exact calculation that include all aspects. An investigation in the benefits of parametric
Finite Element Models could provide insight if such a model would offer a solution for detailed calcula-
tions in combination with early design choices.
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Appendix A: Numerical validation

This appendix contains the validation of the numerical modelling methods by comparing horizontal
deflections of the numerical models in SCIA with experimental and analytical results. The methods to
model the CLT, connections, supports and loads are first described. After that, three validations are
done. To start, a basic CLT shear wall under lateral load is checked. Hereafter, a coupled CLT shear wall
and a CLT shear wall connected to a floor and perpendicular wall is validated. Finally, a validation is
made for a one-storey CLT building with all modelling methods coming together. Validation of these
three numerical models will confirm if the modelling methods result in accurate models.

MODELLING METHODS

The Finite Element Software used is SCIA, which is a comprehensive finite element software for struc-
tural analysis and design. Modelling of a structure is always a representation of reality captured as good
as possible in the model to approach real behaviour of a structure. When modelling, choices have to be
made to model the behaviour of the CLT panels, connections, supports and loads in the software. These
modelling choices result in the following methods.

CROSS-LAMINATED TIMBER

As CLT is an orthotropic material, It is important to model this correctly by incorporating the right stiff-
ness matrix. SCIA has an option to select cross-laminated when creating the build-up of a 2D element,
that calculates the stiffness matrix automatically. As input parameters it needs a material, which is
generated separately, and information on the layup of the CLT. The material can be selected from the
database, while the following layup parameters should be entered: plate thickness, number of layers,
thickness of each layer and board width. Based on the German and Austrian National code (ONORM B
1995-1-1) the stiffness matrix is determined. The stiffness matrix is verified by the use of the software
"CLT designer".

To ensure that the stiffness matrix coincides with the intended direction in the models, the local coor-
dinate system of the CLT elements needs to follow the correct convention as can be seen in Figure 2.9:
the x-axis is the 'main’ longitudinal direction, the y-axis in the transverse direction and the z-axis is the
out-of-plane direction.

CONNECTIONS

Modelling of the connections can be done as rigid, free, flexible or non-linear depending on the connec-
tion type. Most connections are modelled correctly as flexible, simplifying the connection as a spring
with a certain stiffness. Connecting elements is done in SCIA by applying a hinge between the members.
The degrees of freedom, as shown in Figure 9.1, can be constrained when required. Some connections
should be modelled as supports, the same constrains can be given to the degrees of freedom as for a
hinge.
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Figure 9.1: Orientation joint with degrees of freedom in SCIA

LATERAL LOAD

The lateral loads are modelled as line loads acting on the floors of the modules. Since the facades are not
included in the structural design, it is assumed that the facade of a module is supported at the bottom
and top of a module and not on the sides. This results in the lateral forces acting on the floor and ceiling
of the module. Dead and live loads are modelled as distributed loads on the floor.

SIMPLE CLT SHEAR WALL
To start simple, a validation is made for a basic cross-laminated timber shear wall. The paper of Lukacs
etal. [35] describes the state of the art of the analytical approaches to calculate the strength and stiffness
of such shear walls. The results of the analytical calculations are compared with experimental results.
The validation done in this paragraph will compare the results of the numerical model with both the
analytical and experimental results.

DESCRIPTION OF THE EXPERIMENTAL MODEL

The shear wall which is discussed in the paper of Lukacs et al. is shown in Figure 9.2. It is a square
wall with a height and width of 2500 mm which is anchored to a concrete foundation with hold-downs
(HD) and angle brackets (AB). In this experiment, the connectors are named HD620 and AB200. The
locations are shown in the figure as well and are only placed on one side of the shear wall. At the top of
the wall a distributed load of 20 N/mm is placed while the lateral load is attached in the top left corner.
The CLT wall consists of a 90 mm thick three-ply (30/30/30) panel with a ply width of 150 mm. Table 9.1
lists the material properties of the timber and the other characteristics of the experiment.
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Figure 9.2: Shear wall with geometry [35]
Table 9.1: Properties of CLT shear wall
[property | h w o[t a | q [ nas | kwmp kn,aB ky,aB G E fe

| value | 2500mm | 2500mm | 90 mm | 150 mm | 20N/mm | 3 | 9.07kN/mm | 6.07 kN/mm | 6.07 kN/mm | 650 MPa | 11600 MPa | 21 MPa |

DESCRIPTION OF THE NUMERICAL MODEL
For the numerical analysis, the experimental setup is modelled in SCIA. This section describes the mod-

elling methods and assumptions used for the numerical validation model.

An overview of SCIA model is shown in Figure 9.3 where the panel, connections and loads are visible.
In the next paragraphs these are discussed and an explanation is given on how these are modelled and
why it is done that way.

-20,00
-20,00

Figure 9.3: Numerical model
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CLT

Modelling the CLT is one of the most important aspects to correctly capture the timber behaviour. Be-
cause of the orthotropic material that CLT is, a stiffness matrix has to be computed to assign the right
structural behaviour to the panel. SCIA has a built-in option to calculate the stiffness matrix for a CLT
panel. It needs some input parameters, which are the thickness of the panel and plies, as well as the
width of these plies. Furthermore, the elastic modulus and shear modulus should be entered. Impor-
tant for the CLT panel is that the local coordinate system coincides with the intended direction of the
CLT panel. For SCIA this means that the strong direction of the panel corresponds with the x-direction.
Finally, the timber material properties can be automatically computed from the Austrian code. The
input fields of SCIA with the right values taken from table 9.1.

CONNECTIONS

The connections are two hold downs and three angle brackets, all anchored to the concrete foundation.
This means that only tension can occur and that the panel can not move to negative z values. The con-
nections can be modelled as springs to capture the behaviour in the proper way. In table 9.1 the spring
stiffnesses are given for both the HD’s and AB’s. For the HD’s only a vertical stiffness (9.07 kN/mm)
is considered, while for the AB’s both a horizontal (6.07 kN/mm) and vertical stiffness (6.07 kN/mm)
is applied. Important to note is that for the right hold down, a rigid support is used to represent the
concrete foundation on which the wall is supported. Lastly, all the modelled supports at the bottom
restrict translation in y-direction and to prevent the wall from falling over a line support with the same
restriction is placed at the top.

LoADS

A vertical load of 20 kN/m is applied at the top of the wall representing a vertical load coming from
higher storeys. The horizontal load is applied in the top left corner of the wall representing a lateral
load like wind. This lateral load is increased to analyse the displacement for different forces.

RESULTS AND DISCUSSION

Running a linear analysis in SCIA gives the displacements in x-direction for the given load. Doing this
for different lateral loads and plotting this in a graph results in the load-displacement curve (figure9.4).
In the same graph, the curves for the experimental and analytical analysis are plotted. The curves can
be compared to validate the outcomes of the numerical model. It must be noted that the experimental
results showed a non-linear behaviour when the lateral force was above 130 kN, because the analytical
and numerical analysis was linear it is chosen to compare only the linear stage.

The analytical analysis was based on the study of Casagrande et al. [42], where a simplified method
was proposed for the load-carrying capacity. The experimental results were taken from the study from
Lukacs et al. [35]. Looking at the graph, it can be noticed that the three lines start relatively close to
each other and that the results from SCIA and the experiment stay close to each other. The analytical
results follow a slightly different slope after the kink. It can be stated that the numerical model gives
trustworthy results and that the model is validated.
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Figure 9.4: Load displacement curves

SIMPLIFICATION TECHNIQUES

Now that it is known that the results from SCIA correspond well with the experimental results and thus
the modelling method works, it is interesting to see whether modelling simplification affect the results.
For future modelling of larger structures, it can be a time-consuming task to model all the connections
independent and at exactly the right spot. Easier would be to simplify the numerical model and save
time. It must be checked however if the results are not significantly influenced by these simplifications.
Table 9.2 gives an overview of simplification methods for the basic shear wall and the influence on the
lateral displacement.

Table 9.2: Influence of simplification in modelling

kn,ap atone point | kj, 4 at one point HD’s in corners +

Simplification

Standard model

HD’s at corners

(bottom left)

(bottom right)

kp,ap at bottom right

AB's as line support

Displacement U_x [mm] ‘ 40kN

53

6.1 (+15.1%)

6.0 (+13.2%)

5.6 (+5.7%)

5.8 (+9.4%)

5.0 (-5.7%)

| T00kN

15.8

17.6 (+11.4%)

17.6 (+11.4%)

16.7 (+5.7%)

17.1 (+8.2%)

15.5 (-1.9%)

Average deviation [%)]

13.25

12.3

5.7

8.8

-3.8

It can be concluded that simplification has influence on the outcomes. All the simplifications resulted
in a higher displacement meaning a more conservative approach, except when the angle brackets are
modelled as distributed spring.

MORE COMPLEX CLT SHEAR WALLS

Now that the numerical model for a basic shear wall is validated, the shear wall can be made more
complex to check whether the results still match with experimental and analytical analyses. This para-
graph looks into three different CLT shear walls discussed in the study from Shahnewaz [43]. The study
proposes advanced analytical calculation methods to determine the resistance and deformation of dif-
ferent CLT shear wall configurations under lateral load. The analytical analyses are based on advanced
equations for determining the lateral displacement of a shear wall. These analytical calculation meth-
ods are verified with experimental tests on CLT shear walls and numerical finite element analysis. It was
concluded that the proposed equations describe the CLT shear wall behaviour accurately and that they
can be used to determine the horizontal displacement of different shear wall set-ups. [43].

DESCRIPTION OF THE ANALYTICAL MODEL

As mentioned, there are three shear wall configurations which are validated in this section. First of all, a
basic shear wall is checked to see whether the standard wall results match, after that the shear wall can
be made more complex in terms of configurations and connections. Figure 9.5 shows the three analysed
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models where a) is the basic shear wall, b) is a coupled shear wall and c) is a shear wall connected to a
perpendicular wall and floor. Input parameters are the same for all of them and are listed in table 9.3 or
mentioned in Figure 9.5. Important to note is that self-weight is not included in the analytical analysis.
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Figure 9.5: Analytical models of the CLT shear walls with: (a) basic shear wall, (b) coupled shear walls and (c) shear wall
connected to a perpendicular wall and floor

Table 9.3: Properties of the CLT shear walls

Parameters value Parameters value
Length 3000 mm Vertical loading, q 20 kN/m
Height 3000 mm Stiffness of CLT wall-to-floor above connections, ky; 0.5 kN/mm
Stiffness of bracket, kap 5 kN/mm Stiffness of CLT wall-to-perp. wall connections, k;,; 0.5 kN/mm
Stiffness of hold-downs, kyp | 6 kN/mm Tensile stiffness of brackets in perpendicular wall, k;,, 1 kN/mm
Elastic modulus Ej 12000 MPa | Shear stiffness of brackets in perpendicular wall, ks, 1 kN/mm
Shear modulus, Gerr 250 MPa No. of brackets in perp. wall, n,, 3

No. of layers in CLT panel,n | 5 Spacing of STSs in CLT shear wall-to-perp. wall connections | 500 mm
Thickness of CLT panel, tczr | 175 mm Spacing of STSs in CLT shear wall-to-floor connections 500 mm

DESCRIPTION OF THE NUMERICAL MODEL

The numerical models created in the finite element software SCIA are based on the analytical models
as described before. The hold-downs are modelled with a spring support in vertical direction and the
angle brackets as a horizontal spring support. STSs are modelled as spring supports in vertical and
horizontal direction for the floor-to-wall connection, while the wall-to-wall connection was modelled as
a continuous spring in vertical and horizontal direction. Stiffnesses of these connections are according
to table 9.1 so equal to the values of the analytical method. The same applies for the CLT panel, a 175
mm thick 5-ply panel is modelled with the corresponding parameters as described in the analytical
model. For the load, a line load of 20 kN/m is applied and the 100 kN horizontal load is modelled in the
top left corner.
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Figure 9.6: Numerical models of the CLT shear walls with: (a) basic shear wall, (b) coupled shear walls and (c) shear wall
connected to perpendicular wall and floor

RESULTS AND DISCUSSION

To validate the numerical models, the results have to be compared with the analytical results. The re-
sults of both methods are listed in table 9.4. Comparing these results gives information on the accuracy
of the numerical model.

Looking at the basic shear wall the analytical calculations resulted in a displacement of 21.1 mm, the
numerical calculations resulted in 23.9 mm displacement. Even though the results are quite close, they
do not match exactly and results in a deviation of 13%.

The coupled shear wall results show a 40.8 mm displacement for the analytical analysis versus a 40.1 mm
displacement for the numerical model. This difference of 1.5% shows that the numerical model repre-
sents the analytical model very well and that a coupling of two shear walls can be modelled as described.

Finally, the shear wall that is connected to a perpendicular floor and wall shows a good agreement in
the results. The displacement of the analytical and numerical analysis are 14.8 and 14.6 respectively.

Table 9.4: Displacement results

Analysis Basic shear walll | Coupled shear wall | Shear wall with perp. floor and wall
Analytical 21.1 mm 40.8 mm 14.8 mm
Numerical 23.9 mm 40.2 mm 14.6 mm

ONE-STOREY CLT STRUCTURE

For the final validation, a one-storey CLT structure with shear walls connected to perpendicular walls
and floors is modelled and checked with a load-displacement curve from a numerical analysis per-
formed in the study from Ruggeri et al. [44]. This structure is a complete representation of a lateral load
resisting building in terms of elements, connections and supports. Validating this structure will give all
the tools to model the proposed modules and perform the study of this thesis.

DESCRIPTION OF THE NUMERICAL REFERENCE MODEL

The three-dimensional model that is analysed in [44] is shown in Figure 9.7a. It considers six shear
walls connected with perpendicular walls and floors together with their hold downs and angle brackets,
the wall-to-wall connections, and the floor-to-wall connections. For the wall-to-wall connections, a 2-
joint multilinear elastic links with elastic-plastic behaviour was modelled in the vertical direction. The
floor-to-wall connections were modelled as a series of 2-joint linear elastic links characterized by elas-
tic behaviour in the x and y plane. The CLT shear walls are modelled assuming a high elastic modulus,
which had the function to act as a diaphragm and distribute the load to the walls. The load was applied
as a horizontal point load acting on the roof in the middle of the short side, as can be seen in image
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9.7a. Calculations were performed with a nonlinear static analyses to reproduce the elastic plastic be-
haviour of the model. Figure 9.7b shows a floor plan of the one-storey CLT building together with the
distribution of its base connections. All shear walls have a length of 2,5m and the building has a height
of 3m. Every shear wall is anchored to the foundation with two hold downs located at the extremity of
the walls and three angle brackets divided along the wall. The stiffness of these connections are listed
in table 9.5. Out-of-plane behaviour of these connections was neglected, because this information is
generally not available. For the wall-to-wall connections self-tapping screws 10x180 mm are used in-
clined at 90 degrees. The spacing of these STS is 300 mm and the stiffness is 1,5 kN/mm. Floor-to-wall
connections are identical to the wall-to-wall connections.
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(a) Numerical model (b) Top view with connection locations

Figure 9.7: 3D view and top view of the one-storey CLT structure [45]

Table 9.5: Geometrical and mechanical parameters of the building

Geometry | Wall base connections Wall-to-wall connections | Wall-to-floor connections
h kh,AB kv,HD kw—w,y kw—w,x kw—f,y kw—f,x
3m 10.8 kN/mm | 4.6kN/mm | 1.5kN/mm | 1.5 kN/mm | 1.5kN/mm | 1.5kN/mm

DESCRIPTION OF THE NUMERICAL VALIDATION MODEL

The numerical validation model is created in SCIA and is based on the numerical reference building as
described before. It can be seen in Figure 9.8 where the connections, supports and load is shown. The
way of modelling this structure is discussed in the following paragraphs.
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Figure 9.8: SCIA model of the 3D building

Information on the thickness of the shear walls is not given, but because the elastic modulus is consid-
ered as infinitely high, the thickness does not matter as the wall behaves as a stiff panel. SCIA needs
however input parameters for the CLT material and therefore a 5-ply 100 mm thick (20/20/20/20/20) is
chosen with a ply width of 80 mm. For the elastic modulus, a value of 10!% MPa is used, while the shear
modulus is taken as 650 MPa.

The connections are modelled as springs but different to the reference model the angle brackets are
modelled as one horizontal spring combining the three horizontal stiffnesses and the wall-to-wall and
floor-to-wall connections are modelled as distributed line connections. This latter is calculated by mul-
tiplying the stiffness of one STS with the number of screws per meter, which is 1000/300 = 3.33 for the
given spacing of 300 mm. All the connection stiffnesses used in the model are stated in table 9.6. For
the HDs, a distinction is made for tension and compression, as the reference model does this as well.

The load is modelled as a point load acting on the roof in the middle of the short side of the building.
Additionally, self weight of the structure is turned on and a combination of the two loads is made having
both a load factor of 1.

Table 9.6: Stiffness of the connections used in the numerical validation model

Connections | HD tension | HD compression AB total stiffness of AB | Wall-to-wall | spacing | W-w per meter | Floor-to-wall | spacing | F-w per meter
symbol kv,up,1 kv,HD,c kn,aB n*kap kw-w,x1y s kw-w,xry kw-w,x1y s kw-w,x1y
value 4.6 kKN/mm 9.2 kN/mm 10,8 kN/mm 32,5kN/mm 1.5kN/mm | 300 mm 5kN/mm 1.5 kN/mm 300 5kN/mm

RESULTS AND DISCUSSION

Validation of the numerical model is carried out by considering the overall response of the reference
building in terms of lateral stiffness. This is done based on the load-displacement curve of the 3D model
of the building. Next to the described building configuration, there is also a configuration where the
shear walls are not connected to the perpendicular walls. The results of that analysis are also used for
validation. From these curves, the stiffness of the structure can be determined. In the study of Ruggeri
et al. [44] this lateral stiffness is determined and compared with a analytical analysis. These results will
be used to validate the numerical model analysed in SCIA.

Despite the fact that a nonlinear elastic analysis was performed in the paper of Ruggerti et al. the anal-
ysis that is done for the validation model is a linear elastic analysis. This is possible if the connections
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don't reach the plastic phase and validation is done in the linear phase of the structure. From the paper
it can be seen that the elastic phase of the 3D model with perpendicular walls (SW + PW) is until a lateral
load of approximately 260 kN and for the shear wall only configuration (SW) until 200 kN. Testing the
validation models proves that for a maximum load of 250 kN for the SW + PW configuration, the base
connections did not reach their elastic stage. The same applies for a maximum load of 200 kN for the
SW configuration.

With the parameters as discussed in the previous section, the values reported in table 9.7 were found
for the lateral stiffness for the cases of shear wall plus perpendicular walls (SW+PW) and the shear wall
only (SW) configurations. From table 9.7it is possible to see that the results show similar results. The
reference and analytical stiffness shows a maximum of 1% difference, while the validation model shows
a maximum of 3% difference. This reveals a good accuracy of the validation model, meaning that the
modelling method is a proper way to model the structure. Figure 9.7a shows the load displacement
curves of the two configurations obtained from the numerical models. As is clear, the curves of the
reference (paper) and validation (SCIA) for both the SW+PW and SW configurations follow each other
closely until the plastic range and the validation curve is stopped. This confirms the validation of the
numerical model used in the finite element software SCIA.

Table 9.7: Lateral stiffness of the models

SW+PW SwW
model Analytical | Reference | Validation | Analytical | Reference | Validation
Kpuilding [KN/mm] | 22,23 22.22 22.47 17.42 17,43 16.94
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Figure 9.9: Load displacement curve of the 3D reference (paper) and validation (SCIA) model for both building configurations

Although the numerical model is validated and the results are close, they do no match exactly. As men-
tioned before, the analysis done for the reference model was non-linear, while the validation model is
linear. Even though the results are only monitored in the elastic range and the base connections do
not exceed the elastic strength. For the wall-to-wall and floor-to-wall connections this is unclear and it
could be the case that they exceed their elastic strength. Another factor for the slight difference could be
the inaccuracy. The SCIA outcomes were rounded to one decimal, while the reference study reported
outcomes with two decimals. Slight rounding errors could therefore explain the minimal differences. Fi-
nally, the values of the load displacement curves were not exactly mentioned in the paper and therefore
they were estimated with the global stiffness values which were given. However, it is unclear whether
the stiffness is an average or determined from the end of the elastic phase.



Appendix B: Mesh size influence

In Finite Element Analysis, the accuracy of the result obtained is determined by the size of the mesh. Be-
sides, the mesh size heavily influences the computational time. According to the theory, small elements
results in higher accuracy compared to larger elements. However, a smaller mesh means that forces are
more concentrated, which can lead to overestimated output values. This is for example the case for
point loads and supports, who are modelled at a very small surface, or where elements intersect. By
adjusting the mesh size, the force will be spread over a smaller or larger area.

The numerical model of the modules has some of these difficulties. The horizontal load acting on the
roof is concentrated, while in reality will act on a larger area. The same holds for the supports, which are
modelled at a very small area, leading to increased concentrated forces. Finally, the intersection of the
shear and side wall is a place where forces are transferred, meaning concentrated forces will occur. It is
important for realistic results that these mentioned points are observed and the right mesh is chosen to
accommodate for the concentrated forces. For module 3 the maximum displacement increased when a
smaller mesh was used. For example, a mesh of 200, 400 and 600 mm had a displacement of respectively
66.4, 60.4 and 56.4 mm.

It can be concluded that the mesh should be smaller for better results, but because of stress concentra-
tion should not be too small. Thus, an optimum should be found. To come to an optimum mesh size, a
CLT shear wall loaded at the top is investigated. The wall is supported by two pinned supports, which is
similar to the modules in this thesis. Five different mesh sizes were analysed, focusing on the maximum
lateral displacement and vertical displacement due to the compression at the supports. Table 22 shows
the summarized results for the different mesh sizes. Figure 9.10 shows their deformation behaviour.
The analysis with a mesh size of 400 mm shows the most realistic behaviour, because the concentration
at the supports is not too large and at the location of the load the local effect is only just notable, But
still sufficient accurate results are obtained.

Table 9.8: Total deflection and local deflection for varying mesh sizes.

Mesh size [mm)] 50 100 200 400 600

UL°P [mm] 119.7 1085 97.4 86.1 80.0
ubottom imm] 75 66 57 48 3.6
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Figure 9.10: Deformation for different mesh sizes, with the focus on compression at the supports



Appendix C: Bending and shear stiffness
determination

The shear and bending stiffness GA and EI respectively are determining factors for the module deflec-
tion. In simple structures calculating GA and EI is relatively easy, but for more complex structures that
have not straightforward dimensions it will become much more difficult to calculate them by hand.
Looking at the modules, it is obvious that they belong to the latter category, where calculating the shear
and bending stiffness is not so easy. Therefore, a different approach is used to calculate them. This
approach uses two equations to solve the two unknowns GA and EI [46].

The approach to determine the shear and bending stiffness is by creating two equations with two un-
knowns, which can then be solved for the two unknowns. With the use of the forget-me-nots for can-
tilevers this can be done. However, as explained before, the superposition of the bending and shear
deformation is not possible for the modules as they are modelled on two supports. Nevertheless, GA
and EI are values that are dependent on the design and dimensions of a structure and independent of
the support conditions. Therefore, the stiffnesses can be determined by adding a rigid support along
the width of the module which then corresponds to the cantilever model. Then the superposition can
be used to calculate GA and EI.

METHOD AND CHECKING

The equation for the deformation of a cantilever with a point load at the top or a distributed load consist
of a shear and bending part and are as follows:

Point load at top:
F+H® FxH
. + 9.1)
3xEI GA
Distributed load:
g+H' qxH*
_ + 9.2)

u=
8xEI 2xGA

The force, height and displacement are knowns when modelling the structure, leaving only GA and EI
as unknowns. Because H has a different power in the two parts, adjusting it results is two equations
with two unknowns. This can be solved to obtain GA and EI.

3m

— s
— —
) > El
3m
> > GA
. L
L_» L

Figure 9.11: Dimensions of the wall and the corresponding cantilever model
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Before using this method to compute the shear and bending stiffness of the modules, it should be tested
for a more simple structure to verify that it works. This is done with a simple shear wall of 3 x 3 m
consisting of an isotropic timber C24 plate of 100 mm thick. The E-modulus is 11000 MPa and the shear
modulus is 5500 MPa. The g-load is 200 kN/m. Modelling this structure in SCIA (see Figure 9.12) results
in a lateral displacement u of 1.4 mm. For the second equation, the length is increased to 9m, resulting
in a lateral displacement u of 72 mm. These models result in the two following equations:

200%90002
2xGA

_gxH} | qxH? _ __  200%9000*
U= BT ToxGA = 2= Tgerr T

4 2
wo = T axHy o, 200£3000° | 200+3000%
2= BxEI T 2«GA — F T T 8xEI 2%GA

The first step when solving is to eliminate one of the unknowns, in this case GA is chosen. Subtracting
the two equations after multiplying with the ratio H12/ H22 leads to EI.
90002/3000% =9

_ 200%9000* , 200%9000%
2="001 T nca

20090002

_ 1800%3000*
12.6 = 2%GA

8xEI

+

59,4 = 1462107 _ BT _ 5 476 % 105 Nmm2

Subsequently, GA can be calculated:

20090002

GA=——2 =5 GA=1.63%10°N

79_ 20090004
8+2,476%1015

The stiffnesses can be simply calculated by hand to verify the method.

EI=Ex 3 % % b®=11000 * % 100 % 3000% = 2.475 % 10'° Nmm2
GA=G*t*b=>5500% 100 %3000 = 1.65 * 10N

Since the results are close to identical, it can be concluded that the method works.

The method can now be applied to calculate the shear and bending stiffness of the modules. For module
0 this is done below. This configuration is chosen because for this design it is possible to check the
results with hand calculations. The module is clamped at the bottom of the shear wall and side walls, a
point load of 600 kN is applied at the top of the shear wall, therefore equation 9.1 should be used. The
two equations are set up for the heights 2.6 m and 3.6 m so that the average height is 3.1 m as is the
standard dimension. The corresponding displacements are 3.43 and 5.28 mm respectively. Note that
the height of the shear wall is slightly smaller because the floor is raised by 170 mm and since the rigid
support is placed underneath the shear wall the calculation is used with a reduced height of 2.43 and
3.43 m. The calculation can now be performed:
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Figure 9.12: Model of module 0 used to determine the stiffness

FxH3 FsH 600 3
_ FxHy L _ 600%34303 | 600%3430
W =5t ga =228="30 t7 g
FxH3 FxH. 600+%24303
_ FxHj b _ _ 600+24303 | 600%2430
W=t Ga =43 ="301 t7 ca

The first step is to eliminate one of the unknowns, in this case GA is chosen. First, the equation of u,
is multiplied with the ratio of the heights H,/ H; = 1.41. After that u, is subtracted with u; leaving the
equation that can solve for EI. After that GA can be calculated by using the found E1.

_ 600%10%%3430% | 600%3430 _
528=""= g t7 oa

_ 846%10%%2430° | 600%3430
4.84 = 3xEl T GA

0.44 = 402:10° _ B 920 % 10 Nmm2
Subsequently, GA can be calculated:

— _600x107:3430° _ _ s
GA= 5.08— 600x103 34303 > GA=4.64%10°N
’ 9.20%10

The obtained stiffnesses are verified in the next section.

VERIFICATION STIFFNESSES MODULE 0

In the previous section, the method shows good accuracy with the hand calculation for a simple shear
wall. For the module design it is more difficult to calculate the stiffnesses by hand. The only module
design for which this is possible is module 1. This module can be calculated as an I-beam where the
shear wall is the web, the side walls are the flanges and the roof and floor do not contribute to the
stiffness. The I-section is shown in Figure 9.13 whereafter the analytical calculation of EI and GA are
performed.
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Figure 9.13: Module 1 shown as I-section

First, the effective width of the flanges should be determined. The research of J.J.A. Penners [47] inves-
tigated for CLT walls the influence of the transverse wall width on the effective width. The results are
shown in Figure 9.14. The study found that a plateau is reached when the width keeps increasing. The
side walls of the module are 12 m long, meaning the effective width would reach the plateau. Therefore,
the effective width is taken as 800 mm. Another assumption is that y is taken as 1 because the web and
flanges are rigidly connected.

Effective width related to transverse wall width

Transverse wall width
—— Effective width
=== b= 500mm
=== b= 1000mm
=== b= 1500mm

b = 2000mm

b = 2500mm

b = 3000mm
=== b = 5000mm

Effective width b_eff [mm]

1000 2000 3000 4000 5000
Transverse wall width b [mm]

Figure 9.14: Effective width related to transverse wall width - Full cooperation [47]

Hand calculation EI and GA

E =11000N/mm?
G=690N/mm?2

Flange:

beff =800mm
tr=140mm

h =40mm, a; =1870mm
3 =20mm, az = 1820mm
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ty =40mm, as = 1770mm

If = l_lzbefft? + tlbeffaf+ l_lgbefftg + tgbeffag + ﬁbefftg + t5beffa§ =265 10" mm?*
Af =ty x bepp = 112000mm?*

Web:

h=3500mm
tw =260mm
to=160mm

Iy = 35boh® =5.72 x 101
Ay =ty * h =910000mm?

Stiffnesses:

EI=Ex@2If+1,)=1.26%10"°kNm?
GA=G*(2Af+Ay) =7.82%10kN

Another way of calculating the shear and bending stiffness is by using reverse engineering. With equa-
tion 9.1 and SCIA results, the corresponding stiffness can be determined. With the following steps, EI
and GA are calculated. First, the module is clamped at the bottom to make superposition possible. Then
modelled with bending deformation only (G = 10'°) and shear deformation only (E = 10'°). The total

force is then divided by the corresponding displacement. Subsequently, the corresponding values for

L Hq3

EI and GA can be found with the equations EJ = 22 —— and GA= u% * H. The calculation is performed
below.

Bending stiffness EI:

£ H®  600:10° 3
Er=20— = 00 220 1 594106 Nmm?
GA= L s 1= 89021 42930 =4.79 x 10°N

Finally, the calculated stiffnesses can be compared to those obtained from the 2 equations-2 unknowns
method. As can be seen in table 9.9. For the bending stiffness, corresponding values were found. Even
though there are some differences, they are within the agreeable limits. The shear stiffness results show
bigger differences with the hand calculation. The hand calculation has a significant higher stiffness
than the other methods. This is probably, because a too large effective width was considered which
influences the shear stiffness. Because the other result does show good an identical result, the found
value is still considered to be valid.

Table 9.9: Comparison of calculated stiffness values

2 eq.-2 unknown method Hand calculation Forget-me-nots
EI [Nmm?] GA [N] EI [Nmm?] GA[N] EI[Nmm?] GAI[N]
0.92%10%  479%10° 1.26%10" 7.82%10®° 1.29%10' 4.79%10°




Appendix D: Results

MAIN EQUATIONS

For the main equations, the best fitting equations for the parameters width, height and force are pre-
sented. The equations were used to propose the main equations for the different module configurations

Module 0
Best fitting equations for b:

4FH?b 1.5FH
= 12y " b
(EDs(b™4)  (GA)s(3-0.167)

22

Best fitting equations for H:

AFH%b 1.2FH

Unmo

Best fitting equation for F:

_ 2FH?b . 1.8FH
(EDs(b'?) ~ (GA)4(2-0.167)

upo

Module 1
Best fitting equation for b:

_ 10FH*b . 222FH
(EDs(b9) * (GA)s(2-0.167)

Unpn

Best fitting equation for H:

10FH?b 3.55FH

= + +0.25
(EDs(b'?) ~ (GA)((2 -0.167)HO3)

1220751

Best fitting equation for F:

10FH?b 3.3FH

= +
(EDs(b"H?) ~ (GA)s((% —0.167) HO3)

upi

Module 2
Best fitting equation for b:

_ 5FHb . 3FH
(EDs(b%°) * (GA)5(2-0.167)

Upnr2

Best fitting equation for H:

__ 8FH’ 10FH
(EDs(BH®) * (GA),((2-0.167)H)

Upr2

112

= +
(EDs(b'H*?)  (GA),((2 -0.167) HO3)

+3.74

22FHDb

MO=ED ()

22FHb

MO=ED (1)

22FHb

MO=ED ()

13FHbDb

ML= ED (B3 HOT)

14FHb

ML= (ED (B HOT)

13FHb

BMI = (EI)s(b32H0.7)

8FHb

M2 = (BT (b28)

10FHb

Oz = g 2P %)
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Best fitting equation for F:

_ 8FH%b . 10FH
(EDs(b*°H*®) ~ (GA)((2 -0.167)H)

Upnrz

Module 3

Best fitting equation for b:

_ 150FH?b . 10FH
(EDs(b1%) ~ (GA)5(2 -0.167)

Ums

Best fitting equation for H:

_ 160FH?*Db . 10FH
(EDs(b1%) * (GA)5(2 -0.167)

Umpms

Best fitting equation for F:

_ 150FH*b . 10FH
(EDs(bM15)  (GA)s(2 -0.167)

Umpms

EQUATION EXTENSION

o 1OFHb
M2 = (EI)S(bZ.BHO.Z)

_ 4.2FHb

M ED (B3

ou. — A2FHD

M= ED (B3

o _ 42FHD

M THED (B3 T)

The graphs that are used to determine the factors to account for the design options are presented here.
First for the shear wall thickness factor k;,,; and after that for the connection stiffness factor k.

SHEAR WALL THICKNESS
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Figure 9.15: Relations for the varying shear wall thickness, module 0
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Figure 9.16: Relations for the varying shear wall thickness, module 1
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Figure 9.17: Relations for the varying shear wall thickness, module 2
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Figure 9.18: Relations for the varying shear wall thickness, module 3

CONNECTION STIFENESS
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Figure 9.19: Relations for the varying connection stiffness, module 0



BIBLIOGRAPHY

116

12 Relation b and u Opon € 03 Relation b and © S
-eq.C eq.C
— 10 ~—a— Option B . 0,25 o —=— Option B
E — & —eq.B £ - & —-eqB
S8 —s—Option A E 02 —s— Option A
2 —e-cqa E ~s-eqa
gs —s—standard E 0,15 _'_. standard
2 ~ & — eq standard @ - ® - eq.standard
£ 4 =2 01
@ 3
(= &
2 0,05
0 0
0 ! 2 widtfb[m] * s 6 0 ! 2 widtfb(m * s &
5 . .
optionc Relation Hand u 01 oo Relation H and ©
6 eq. € 0,09 eq. C
E —a— Option B = 0,08 —l—. Oph:n B
5 - & —eq
E_ —e-eqB E 007 [+ optiona
= 4 | —&— Option A 2006 |~e—eqA
g - & —gq A e 0,05 =t ctandard
3 3 —e— standard g oos |- & — eq. standard
= &
o, = ® = gq.sta & 0,03
a D 0,02
! 0,01
0 0
0 1 2 Heigh?H [m] 4 5 & 0 1 2 Heigh%H [m] 4 5 G
Figure 9.20: Relations for the varying connection stiffness, module 1
5 Relation b.and u Option € 04 Relationband O g 00 ¢
ea.C 0,35 eq.<
Em . —=&— Option B —&— Option B
£ —l—eq._B §D,3 % _eqB
S15 0":"“ A £0,25 —s Option A
£ -*-e =
g —a— standard g 02 »—e0.A
210 — & — eq standard . 015 —e— standard
?‘:’ N % g — ® — gq_standard
) £ 01
Bs
0,05
0 0
0 ! 2 widtfbm] ¢ 5 6 0 ! 2 widtBbm) 4 5 &
14 Option C Relation H and u 0,12 option ¢ Relation H and O
12 eq.C eq.C
01 ;
E —=&— QOption B 4 Option B
E0 | _a_eqB ﬁom - & —gq.B
Zg —*—OptionA £ [—*—0OptionA
= — & —eq A
1] - & —eg A @,
E co0s —&— standard
2 6 —s—standa =] . 2
o -8 =g 5 I'Kv'tf
?"L a4 = ® —eq.standard %0.04 = &
a [
2 0,02
0 0
o L Heighl?H [m] 5 6 o : Heigh?H [m] “ s 5

Figure 9.21: Relations for the varying connection stiffness, module 2
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Figure 9.22: Relations for the varying connection stiffness, module 3
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