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Summary

The production of structural elements used in the construction industry is responsi-
ble for large parts of the global carbon dioxide production. Facilitating future reuse
and implementation of reused elements should be an essential part of designing
buildings. Reusing hollow core slabs is barely introduced in niche projects, but a
recently published standard describes a standardized process to ensure the quality
of reusable elements. By combining these with environmentally friendly materials
like timber, the GHG emissions can be reduced.

This thesis investigates the dynamic behavior of an 8-story reference building de-
signed with moment-resisting timber frames, CLT wall panels, and hollow core slabs
through numerical modal analysis. In addition to pinned and rigid beam-to-column
connections are four different connections from previous researches implemented in
the model using rotational springs.

Results from the modal analysis show that when timber connections with low rota-
tional stiffness are implemented, the building has a torsional mode as the fundamen-
tal mode. Two torsional modes are present when considering the number of modes
necessary to reach 90% mass participation ratio in each main direction. As the rota-
tional stiffnesses of the connections are increased, the first torsional mode is shifted
to a higher frequency mode. Modal response spectrum analysis according to the
Eurocode 8 is performed for all connection-cases using Complete Quadratic Combi-
nation. For a building located in a low-seismicity area, interstory drift and member
capacity utilization are within limits for all connection-cases.

The reuse potential of the components in each timber connection is discussed, eval-
uating the complexity of the connection, and the necessary man hours to assemble
and disassemble the connection. The traditional bolted connection is found to offer
the highest flexibility and reuse potential.
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Sammendrag

Produksjon av bærende elementer brukt i bygg- og anleggsbransjen står for store
deler av den globale karbondioksidproduksjonen. Tilrettelegging for fremtidig om-
bruk og implementering av ombrukte elementer burde være en viktig del i pros-
jekteringen av bygninger. Ombruk av hulldekker er anvendt i nisjeprosjekter, men
nylig publiserte standarder beskriver behandlingsprosesser som skal sikre kvaliteten
av ombrukbare elementer. Kombinasjonen av disse med andre miljøvennlige mate-
rialer, som tre, kan redusere klimagassutslippene.

Denne oppgaven ser på den dynamiske oppførselen til et 8-etasjers bygg med mo-
mentstive rammer, CLT vegger og hulldekke som etasjeskiller gjennom numerisk
analyse. I tillegg til rotasjonsfritt og helt momentstivt knutepunkt blir fire ulike
bjelke-søyle forbindelser fra tidligere forskning implementert i modellen og under-
søkt ved bruk av rotasjonstive fjærer.

Resultatene viser at når forbindelser med lav rotasjonsstivhet implementeres i mod-
ellen er byggets første mode en torsjonsmode. Ved oppnåelse av 90% modal masse
i de to globale hovedretningene er to torsjonsmoder innkludert. Ved å øke rotasjon-
sstivheten flyttes første torsjonsmode fra første mode til moder med høyere frekvens.
Modal respons spektrum analyse etter Eurokode 8 er gjennomført for alle situasjoner
ved bruk av komplett kvadratisk kombinasjon. For en bygning i områder med lav
seismisk aktivitet er verken forskyvningene i bygget eller kapasiteten til elementene
overskridet for alle forbindelsene.

Ombrukspotensialet til komponentene i alle forbindelsene er diskutert, og en eval-
uering av kompleksiteten og arbeidstimer knyttet til montering og demontering av
forbindelsen er gjort. Den tradisjonelle boltede forbindelsen tilbyr størst fleksibilitet
og høyest ombrukspotensiale.
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1. Introduction

1.1 Background

The construction industry and the production of structural elements play a huge part
in global carbon dioxide (CO2) production (Ghayeb et al., 2020). To limit the increas-
ing global temperature due to greenhouse gasses (GHG), the reuse of structural ele-
ments should become an essential part of an engineer’s daily practice. While being a
big part of the building’s mass (Eberhardt et al., 2018), Peretti et al. (2019) found that
the use of emerging or innovative materials for structural elements is generally con-
sidered harder than for other parts of the building. Thus, increasing the knowledge
around this field is necessary to enhance sustainability in the industry and introduce
standard procedures of designing for this cause.

Ghayeb et al. (2020) state that the production of new materials has significantly influ-
enced the CO2 emissions when constructing new buildings. de Castilho et al. (2005)
present a yearly production of 150 million cubic meters of new Hollow Core Slabs
(HCS) on average, and if reused HCS could replace even a small portion of these, it
would be positive for the reduction in CO2 production. Huuhka et al. (2015) high-
light the importance of seeing buildings already built as reserves for resources to
reduce the amount of waste produced when demolishing it to build new buildings.
BEF (2011b) indicates that HCS are the most commonly used element as floor for new
buildings in Norway, and reused HCS are barely introduced in niche projects. The
recent publishing of NS 3682:2022 Hulldekker av betong til ombruk (Hollow core slabs
for reuse) introduces a standardized handling process of HCS for reuse, and is an
important step for large scale implementation.

The concept of designing a building to be disassembled in the future is a crucial fac-
tor in the development of sustainable buildings. By combining this concept with
sustainable materials like reused HCS and timber elements, the GHG emissions from
the construction industry can be reduced. The most crucial factor in the design pro-
cess is that the building and its components must possess quality and reliability. This
includes durability in seismic-prone areas, as the concept should be applicable world-
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2 CHAPTER 1. INTRODUCTION

wide. The lack of standardized procedures regarding reusable elements are limiting
the broad implementation of the concept.

1.2 Scope

This thesis investigates the concept of designing buildings for reusability and the
aspect of seismic design in the European Standard through the following research
questions:

• How does the dynamic response vary with the type of timber connection and
the level of demountability?

• How does a building designed by the concept of reusable structural elements
comply with the European Standard for earthquake loadings?

• How can a building be designed by utilizing reused elements and the concept
of designing for future reuse?

1.3 Limitations

This thesis aims to investigate the dynamic behavior of a multi-story timber-concrete
building subjected to earthquake according to EC8. As the reference building is lo-
cated in Oslo, input values related to this location are used.

In addition to two reference cases, there are four beam-to-column connections im-
plemented in the numerical model. The selection of connections was done in early
phase and connections with different geometry and properties were desirable. Thor-
ough investigation of each connection was prioritized over increasing the number of
connections. The same dimensions of structural elements are used for all cases in
order comparable results.



2. State-of-the-Art

This chapter describes the State-of-the-Art, including the general practice of modular
building, the widespread of this phenomenon and areas where research is lacking.

2.1 Multi-story modular buildings

The concept of modular buildings is introduced in this section, the advantages and
disadvantages of the process, and the opportunities that lies within this field and
method of construction.

2.1.1 Concept of modular buildings

Modular buildings consist of off-site manufactured structural elements, called mod-
ules, often made in factories. The elements are then transported to a construction
site and assembled into a complete building structure. This form of construction is
well established for low-rise buildings, and utilizing the strategy for high-rise build-
ings has been adopted (Ferdous et al., 2019). Among the earliest examples of mod-
ular buildings is the Building of Crystal Palace in Great Britain in mid 19th century,
which was constructed in a few months (Velamati, 2012). Lawson et al. (2012) high-
light the economic benefits of scale in manufacturing multiple equal units with the
added quality of the product, speed of installation on-site, and the possibility of dis-
mantling the elements for future reuse. The same authors found a potential of 70%
reduction in landfills when modular construction is used.

2.1.2 Drawbacks for modular building

Memari and Ramaji (2013) identify several issues with modular buildings and high-
light that these problems become more complicated for multi-story than low-rise
buildings. The lack of specific codes for modular buildings and the unique behav-
ior of each type of modular building causes new challenges when predicting the be-
haviour under structural loads.

3
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Multi-story buildings require lateral loads resisting systems for wind, earthquake,
or other accidental loads. The parameters affected by the materials in the buildings
become significant in the non-linear design. This includes joints designed to plastify
and dissipate seismic energy. Different behavior is based on this expected, caused by
additional flexibility in a modular system than in a traditional non-modular building
(Memari and Ramaji, 2013).

2.2 Hybrid buildings

This section introduces the general concept of hybrid buildings, the range of appli-
cations, and a particular focus on buildings consisting of both timber and concrete.
The material differences are highlighted and some benefits and disadvantages are
presented.

2.2.1 Introduction

The general idea of hybrid structures is based on utilizing the strengths of differ-
ent materials to improve the overall performance of the structure (Tesfamariam and
Stiemer, 2014). The concept of hybrid buildings has been for a long time. There
are traces of using hybrid structures consisting of timber frames with masonry infill
back in ancient Rome (Baǧbanci and Baǧbanci, 2018), called Ottoman House by Porcu
(2017).

Morino (1998) classifies hybrid structures into five groups: hybrid members, hybrid
assemblages, hybrid systems, half precast, and other constructions. Pan et al. (2021)
highlight that the traditional composite high-rise buildings consist of steel and con-
crete.The guidelines for this type of building are well established, e.g., NS-EN 1994
Eurocode 4: Design of composite steel and concrete structures. The combination of a need
to reduce GHG emissions and the rapid population increase requires constructing
high-rise buildings with more environmentally friendly materials like timber.The
standardization of hybrid buildings combining materials materials than steel and
concrete is lacking.

Figure 2.1 shows two projects from modern times using hybrid structures. Brock
Commons in Vancouver, Canada, in Figure 2.1a, consists of a mass timber construc-
tion and two concrete stair cores. A Working Lab in Gothenburg, Sweden, seen in
Figure 2.1b, consists of timber floor and columns in addition to steel beams.
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(a) Brock Commons, Vancouver, Canada. Mass
timber building with concrete stair core (Think
Wood, 2020).

(b) A Working Lab, Gothenburg, Sweden. Steel
beams, timber floor, and timber columns (Efterk-
lang, 2021).

Figure 2.1: Examples of modern modular and hybrid buildings.

2.2.2 Timber-concrete buildings

Timber-concrete composites have been of interest for a long time, and light-frame
wood buildings with or without infill have shown significant resistance in earth-
quake prone areas due to different factors, like high lateral resistance (Baǧbanci and
Baǧbanci, 2018) or ductility of nail fasteners (Pan et al., 2021).

Pan et al. (2021) highlight that requirements for high-rise buildings introduce the
hybridization of wood to combine the advantagess of different materials. This can be
done on two levels: component level, such as steel-GLT columns, or system level, such
as CLT shear walls with steel frames. The research on the combination of timber and
concrete on system level is reported by Gallo et al. (2021) to be relatively low. It is
highlighted that the connection of concrete to timber must be constructed carefully,
as several studies found this to be a weak spot.

2.2.3 Material properties

Traditionally, timber has often been considered weaker than reinforced concrete and
steel. The introduction of processed timber elements, as GLT and CLT are, makes
timber applicable for high-rise buildings. When compared to concrete, GLT and CLT
are comparable to pure concrete in compression, and the strength-to-weight ratio
in tension is comparable to steel. In recent years, the process of delignification has
introduced timber products with a significantly higher capacity in both tension and
compression, up to 225 MPa (Gallo et al., 2021).

When constructing with timber, Gallo et al. (2021) highlight that the dissipation of
seismic energy is different in timber than in steel or reinforced concrete, as timber is
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a brittle material. This leads to energy dissipation in the connections between tim-
ber elements instead of in critical zones of the structural element itself, as is done
when designing with steel or reinforced concrete. The yielding of steel or reinforced
concrete to dissipate energy often leads to irreparable damage.

The introduction of lightweight timber flooring systems in hybrid buildings makes
wind the governing design load rather than earthquake loadings (Tesfamariam and
Stiemer, 2014). The same concept applies to hybrid buildings consisting of processed
timber elements, as the earthquake loading is directly proportional to the mass of the
building (Pan et al., 2021).

Memari and Ramaji (2013) highlight the importance of accounting for eccentricities
and providing flexibility to the system by adding tolerance and allowance in the de-
sign. This includes considering internal forces in the modules or increasing safety fac-
tors. Marzaleh et al. (2018) list several reasons causing problems for concrete-timber
buildings, including differences in tolerance for timber and concrete. This tolerance
is mainly because GLT beams are cut with a Computer Numerical Controlled (CNC)-
machine, giving a tolerance of ±mm, while HCS are produced with a tolerance of
± cm (Ballast, 2007).

2.3 Hollow core Slabs

Hollow Core Slabs (HCS) are precast structural units produced off-site and mainly
consisting of concrete. HCS can be produced various heights and lengths, making
them applicable for a broad range of buildings. As seen in Figure 2.2, the slabs are
hollow, making them lighter than traditional on-site casted concrete. The holes can be
of different shapes, e.g., round, pseudo ellipsis, rectangular, and the standard width
of an element is 120 cm (de Castilho et al., 2005). The slabs are traditionally rein-
forced with steel rebars in the bottom part, which can have an initial tension creating
compression in the HCS (Al-Shaarbaf et al., 2018). After the HCS are mounted, a con-
crete topping can be applied, with or without reinforcement (Chang et al., 2006). This
topping is not required for the flooring system to be considered a rigid diaphragm
(Memari and Ramaji, 2013).
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Figure 2.2: Example of HCS sections (de Castilho et al., 2005).

2.3.1 Process of installation

When erecting a building with HCS as the separating floor, the precasted HCS are
delivered to the construction site and elevated into their place (Buettner et al., 1998).
The process can be seen in Figure 2.3, where the elements produced in factories are
transported to the construction site and elevated into its place.

(a) Transported elements (b) Elevation of HCS. (c) Rebar placed in lateral void.

Figure 2.3: Process of installing HCS (BEF, n.d.).

A vital part of the mounting is the shear infill in the lateral void, seen in Figure 2.4,
and the interconnection with the transverse resisting connection, seen in Figure 2.5.
These infills are traditionally cement-based grout with steel rebars, cast on-site, en-
suring that shear forces are resisted, as described in Section 3.3.3. This is one of the
main reasons that disassembling a building so that elements are reusable is difficult
(Volkov, 2019).
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Figure 2.4: Lateral void filled with grout with longitudinal steel rebar (Engström
et al., 2008).

Figure 2.5: Connection of longitudinal rebars with transverse resisting steel re-
bars, voids filled with grout (Engström et al., 2008).



3. Theory

The following chapter describes the theory creating the base for the method of anal-
ysis. A general part, including the response of structural systems and the different
aspects of an earthquake as a phenomenon, is presented before research regarding ex-
perimental results and numerical modeling of structural elements and components
are described in detail.

3.1 Structural Dynamics

This section describes the different aspect of structural dynamics in civil engineering
and presents factors that influence the response of buildings subjected to dynamic
loadings.

3.1.1 Introduction

To analyze the dynamic response of structural buildings, a mathematical approach
can describe both the exciting forces and the structure’s response. The structure can
be either a Single Degree of Freedom (SDOF)- or a Multi Degree of Freedom (MDOF)-
system, and the response will be affected by several factors, such as stiffness, damp-
ing, or ductility.

3.1.2 Response of a vibrating system

A vibrating system can be generalized into two main categories; free and forced vibra-
tion. Free vibration means that no external forces are applied to the system, while
forced vibration indicates that external forces are present and influence the system
during vibration. For both cases, the system is either classified as undamped or damped,
indicating if a viscous damping component is present or not. Viscous damping means
that the damping rate is dependent on the velocity of the vibrating mass (Chopra,
2012).

A general equation for a system vibrating can be found by applying Newton’s law

9
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of motion. From Figure 3.1, assuming the mass m has no stiffness or damping, the
damping c has no mass or stiffness and the spring k has no mass or damping, the
equation of motion (EOM) for the simplified SDOF-system subjected to an external
force p(t) can be expressed as:

mü(t) + cu̇(t) + ku(t) = p(t) (3.1)

This equation is valid for any t > 0.

k

c

m
p(t)

u(t)

Figure 3.1: Simplified mass-spring-damper SDOF-system.

The natural frequency ωn is defined by Chopra (2012) as:

ωn =

√
k
m

(3.2)

and the natural period Tn is defined as:

Tn =
2π

ωn
(3.3)

The damping ratio ζ is defined as:

ζ =
c

2mωn
=

c
ccr

(3.4)

where ccr is the critical damping coefficient. This is the smallest value of damping
coefficient c that prevents a full oscillation cycle (Chopra, 2012).

3.1.2.1 Damped forced vibration

For a damped forced vibration, the solution to Eq. (3.1) is assumed to consist of two
parts, a homogeneous solution uh(t) and a particular solution up(t) (Chopra, 2012).

u(t) = uh(t) + up(t) (3.5)
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The homogeneous solution is equal to the damped free vibration response given by
Cook et al. (2002), who suggest that the structural damping ratio is typically ζ < 0.15,
and further theory is therefore restricted to the underdamped case. The homoge-
neous solution in Eq. (3.5) can be assumed to be:

u(t) = e−ζωnt(A cos(ωDt) + B sin(ωDt)) (3.6)

where ωD is the damped natural frequency and is defined as:

ωD = ωn

√
(1 − ζ2) (3.7)

The damped natural period is given by:

TD =
2π

ωD
(3.8)

Following the fact that structural damping is relatively small, we can see that ωD ≈
ωn. Comparing the two natural periods, Tn and TD, it can be seen that the damped
natural period is lengthened with a factor of Tn/TD (Cook et al., 2002).

The particular solution of Eq. (3.5) i assumed to be:

up(t) = C sin(ωt) + D cos(ωt) (3.9)

Expressions for C and D can be found by differentiating Eq. (3.5) twice to find ü(t)
and u̇(t) and substituting into Eq. (3.1). This leads to the following expressions for C
and D:

C =
p0

k
1 − β2

[1 − β2]
2 + [2ζβ]2

(3.10)

D =
p0

k
−2ζβ2

[1 − β2]
2 + [2ζβ]2

(3.11)

This leads to the total solution for a damped forced vibration, where A and B can be
found by applying the initial conditions u0 and u̇0.

u(t) = e−ζωnt (A cos(ωDt) + B sin(ωDt))︸ ︷︷ ︸
transient

+ C sin(ωt) + D cos(ωt)︸ ︷︷ ︸
steady state

(3.12)

Chopra (2012) separates the two parts of the solution. The response due to free vi-
bration becomes negligible after a while due to the negative exponential, while the
steady state response is due to the external excitation and will remain. An important
notice is that the maximum deformation peak may occur before the vibration has
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reached its steady state, as seen in Figure 3.2

Figure 3.2: Response of damped system subjected to harmonic force, β = 0.2,
ζ = 0.05, u0 = 0.5p0/k and u̇0 = ωn p0/k (Chopra, 2012).

When ω = ωn, the damping factor ζ becomes crucial. If the frequency ratio β =

1, Eq. (3.10) gives C = 0 and Eq. (3.11) gives D = −(ust)0/2ζ. If the system is
initially at rest, u0 = u̇0 = 0, and from Eq. (3.12) this gives A = (ust)0/2ζ and
B = (ust)0/2

√
1 − ζ2. Inserting all constants A, B, C & D in Eq. (3.12) gives the total

solution for a damped forced vibration at resonance (Chopra, 2012):

u(t) = (ust)0 ·
1

2ζ

[
e−ζωnt

(
cos(ωDt) +

ζ√
1 − ζ2

sin(ωDt)

)
− cos(ωnt)

]
(3.13)

Chopra (2012) describes that for low damping ratios, the sinusoidal component in
Eq. (3.13) is small, and the damped natural frequency ωD ≈ ωn. This leads to the
simplified response function for a damped forced vibration when ω = ωn:

u(t) ≃ (ust)0

2ζ

(
e−ζωnt − 1

)
︸ ︷︷ ︸

envelope f unction

cos(ωnt) (3.14)

The envelope function in Eq. (3.14) gives the amplitude of the function. When t → ∞,
the envelope limits the response to the steady state amplitude, defined as:

u0 =
(ust)0

2ζ
(3.15)

The steady state amplitude’s rate is attained strongly dependent on the damping
ratio ζ. As seen in Figure 3.3, a lower damping ratio increases the size of the ampli-
tude and the number of periods Tn completed before reaching steady state vibration
(Chopra, 2012).
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Figure 3.3: Response of three damped systems subjected to harmonic force, β = 1,
u0 = u̇0 = 0 (Chopra, 2012).

3.1.3 External force

The external force p(t) that the system vibrating is subjected to can be an initial force,
a periodic force harmonically varying with time, an impulse loading or an arbitrary
excitation. In each case, and especially for the three latter cases, a mathematical ap-
proach is needed to convert the complex excitation to find the response of the system.

3.1.3.1 Static force

When a system is subjected to static force, it can be converted to initial displacement.
This displacement is found by applying Hooke’s law for springs, where in Eq. (3.16),
F refers to the force, ∆x refers to the displacement caused by the force, and k is a co-
efficient that represents the stiffness of the spring, as seen in Figure 3.4. The stiffness
coefficient for a civil structure can be found using geometrical and material proper-
ties.

F = −k · ∆x (3.16)

k F

∆x

Figure 3.4: Hooke’s law for a simple spring.
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3.1.3.2 Periodic excitation

Exciting forces varying with time can be described as a sum of harmonic functions
with respect to time using Fourier series. Chopra (2012) describes the method to do
this conversion for any periodic function p(t) with period T0 if the function satisfies
the following relationship:

p(t + nT0) = p(t) n ∈ ⟩− ∞, ∞⟩

If the function satisfies this relationship, Fourier series can be applied to separate the
function into its harmonic components:

p(t) = a0 +
∞

∑
n=1

an cos(nω0t) +
∞

∑
n=1

bn sin(nω0t) (3.17)

The components can be expressed in terms of p(t) since sine and cosine are orthogo-
nal:

a0 =
1
T0

∫ T0

0
p(t)dt (3.18)

an =
2
T0

∫ T0

0
p(t) cos(nω0t)dt (3.19)

bn =
2
T0

∫ T0

0
p(t) sin(nω0t)dt (3.20)

Where a0 is the average value of the function, an and bn are the amplitudes of the nth
harmonic of the frequency nω0. ω0 is the frequency of the fundamental harmonic
frequency (Chopra, 2012).

ω0 =
2π

T0
(3.21)

Theoretically, Fourier series will converge to p(t) when the number of terms n → ∞.
Chopra (2012) highlights that in practice, a few terms are required to represent the
function sufficiently. At points of discontinuity, the approximation converges to a
value that is the average of values immediately to the right and left of the point of
discontinuity.

3.1.3.3 Arbitrary excitation

If the force p(t) varies arbitrarily with respect to time, Chopra (2012) represented the
function as a sequence of infinite small impulses, where each impulse force p(t) =

1/ϵ starting at the time instant t = τ and with a duration of ϵ → 0. The Dirac delta
function δ(t − τ) mathematically defines a unit impulse centered at t = τ, leading to
the unit impulse-response function denoted by h(t − τ). If this exciting impulse force is
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ground motion, the function can be expressed as (Chopra, 2012):

h(t − τ) = − 1
ωD

e−ζωn(t−τ) sin(ωd(t − τ)) (3.22)

Figure 3.5: Arbitrary force function p(t) represented by short impulses with du-
ration of dτ at t = τ.

The response u(t) of the system when the arbitrary force seen in Figure 3.5 can be
expressed by Duhamel’s integral:

u(t) =
1

mωD

∫ t

0
p(τ)eζωn(t−τ) sin(ωD(t − τ))dτ (3.23)

It is highlighted by Chopra (2012) that this general results is only valid for linear
systems as it is based on the principle of superposition. If p(τ) is a complicated
function, a numerical evaluation of the integral is required.

3.1.4 Single degree of freedom structural systems

The structural system shown in Figure 3.6 can be assumed as an idealization of a
one-story structure, where the properties mentioned in Section 3.1.2 are concentrated
in three pure components: the mass component, representing the mass of the struc-
ture as a lumped mass, the stiffness component is representing the lateral stiffness of
the structural members, and the damping component, representing damping in the
structure caused by material damping, friction or other energy absorbing quantities
(Chopra, 2012).
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Figure 3.6: Idealized system with earthquake-induced motion.

The simplified structural system can be solved in the same manner as the mass-
spring-damper system shown in Section 3.1.2, assuming that the frame moves only
in the direction of the exciting force. From the solution presented in Eq. (3.12), u(t)
here represents the relative displacement between the mass and the ground (Chopra,
2012).

3.1.5 Multi degree of freedom structural systems

An idealized two-story shear frame with infinite rigid beams subjected to external
forces is the simplest Multi Degree of Freedom (MDOF) system . It can be used to
illustrate the EOM for MDOF systems. The mass is concentrated in the floor levels,
and viscous damping is assumed. As seen in Figure 3.7, the displacements of each
floor u1 and u2 are the only degrees of freedom when the beam rotation is neglected
(Chopra, 2012).

Figure 3.7: Simplified two-story frame considered as a MDOF system (Chopra,
2012).

Using Newton’s second law of motion and the same procedure as for SDOF-systems,
a matrix formulation is necessary to represent the EOM for the simplified system
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shown in Figure 3.7.[
m1 0
0 m2

]
·
{

ü1

ü2

}
+

[
c1 + c2 −c2

−c2 c2

]
·
{

u̇1

u̇2

}
+

[
k1 + k2 −k2

−k2 k2

]
·
{

u1

u2

}
=

{
p1(t)
p2(t)

}
(3.24)

For a MDOF system with n floors that is being subjected to the base excitation üg

in the direction of r, the response can be describe by the following equation from
Ψυχάρης (2016):

Mü + Cu̇ + Ku = −Mrẍg (3.25)

The displacement vector u for these equations consists of 3 · n components:

u = {u1.x u1.y θ1︸ ︷︷ ︸
1st f loor

u2.x u2.y θ2︸ ︷︷ ︸
2nd f loor

. . . un.x un.y θn︸ ︷︷ ︸
nth f loor

}T (3.26)

In Eq. (3.25), M is a diagonal matrix consisting of three sub-matrices mx, my and Iθθθ:

M =

mx 0 0
0 my 0
0 0 Iθθθ

 (3.27)

mx =


m1.x 0 . 0

0 m2.x . 0

. . . . . ...
0 0 0 mn.x

my =


m1.y 0 . 0

0 m2.y . 0

. . . . . ...
0 0 0 mn.y

 Iθθθ =


I1.θ 0 . 0
0 I2.θ . 0

.. . . . . ...
0 0 0 In.θ

 (3.28)

where

mi.x and mi.y are the masses in x- and y-direction, respectively. Normally, mi.x = mi.y

Iθ is the moment of inertia of the floor with respect to the vertical axis through center
of mass (CM)

Iθ for a regular building of dimensions LxxLy is expressed by Ψυχάρης (2016):

Iθ =
m ·
(

L2
x + L2

y

)
12

(3.29)

while for an irregular building, each floor should be divided into several segments
with a moment of inertia with the radius Ri from the vertical axis trough CM, leading
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to the following expression:

Iθ = ∑
i

Iθ.i + ∑
i

mi · R2
i (3.30)

where

Iθ.i for each floor segment is calculated by Eq. (3.29)

mi is the mass of the floor segment

Ri is the radius from center of mass of the segment to center of mass of the whole
floor

The stiffness matrix K and damping matrix C in Eq. (3.25) consist of sub-matrices in
the same manner as M, where each sub-matrix describes the stiffness and damping,
respectively, in each direction. The stiffness matrix is defined by Ψυχάρης (2016) as:

K =

 kx kxy kxθ

kxy ky kyθ

kxθ kyθ kθ

 (3.31)

The damping matrix is defined as:

C =

 cx cxy cxθ

cxy cy cyθ

cxθ cyθ cθ

 (3.32)

Ψυχάρης (2016) indicates that in practice, the damping matrix is hard to find an exact
solution for, but for Idosyncratic analysis, it does not need to be calculated as it is
present in the damping factor ζ.

The natural frequencies ωn.i of the MDOF system from Eq. (3.25) can be found by
solving the eigenvalue problem from the characteristic equation:

det
(

K − ω2
nM
)
= 0 (3.33)

When subjecting the system to one of the natural frequencies, the corresponding
mode shape βiβiβi can be found by solving the equation:(

K − ω2
i M
)

βββi = 0 (3.34)
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This equation is equivalent to a system of N equations with N unknowns, but because
the determinant of Eq. (3.33) is zero, the system has an infinite number of solutions.
By setting one of the unknowns β j.i equal to 1, the remaining unknowns of fii can be
found.

The mode shape can be normalized by dividing all modes β j.i by the maximum value
of the upper floor βN.i. This leads to the mode shape matrix ϕϕϕi to the corresponding
natural frequency ωn.i:

ϕϕϕi =


ϕϕϕi.x

ϕϕϕi.y

ϕϕϕi.θ

 (3.35)

Where ϕϕϕi.x, ϕϕϕi.y and ϕϕϕi.θ are sub-matrices representing the mode shape in each direc-
tion for each story:

ϕϕϕi.x =


ϕ1i.x

ϕ2i.x

. . .
ϕNi.x

ϕϕϕi.y =


ϕ1i.y

ϕ2i.y

. . .
ϕNi.y

ϕϕϕi.θ =


ϕ1i.θ

ϕ2i.θ

. . .
ϕNi.θ

 (3.36)

For buildings subjected to torsional effects, Ψυχάρης (2016) highlights that two points
are important for the buildings behavior:

1. Center of rigidity (KD): If a force is given through the KD, the diaphragm will
move purely in X- and/or Y-direction without twisting about a vertical axis.

2. Center of rotation (KS): The diaphragm will twist about the KS is a torsional
moment is applied about a vertical axis.

In single-story buildings, the KD and KS will fall in the same point, while for multi-
story buildings, the prediction of KD and KS can be more complex. Ψυχάρης (2016)
provides a simplified conclusion that a building can be categorized as torsional if:

ωθ ≥ ωx and ωθ ≥ ωy (3.37)

3.1.6 Damping

Damping is a phenomenon present in any dynamic system reducing the motion, and
is the energy dissipation or redistribution of energy to surroundings through e.g.
heat. de Silva (2005) separates damping into three main types. Internal damping refers
to the energy dissipation in the material itself. This type of damping is typically mod-
eled mathematically as viscoelastic or hysteretic damping. Structural damping refers
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to damping occurring in structural assemblies through friction, yielding of compo-
nents, or other interaction of elements. The mathematical model of this is typically
Coulomb damping. The third type is fluid damping, referring to damping between a
structural element and a fluid, typically air or water. For a civil building, this type
of damping is typically related to wind and is a complex phenomenon outside the
scope of this thesis.

3.1.7 Ductility of structures

Ductility is related to the ability of a structural component to attain large deforma-
tions without loosing all strength. This is an important requirement in the design of
a building as it allows redistribution of internal forces for connections with adequate
ductility (Jorissen and Fragiacomo, 2011). The ductility ratio µ is the relationship be-
tween the maximum deformation umax and the deformation at the yielding point uy,
as seen in Eq. (3.38).

µ =
umax

uy
(3.38)
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3.2 Earthquake

This chapter contains an overview of earthquake as a phenomenon, how this phe-
nomenon is considered when designing buildings, and the guidelines from Eurocode
8, with the additional National Annex. Accelerograms for historical earthquakes are
presented.

3.2.1 Introduction to the concept of earthquake

Earthquake is a phenomenon that occurs when energy stored in the earth’s crust is
suddenly released. This is caused by the slip of two blocks of the earth in relation to
each other. The surface where the slip occurs is defined by Alden (2016) as fault plane,
and the starting point of the earthquake is refereed to as hypocenter. The location at the
surface directly above the hypocenter is called the epicenter, as shown in Figure 3.8.

Figure 3.8: Explanation of earthquake terms, adopted after Lindeburg and Mc-
Mullin (2014).

This release of energy is also called fault and happens when the tension in the plate
boundary exceeds the yielding point of the weakest point in the boundary. Each side
of the boundary moves to a new position through three different types of slip, shown
in Figure 3.9.

(a) Normal fault - separation due to tension forces and results in extension of the
crust

(b) Reverse fault - collision due to compressive forces and results in shortening of
the crust
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(c) Strike-slip - Lateral movement due to shear forces in the boundary

(a) Normal fault (b) Reverse fault (c) Strike-slip

Figure 3.9: Types of slip, adopted from Alden (2016).

3.2.2 Response and design spectra

The released energy from an earthquake travel through the soil and causes loads on
the structure. These loads vary with time, and seismic loads can be characterized
as dynamic loads. Some examples of registered ground motion during historical
earthquakes can be seen in Figure 3.10.

Figure 3.10: Recorded ground motion of several earthquakes (Chopra, 2012).

By applying the solution for the displacement of a structure subjected to an arbitrary
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loading seen in Eq. (3.23), a displacement response spectrum can be defined by using
the maximum values. This spectrum is dependent on the natural frequency and the
damping ratio of the structure:

u0(Tn, ζ) = max|u(t, Tn, ζ)| (3.39)

By differentiating Eq. (3.23) twice, the velocity and acceleration spectrum can be de-
fined. Chopra (2012) highlights that these spectra for a given ground motion are three
different ways of representing the structural response, where the deformation spec-
trum relates to peak deformation, pseudo-velocity spectrum relates to peak strain
energy and pseudo-acceleration spectrum relates to static forces. By combining all
spectra, the combined D-V-A (Displacement-Velocity-Acceleration) response spec-
trum can be created, as seen in Figure 3.11.

Figure 3.11: Combined D-V-A response spectrum for El-Centro earthquake for
different values of damping ζ (Chopra, 2012).

For elastic systems, the response spectrum for a recorded ground motion is inappro-
priate, as the spectrum for two of the ground motions in Figure 3.10 will be jagged
with differing peaks and valleys, and the shape of a future earthquake cannot be
predicted. This leads to the introduction of design spectrum.

Design spectrum is based on a statistical analysis of the response spectra for a variety
of ground motions for the given building location. The 84.1th and 50th percentile
design spectra for El Centro earthquake are shown in Figure 3.12, comparing it to the
response spectrum.
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Figure 3.12: Comparison of design spectra with elastic response spectrum for El
Centro earthquake (Chopra, 2012).

3.2.2.1 Normalized design spectrum

After the response spectra are combined into an idealized design spectrum, the nor-
malized design spectrum can be defined as seen in Figure 3.13, where the change
in gradient represents the change from acceleration to velocity and from velocity to
displacement based calculation, respectively.

Figure 3.13: Shape of the elastic response spectrum from EC8-1.
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3.3 Analytical model

This chapter describes the analytical theory behind methods used in structural en-
gineering, and creates a background to support the methods used when analyzing
multi-story hybrid buildings subjected to earthquake loading.

3.3.1 Finite element method

Finite element analysis or Finite element method (FEM) is a method of numerically
solving problems from the field. This requires a spatial distribution of one or more
dependent variables. This can be described by differential equations or integral ex-
pression, and the field of application ranges from temperature distribution in the
piston of an engine to the global displacement of a structure (Bathe, 2008).

The solution from FEM is always an approximate solution, where a structure is split
into elements connected by nodes. Each element represents a set of algebraic equa-
tions, and the particular arrangement of the elements is called a mesh connected by
nodes. Splitting a structure into more elements will give a finer mesh, improving the
approximated solution, which is found by applying the boundary conditions and
forces (Cook et al., 2002).

(a) Cantilevered beam with geometry, bound-
ary conditions and material data

(b) Typical FEM discretization using 6x1 mesh
of 9-node elements

Figure 3.14: Discretization of cantilevered beam to solve plane stress problem by
Bathe (1996).

The displacement-based FEM uses the principle of virtual work, which require that
the sum of internal virtual work is equal to the total external work for any compati-
ble small virtual displacement imposed a body in equilibrium. This is expressed by
Bathe (1996): ∫

V
ϵϵϵTτττdV︸ ︷︷ ︸

Internal virtual work

=
∫

V
UUUT fff BdV +

∫
V

UUUST
f fff S f dS + ∑

i
UUUiTRRRi

C︸ ︷︷ ︸
External virtual work

(3.40)

where

UUU are virtual displacements
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ϵϵϵ are the corresponding virtual strains

τττ, fff B, fff S f and RRRi
C are stresses in equilibrium with applied loads

In Eq. (3.40), the stresses are assumed to be unique stresses that balance the applied
loads, and UUU must represent a continuous virtual displacement field for evaluation
of ϵϵϵ. The governing finite element equations can be derived by replacing the virtual
displacements with correct reactions.

In linear analysis, the material laws are assumed constant with infinitesimally small
displacements and constant volume and surfaces. For an element with j nodal points,
Bathe (2008) presents:

x =
k

∑
i=1

hixi y =
k

∑
i=1

hiyi z =
k

∑
i=1

hizi (3.41)

and

u =
k

∑
i=1

hiui v =
k

∑
i=1

hivi w =
k

∑
i=1

hiwi (3.42)

where

hi are the given interpolation function of the elements natural coordinates (r, s, t)

xi, yi and zi are the global coordinates of node i

ui, vi and wi are the unknown displacements of node i

By substituting Eq. (3.41) and Eq. (3.42) into Eq. (3.40), Bathe (2008) obtains the fol-
lowing relationship:

KUKUKU = RRR (3.43)

This is equal to the relationship already described in Eq. (3.16) but with matrix formu-
lation. KKK is the stiffness matrix, UUU is the displacement vector describing all unknown
node displacement, and RRR is a vector containing externally applied forces.

For all FEM analyses, Bathe (1996) highlights the importance of choosing an appro-
priate mathematical model since FEM only solves the exact model. This includes the
choice of boundary conditions, element types, and the results judgment by the user.
This also includes choosing a sufficient model with reliable accuracy without creating
an over-conservative model.

3.3.2 Finite element software

SAP2000 is a general-purpose structural analysis program based on FEM (CSI, 2021).
The program can be used for a various structural problems, ranging from simple 2D
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systems to complex non-linear dynamic analysis. The program has integrated code-
based loading assignments and design checks with design optimization. Linear and
curved members, cables and post-tensioned tendons, frames, shells and solid ele-
ments are some of the available modeling options for structural assembly (Habibul-
lah, 2021).

For earthquake analysis, both static and dynamic methods are available. The static
non-linear pushover analysis can be used to consider modal load patterns, creating in-
elastic response of shear walls, floor slabs or plastic hinging behavior of slender el-
ements. The dynamic analysis methods among others are: response spectrum for the
maximum seismic response, steady-state for fatigue behavior with or without damp-
ing, or time history to implement historical earthquakes (Habibullah, 2021).

Many meshing options are available, including automatic meshing, size-based mesh-
ing, and manual meshing. Automatic edge constraints can be applied to elements,
connecting edge joints of the element to adjacent corner joints. Joints are considered
to be edge joints if being within the auto-merge tolerance and can be user-defined
(CSI, 2004).

Some limitation of SAP2000 is that timber as a material is not available as a default
material, meaning that analysis with GLT and CLT requires user-defined material
properties and sections. This also includes timber connections, leading to a necessary
conversion from real, physical connections to a theoretical implementation. HCS sec-
tions are not available either, but special sections can be custom made by using section
designer.

3.3.3 Hollow core slab

When using concrete elements as floors in buildings, Moustafa (1981) proposes that
in addition to carrying superimposed gravity loadings, the flooring system should be
able to transfer horizontal shear into the lateral load carrying system caused by wind
or earthquake. The assumption of infinite rigidity in the floor’s plane is an important
factor, and the connecting on-site should be done carefully.

Jendzelovsky and Vrablova (2015) calculated the natural frequencies of concrete slabs
with FEM using three models: (1) a solid 2D plate, (2) a solid 2D plate with a reduc-
tion of stiffness and density, and (3) a 3D model with properties similar to a real HCS.
The stiffness correction factor was set to 0.92, and the reduction in dead load set to
2.86 kN/m2 for model (2). The reduced, simplified model (2) gave similar results to
experimental data for static problems, but the for calculation of the plate’s natural
frequencies, the approximation is concluded to be inappropriate.
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Chang et al. (2006) investigated the performance of HCS under fire with simplified
modeling of the system. The HCS units are modeled as beam grillages, with trans-
verse and longitudinal elements interconnecting, where only the top and bottom fiber
are included in the transverse direction. The reinforced concrete topping is modeled
as a shell element, sharing the degrees of freedom and joining the grillage system.

Figure 3.15: Simplified model of slab consisting of HCS using shell elements
(Lundgren et al., 2004).

Lundgren et al. (2004) investigated a HCS-system with an element height of 400 mm
subjected to shear and torsion by using two different models. The first model consists
of a 3D beam with a cross-section divided into zones creating a section similar to a
real HCS section (similar to a section seen in Figure 2.2). The second model was mod-
eled as a quadrilateral, isoparametric, curved shell with interconnecting joints. The
shell elements were assigned a thickness of 354 mm, giving an effective thickness ra-
tio of 0.885 and corresponding effective bending stiffness to a 400 mm thick HCS. The
bending stiffness is assumed to be equal in the transverse direction for each element.
The interconnection of the HCS was modeled as hinged slave nodes, meaning high
stiffness in compression and low stiffness in tension. It is highlighted by the authors
that a traditional hinged connection works as a reference, while the slave node rep-
resents the reality better by including the effect of cracking in the longitudinal voids.
The schematic drawing can be seen in Figure 3.15.

Bernardi et al. (2016) investigated the SLS load distribution and shear forces trans-
mitted along the connecting joints for HCS. Each HCS is treated as a Saint-Venant el-
ement, meaning only the center line of the element is considered, and the transversal
deformation is assumed negligible. The stiffness correction for HCS is determined by
the flexural stiffness E · J and the torsional stiffness G · I0. The interconnection of el-
ements representing the reinforced concrete joint is treated as rotational hinges. This
leads to no bending moment transfer, and applying this analytical method when a
concrete topping is used will lead to conservative results. The authors suggest that a
concrete topping adds partial moment resistance in the transverse direction. Thicker
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topping is commonly used in earthquake-prone areas. A brief overview of the differ-
ent analytical approaches is shown in Table 3.1.

Table 3.1: Brief overview of some approaches for analytical modeling of HCS.

Analytical
model

Cross-section
approach

Correction
factor Interconnection

Transverse
bending

translation

Bernardi et al. (2016) Saint-Venant beam Stiffness/torsional
correction

Flexural/torsional
properties Rotational hinge Hinged

Chang et al. (2006) Beam grillage
+ shell topping

Longitudinal and
transverse fibres - Grillage system

+ connecting shell Yes

Jendzelovsky and Vrablova (2015) Solid 2D plate Solid section - Continuous
2-way shell

Jendzelovsky and Vrablova (2015) Reduced 2D
plate

Reduced stiffness
and mass

0.92 · stiffness
-2.86 kN/m2 selfweight

Continuous
2-way shell

Jendzelovsky and Vrablova (2015) Solid 3D Hollow core
modules - Continuous

2-way shell
Lundgren et al. (2004) 3D Beam system Zoned HCS - Slave nodes Hinged

Lundgren et al. (2004) Quadrilateral shell Reduced
cross section 0.885 Continuous

2-way shell Yes

3.3.4 Glued laminated timber

Glued Laminated Timber (GLT) or glulam was introduced in the late 19th century
and consists of wood lamellas bonded with adhesives so that the fiber direction of
all laminations runs parallel to the longitudinal direction. GLT can be produced in a
various dimensions, shapes, and strength classes (Issa and Kmeid, 2005). Manufac-
turers can place high-grade lumber near the top and bottom fiber, while lower grade
can be used in mid layers. This type of GLT is referred to as GLc (combined), shown
in Figure 3.16a. GLT with the same grade of lumber through the whole section is
referred to as GLh (homogeneous), as shown in Figure 3.16b.

(a) Combined GLT (GLc). (b) Homogeneous GLT (GLh).

Figure 3.16: Types of GLT from Crocetti et al. (2015).
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The homogeneous build-up leads to higher strength capacity but is more expensive
to produce (Aicher and Tapia, 2018). Differences in mechanical properties are shown
in Table 3.2, showing that the bending strength, shear strength, and tension perpen-
dicular to fiber strength is the same for GLc and GLh. In contrast, the tensile and
compressive strength is higher for GLh.

Table 3.2: Mechanical properties of combined and homogeneous GLT (Hass-
lacher group, 2021). All numbers in N/mm2.

bending compression tension parallel tension perp. shear
GL32c 32 32 25.6 0.5 3.5

GL32h 32 24.5 19.5 0.5 3.5

Dugdale (2015) suggests that a GLT beam can be modeled by idealizing it to be an
orthotropic material. Orthotropic, in this case, means that the material is idealized
with three main directions for the properties, each mutually perpendicular to the
other. This represents the longitudinal, tangential, and radial directions for timber, as
seen in Figure 3.17. Dugdale (2015) collected material properties for 26-1.9F Southern
pine and the values are converted from ksi to N/mm2 for comparison.

Figure 3.17: Graphical explanation of the main directions for timber (Zhou et al.,
2014).

Vratuša et al. (2011) investigated structural particulars of tapered GLT beams of grade
GL28h with varying heights. The analytical model consisted of orthotropic 4-node
final elements with two main directions, being (1) parallel to grain and (2) perpen-
dicular to grain, where the shear modulus is assumed equal for all directions. Zhao
et al. (2021) did a numerical simulation of the global static and dynamic behavior
of a 105-meters tall building built in various grades of GLT, where the timber grade
for the reference building is GL24c. The GLT beams are assumed here to have or-
thotropic properties in 2 directions. An overview of the values used in the mentioned
researches are shown in Table 3.3.
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Table 3.3: Material properties used for modeling GLT. All numbers are converted
to N/mm2.

Analytical
material

GLT
type

Longitudinal
Young’s
modulus

(E1)

Tangential
Young’s
modulus

(E2)

Radial
Young’s
modulus

(E3)

Shear
modulus

parallel to
grain
(G1)

Shear
modulus
perp. to

grain
(G2)

Dugdale (2015)
Orthotropic,
3 directions

26-1.9F
Southern

pine

13100 1480 1034 1061 170

Vratuša et al. (2011)
Orthotropic,
2 directions

GL28h 12600 420 - 780 780

Zhao et al. (2021)
Orthotropic,
2 directions

GL24c 11000 300 - 650 65

3.3.5 Cross laminated timber

Cross Laminated Timber (CLT) is an engineered wood product (EWP) based on mini-
mum three layers with alternating timber glued together to form a solid panel with
high strength to weight ratio. The technology has been applied in Europe for several
decades and has been crucial in building high-rise timber buildings (Mahdavifar et
al., 2016).

Figure 3.18: Graphical view of CLT panel with axis definition from Yasumura et
al. (2016).

The analytical model of CLT is pivotal in taking into account the effect of the anistropic
properties of timber. This is because CLT elements can resist both horizontal and ver-
tical loads and both out-of-plane and in-plane loadings. The alternating layers give
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mechanical properties based on the number of horizontal and vertical layers, the
thickness of each layer, and the timber quality. A graphical view of a typical CLT
panel is seen in Figure 3.18.

Currently, there are no official standards for CLT design, but EC5 Annex B proposes
the Gamma method to account for out-of-plane shear stress. This method is based
on the effective stiffness and connection effective ratio γ. Mahdavifar et al. (2016)
criticizes this method for not including rolling shear effects and, therefore, not being
suitable for span-to-depth ratios exceeding 27.

Figure 3.19: Thickness definition by Follesa et al. (2013).

Follesa et al. (2013) present a solution based on the orthotropic properties of wood,
the number of layers, and the direction. The material properties can be defined by
modeling CLT elements as orthotropic shell elements following the principal axes
given in Figure 3.18, the material properties can be defined. By the thickness defini-
tions a1, a3, and a5, as seen in Figure 3.19, the properties can be found:

Ey =

[
1 −

(
1 − E90,T

E0,L

)
· a3 − a1

a5

]
· E0,L (3.44)

Ex =

[
E90,T

E0,L
+

(
1 − E90,T

E0,L

)
· a3 − a1

a5

]
· E0,L (3.45)

Ez = ttot

(
n

∑
i=1,3,..

ti/E90,L,i +
n−1

∑
j=2,4,..

ti/E90,T,j

)−1

(3.46)

G = ttot

(
n

∑
i=1,3,..

tj/GL,i +
n−1

∑
j=2,4,..

ti/GT,j

)−1

(3.47)

3.3.6 Timber connections

In this section, several types of timber connections from previous research are pre-
sented. The geometry, properties, and method of calculating the rotational stiffness
is presented for each connection, in addition to research results and failure modes.

A dowel-type connection connects the beam with the column by slotted inn plates
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drilled with holes, as seen in Figure 3.20. Dowels are inserted and glued in place,
and both the slotted-in plates and the dowels can be of different materials, e.g., steel
or wood (Frenette, 1997).

Figure 3.20: Example of dowel type connection, with eight dowels and slotted in
plate (Frenette, 1997).

The rotational stiffness Kr per shear plane in SLS is given by EC5:

Kr,ser =
n

∑
i=1

Kser · r2
i (3.48)

Where ri is the distance from the Center of Rotation (COR) to the fastener, and Kser is
the slip modulus of one fastener given by EC5-1 Table 7.1.

Kser =
ρ1.5

m · d
23

(3.49)

EC5 (2.1) gives the conversion from SLS to ULS by Ku = 2/3 · Kser.

Different materials used as plates or dowels offer different dynamic properties. Blaß
and Schädle (2011) suggest that a dowel connection with steel dowels offers ductility
by nature and can be regarded as moment resisting when an appropriate placement
and amount of dowels are used. Frenette (1997) suggests a semi-rigid resistance for
dowel connections.

Zhou et al. (2021) compare a traditional bolted connection with slotted-in steel plates
(FS) with an innovative solution comprising top-and-seat steel angles (FDF). The two
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types of connection are shown in Figure 3.21. Both cases connect a GLT beam of di-
mension 130x300 mm to a GLT column 220x220 mm. The rotational stiffnesses were
calculated by assuming 40% of the maximum bending moment to the associated ro-
tation, and the traditional connection with bolts gave a rotational stiffness of kθ = 241
kNm/rad. In contrast, the connection with top-and-seat steel angles gave a rotational
stiffness of kθ = 969 kNm/rad, approximately three times higher. The authors con-
cluded that the FDF solution could be classified as semi-rigid according to Eurocode
3, while the FS solution is a typical hinged connection. A reduced member version of
the FDF solution with beams of 130x250 mm and columns 180x180 produced 73% of
the rotational stiffness of FDF, showing that the rotational stiffness is dependent on
the member size.

The failure mode of FS was due to torsion in the bolt group, splitting the beam due
to tension perpendicular to grain. Bearing failure in the column was also observed
in the compressive zone of the beam. The FDF showed failure due to splitting in the
beam’s end and embedding of bolt holes resulting from significant bending in the
bolts in the beam. The bolts in the columns showed no sign of bending (Zhou et al.,
2021).

Tsalkatidis et al. (2018) investigated a similar connection with steel angles for a hy-
brid structures. A parametric study of a glulam beam with dimensions of 405x140
mm connected to a square hollow steel column 150x10 mm with steel angles of
150x200x15 mm, MR12 HR bolts to the glulam beam, and M16 HR bolts to the steel
column. Varying the dimensions of angles and bolts lead to an optimal build-up of
the connection, with 20 mm thick steel angles and 20 mm thick bolts increasing the
rotational stiffness of the connection by 137% while decreasing the von Mises stress
by 32.7%. Karagiannis et al. (2017) formulated an expression for the rotational stiff-
ness for this type of connection based on the initial rotational stiffness of the top-
(Ktop) and seat- (Kbottom) angle components as seen in Eq. (3.50):

Kθ,init =
h2

gl
1/Ktop + 1/Kbottom

(3.50)

Where hgl is the height of the glulam beam and:

Ktop =
1

1/KCF + 1/KHB + 1/Kt
(3.51)

Kbottom =
1

1/KCF + 1/Kt
(3.52)

where
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(a) Traditional bolted connection (FS) (Zhou et al., 2021).

(b) Top-and-seat steel angles connection (FDF) (Zhou et al., 2021).

Figure 3.21: Two types of bolted connections compared by Zhou et al. (2021).
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KCF is the bearing stiffness of the column face

KHB is the Hollo-bolt axial stiffness

Kt is the tensile stiffness of the angle horizontal leg

The expression for KHB and Kt is described by Málaga-Chuquitaype and Elghazouli
(2010):

KHB =
AbE
Lb

N (3.53)

where

Ab is the cross-sectional area of the bolt

N is the number of bolts considered to contribute to the stiffness

Lb is the effective length of the bolt, typically the shank length

and
Kt =

E · p · t f

a′
(3.54)

where

p is the steel angle width

t f is the steel angle thickness

a′ is the distance from the vertical bolt to one of the critical yielding points in the
angles, located t f + 0.8r from the column face

As KCF from Tsalkatidis et al. (2018) and Karagiannis et al. (2017) is based on the
bearing stiffness of a steel column, the formulation for GLT from Yang et al. (2016)
gives an expression for the part of the column in compression:

KCC =
E90bcle f f ,cc

hc
(3.55)

where

E90 is the modulus of elasticity perpendicular to grain

bc is the width of the GLT column

lcc,e f f is the effective length of the area under compression of the GLT column

hc is the depth of the GLT column

Buchanan and Fairweather (1993) describes several connections for timber frames,
consisting mainly of epoxied steel bars. The authors highlight that constraints in
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designing multi-story glulam buildings have been the lack of high-strength beam-
to-column-connections. Glued connections are not suitable for seismic design unless
designed for elastic response, as they offer very low, or no ductility at all, and tend to
have brittle failure. Using epoxied steel bars, a connection was designed to encounter
yielding of the steel before failure of the wood.

The connection can be seen in Figure 3.22 and was adopted from Fairweather (1992),
who calculated the stiffness of this type of connection with varying parameters. This
included a varying the number and diameter of rods, and the arrangement. The
connection showed a ductile failure mode, with a ductility factor µ = 6. Failure was
caused by buckling in the steel bar, leading to splitting of the wood (Buchanan and
Fairweather, 1993).

Figure 3.22: Example of intermediate connection using epoxy filled GLT with
steel bars adopted by Buchanan and Fairweather (1993) from Fairweather (1992).

Yang et al. (2016) present a method of calculating the rotational stiffness Sj.init for
an adapted version of this connection with a steel box section by applying the com-
ponent method. The simplified version can be described with springs, as seen in
Figure 3.23. zeq is the equivalent lever arm, kt represents the initial tensile stiffness
and kc represents the initial compressive stiffness. This leads to Eq. (3.56).

Sj,init =
z2

eq
1/Kt + 1/Kc

(3.56)

where the compressive stiffness Kc is defined as:

Kc =
1

1/Kcs + 1/Kcc + 1/Ksrtc + 1/Kbc
(3.57)
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Figure 3.23: Simplification of mechanical of beam-to-column connection by Yang
et al. (2016) using component method.

where

Kcs is the shear stiffness of the glulam column

Kcc is the transverse stiffness of the glulam column

Ksrtc is the initial stiffness of the steel box

Kbc is the stiffness of the glulam beam in compression

Kbc is defined by Tomasi et al. (2008) as:

Kbc =
Ew.0

√
be f f le f f

β
(3.58)

where

Ew.0 is the elastic modulus of timber parallel to grain

be f f and le f f defines the effective area of compression

β is a dimensionless coefficient approximated to the value of 4

The stiffness of the GLT column in shear can by Yang et al. (2016) be determined by
classic mechanics theory for a short column:

Kcs =
Gw · Ac

zeq
(3.59)

where

Gw is the shear modulus of the column

Ac is the cross-sectional area of the column
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The tensile stiffness Kt is defined according to Eq. (3.60)

Kt =
∑ Ke f f ,r hr

zeq
(3.60)

where

Ke f f ,r is the effective stiffness of the bolt row r

hr is the distance from the bolt row r to center of compression

The stiffness of the glued-in rod is defined by EC3-1 as an anchor bolt without prying
forces.

2.0 · Erod · Arod
Lrod

(3.61)

The elongation length Lrod can be found following Lrod = αΦrod, where α can be
found by Eq. (3.62) and Φrod is the diameter of the glued-in rod (Tomasi et al., 2008):

α =

[(
1 +

Erod
45.8Ew.0

)
· Φrod ·

√(
1 +

Erod
45.8Ew.0

)
·

GepoxyπΦrod

Erod Arod.stepoxy

]−1

(3.62)

where

Erod is the elastic modulus of the rod

Gepoxy is the shear modulus of the epoxy

tepoxy is the thickness of the epoxy layer

The relevant properties used for the Epoxy resin are the Tensile modulus of elasticity
and the shear modulus, listed in Table 3.4.

Table 3.4: Mechanical properties of epoxy resin from Yang et al. (2016).

Property Unit Value
Tensile modulus of elasticity MPa >2800

Shear modulus MPa 1500

Vilguts et al. (2021) investigated moment-resisting timber frames by modeling the
beam-to-column as semi-rigid. A rotational spring with stiffness kθ simulated this,
while the translational movement was considered rigid due to negligible influence
shown in the preliminary design. The connection to the foundation was simulated
as both hinged and semi-rigid, considering unfavorable effects from the foundation.
The authors suggest a rotational stiffness of minimum 12 500 kNm/rad for build-
ings up to 8 stories to fulfill acceleration and inter-story drift SLS requirements and
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that slender frames with a height-to-length ratio > 1.5 is not recommended. The fun-
damental frequency calculation from EC1-1-4 and EC8-1 using only the building’s
height does not give accurate results for moment-resisting timber frames.

Stamatopoulos et al. (2022) compare two semi-rigid connections for timber frames
with inclined threaded rods. The first connection can be seen in Figure 3.24, where the
inclined rods from the beam and the column are fastened with bolts inside steel rings.
The analytical rotational stiffness for this connection was found by the component-
method approach, where the connection was separated into spring components on
the column side, beam side, and steel coupling parts. There is assumed to be no con-
tact between the connected elements for the analytical model. The rotational stiffness
provided by both the column-side and the beam-side of the connection is based on
the geometric properties and axial stiffness of the threaded rods.

The geometric properties are accounted for by the transformation matrix Qc. For the
column side, one transformation matrix is necessary for the rods in tension (c1 and
c2), and on for rods in compression (c3 and c4):

Qc.12 =

[
sc1 cc1

sc2 −cc2

]
Qc.34 =

[
sc3 cc3

sc4 −cc4

]
(3.63)

where sci = sin(αci), cci = cos(αci)

For the beam side a transformation matrix is required for (1) top and (2) bottom rod:

Qb.1 =

[
cb1 sb1

−sb1 cb1

]
Qb.2 =

[
cb2 −sb2

sb2 cb2

]
(3.64)

The stiffness of rods at the column side is assumed by Stamatopoulos et al. (2022) to
only be provided by the axial stiffness of the rod Kax.l0 and the withdrawal stiffness
of a threaded rod Kser.ax.

Kax.l0 =
Anet · Es

l0
(3.65)

where Es is the modulus of elasticity of steel, Anet is the net area of the rod, based on
90% of the diameter of a metric rod and l0 is the non-embedded length of the rod:

Kser.ax ≈
50000 · (d/20)2 · (ρm/470)2 · min

[
(l/300)0.75 ; 1

]
0.4 · cos2.3 α + sin2.3 α

(3.66)

where d is the outer diameter of the rod, ρm is the mean density of the timber, l
is penetration length of the rod and α is the angle between the rod and the grain
direction in the element. This leads to the axial stiffness of the rods on the column
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side:
Kax.c =

Kser.ax · Kax.l0
Kser.ax + Kax.l0

(3.67)

By combining Qc with the axial stiffness, the compliance terms can be found for con-
version to global coordinate stiffness:

Sci−c(i+1)
xx.c =

c2
ci

Kax.c(i+1)
+

c2
c(i+1)
Kax.ci(

cci · sc(i+1) + cc(i+1) · sci

)2 (3.68)

Sci−c(i+1)
xy.c =

cci·sci
Kax.c(i+1)

+
cc(i+1)·sc(i+1)

Kax.ci(
cci · sc(i+1) + cc(i+1) · sci

)2 (3.69)

The rotational stiffness provided by the threaded rods on the column side consists
per plane of rods is then expressed as:

Kθ.C =
z2(

S(c1−c2)
xx.c + S(c3−c4)

xx.c

)
+
(

S(c3−c4)
xy.c − S(c1−c2)

xy.c

)
· z

2·Lv

(3.70)

including the compliance terms Sxx.c and Sxy.c, the distances z and Lv as seen in Fig-
ure 3.24.

At the beam side, the lateral stiffness Kv of the rod is included due to the global
direction of the rods.

Kv =
3mkvlch(λ0 + m)

λ4
0 + 4mλ3

0 + 6mλ2
0 + 6mλ0 + 3m2

(3.71)

m = d4
net/d4

1, where dnet represents the diameter in the free length and d1 is the core
diameter of the embedded rod. λ0 = l0/lch and lch = 4

√
4Es · Is/kv, where kv is the

foundation modulus a laterally loaded rod.

The compliance terms at beam side is formulated as:

Sxx.bi =
s2

bi
Kv.bi

+
c2

bi
Kax.bi

(3.72)

Sxy.b1 = sb1 · cb1

(
1

Kv.b1
− 1

Kax.b1

)
Sxy.b2 = sb2 · cb2

(
1

Kax.b2
− 1

Kv.b2

)
(3.73)

The rotational stiffness at the beam side per plane of rods can then be expressed as:

Kθ.B =
z2

(Sxx.b1 + Sxx.b2) +
(
Sxy.b2 − Sxy.b1

)
· z

2·Lv

(3.74)
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The stiffness provided by the steel rings are found through numerical analysis by
Stamatopoulos et al. (2022) to be 484 kN/mm and 600 kN/mm for the ring in com-
pression and tension, respectively. This leads to the rotational stiffness of connectors:

Kθ.con = z2
(

1
Kax.con.1

+
1

Kax.con.2

)−1

(3.75)

By combining each component from Eq. (3.70), Eq. (3.74) and Eq. (3.75) as springs
in series, the expression for the rotational stiffness of the connection proposed by
Stamatopoulos et al. (2022) is:

Kθ.tot =

(
1

Kθ.C
+

1
Kθ.B

+
1

Kθ.con

)−1

(3.76)

For thread angles in the column of 35o for c1 and c4 and 55o for c2 and c3 the analyt-
ical approach coincided with experimental results, only differing with 2%. or thread
angles of 55o for c1 and c4 and 70o for c2 and c3, the rotational stiffness differed more
from analytical to experimental. The analytical formulation gave 22.8% higher rota-
tional stiffness for the entire connection, with two planes of rods. The failure for both
case was due to splitting in the panel zone of the column, but due to a low number
of experimental test no concluding remarks are made.

Figure 3.24: Semi-rigid connection from Stamatopoulos et al. (2022).
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3.4 Design guidelines for buildings

This section describes the guidelines used for designing buildings published by the
European Committee for Standardization (CEN). Every country member of this com-
mittee must follow the guidelines and the additional national annexes (CEN, 2002).
This thesis is based on the reader having basic knowledge of the Eurocode series,
meaning that only a brief description of relevant parts is given.

3.4.1 Eurocode 0 and Eurocode 1

NS-EN 1990 Eurocode 0: Basis of structural design (EC0) and NS-EN 1991 Eurocode 1:
Actions on structures - Part 1-1: General actions - Densities, self-weight, imposed loads for
buildings (EC1-1) describes how actions on structures should be considered and the
different safety factors for the different limit state designs (CEN, 2002; CEN, 2009).

The load combination for ULS is set by EC0 (6.10):

∑
j≥1

γG,jGk,j” + ”γPP” + ”γQ,1Qk,1” + ” ∑
i>1

γQ,iψ0,iQk,i (3.77)

where Gk,j represents permanent loadings, Qk,1 represents the dominating variable
load and Qk,i represents other variable loads. γ represents a factor of safety given in
EC0 Table NA.A1.2(A) as 1.2 for permanent loadings and 1.5 for variable loadings.
ψ reduces other variable loads according to EC0 Table NA.A1.1 and depends on the
building category. The imposed load depends on the decided category of use and is
given in EC0 Table NA 6.1 and Table NA 6.2.

For accidental limit state (ALS), the load combination is defined by EC0 6.4.3.4(2) for
seismic design situations:

∑ Gk,j” + ”P” + ”AEd” + ” ∑ ψ2,iQk,i (3.78)

where

P is the pre-stressing action

AEd is the design value of an accidental action, in this case, seismic action

NS-EN 1991-1-3 Eurocode 1: Actions on structures - Part 1-3: General actions - Snow loads
(EC1-1-3) describes the procedure to define the snow loads acting on a structure,
including drift of snow and other parameters affecting the structure (CEN, 2005a).

NS-EN 1991-1-4 Eurocode 1: Actions on structures - Part 1-4: General actions - Wind ac-
tions (EC1-1-4) describes the procedure to calculate the wind loads acting on a struc-
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ture, including e.g. the geometry and geographical placement (CEN, 2003).

3.4.2 Eurocode 2

NS-EN 1992 Eurocode 2: Design of concrete structures (EC2) applies to designing build-
ings and in plain, reinforced or pre-stressed concrete and complies with the require-
ments for the safety and serviceability of structures, the basis of their design and
verification given in EC0 and EC1 (CEN, 2014).

3.4.3 Eurocode 3

NS-EN 1993 Eurocode 3: Design of steel structures (EC3) describes the process of eval-
uating structural elements and buildings in steel. This standardization consists of
several parts, whereas Eurocode 3 Part 1-8: Design of joints (EC3-1-8) describes the
process of designing steel joints and classifies them in three main categories for un-
braced frames (CEN, 2005b):

1. Pinned: Sj,ini < EIb/Lb

2. Semi-rigid: EIb/Lb < Sj,ini < 25EIb/Lb

3. Rigid: Sj,ini > 25EIb/Lb

where

Sj,ini is the initial rotational stiffness of the connection

EIb is the flexural rigidity of the beam

Lb is the length of the beam

3.4.4 Eurocode 5

NS-EN 1995 Eurocode 5: Design of timber structures (EC5) describes the process of eval-
uating structural elements in timber. With use in conjunction with EC0 and EC1, EC5
is divided into three parts:

• EC5-1-1: General - Common rules and rules for buildings

• EC5-1-2: General - Structural fire design

• EC5-2: Bridges

In this thesis, EC5 refers to EC5-1-1, and eventual exceptions will be highlighted.
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Timber as a material requires additional conditions to the general set of rules, as the
material will behave differently under different moisture level, the duration of load,
and the direction of the load. These are represented by:

• Climate class - Moisture variations

• Deformation factor kde f - Reduction factor based on the climate class

• Modification factor kmod - A correction factor based on load duration and climate
class

• Height factor kh - Variation from the reference height of 600 mm

• Different properties perpendicular than parallel to the fiber direction

The general formulation for the stress capacity of timber is found in EC5 (2.4.3)

Rd = kmod
Rk
γm

(3.79)

where

Rk is the characteristic value of resistance

γm is the partial factor of safety

For the capacity of timber connections, EC5 8.2.3(3) gives the shear capacity per fas-
tener per shear plan, and the corresponding failure mode according to Johansen’s
theory. Typical failure modes for connections with steel and timber can be seen in
Figure 3.25. For a connection with an arbitrary thick steel plate as the central compo-
nent of the connection, the failure mode can be calculated using Eq. (3.80)

Figure 3.25: Failure modes for connections with steel against timber.
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Fv.RK = min


fh.k t1 d failure mode (f)

fh.k t1 d
[√

2 +
4My.Rk

fh.k t2
1 d

− 1
]
+ Fax.Rk

4 failure mode (g)

2.3
√

My.Rk fh.1.kd + Fax.Rk
4 failure mode (h)

(3.80)

where

fh.k is the characteristic embedment strength of the timber

t1 is the thickness of the connected timber according to Figure 3.25

d is the diameter of the fastener (bolt, dowel, nail, etc.)

My.Rk is the characteristic yield moment of the fastener

Fax.Rk is the withdrawal capacity of the fastener. For bolts, this capacity is limited by
EC5 8.2.2(2) to be 25% for bolts and 0% for dowels

3.4.5 Eurocode 8

EC8 NS-EN 1998 Eurocode 8: Design of structures for earthquake resistance (EC8) de-
scribes the process of evaluating structural elements in a building to sustain loads
due to earthquake loading. The different methods are described, and the main dif-
ferences are presented.

EC8 is divided into several parts:

• EC8-1: General rules, seismic actions and rules for buildings

• EC8-2: Bridges

• EC8-3: Assessment and retrofitting of buildings

• EC8-4: Silos, tanks, and pipelines

• EC8-5: Foundations, retaining structures, and geotechnical aspects

• EC8-6: Towers, masts, and chimneys

EC8-1 presents that the building’s structure should be designed to retain its integrity
and load carrying ability without a local or global collapse in ULS. The national annex
NA gives a return period for earthquakes of 475 years in Norway and allows the
verification of damage limitation to be neglected. The seismic class for a building is
determined by the type of building and the consequences of the building collapsing.
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The scale goes from class I (lowest) to class IV (highest), and the recommended class
for a certain type of building is presented in EC8-1 Table NA.4(902). An extraction of
the complete table is shown in Table 3.5

Table 3.5: Recommended choice of seismic class extracted from EC8-1 Table NA.4
(902).

Type of building I II IIIa IIIb IV
Buildings with exceptional consequences of collapse x

Important infrastructure (x) x

Buildings with persistent crowds x

Schools and institutions (x) x

Houses, small warehouses x

From EC8-1 NA.3.2.1(5), seismic analysis of buildings in seismic class I-IIIa is not
necessary if one of several criteria given by the standard is met, while for seismic
class IIIb and IV, seismic analysis is required.

3.4.5.1 Seismic mass

The seismic loading is defined by EC8-1 3.2.4, where the inertia forces should be
based on the loadings present in the following load combination

∑ Gk,j” + ” ∑ ψE,i · Qk,i (3.81)

where

ψE,i is the combination factor for variable actions

ψE,i takes into account the probability of the loads acting simultaneously and is de-
fined as:

ψE,i = φ · ψ2,i (3.82)

where

φ is the modification factor for variable actions defined by EC8-1 Table NA.4.2 as
seen in Table 3.6
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Table 3.6: Values of φ for calculating ψEi EC8 Table NA.4.2 (CEN, 2004).

Type of variable action Story φφφ

Categories A-C
Roof 0.5

Story with correlated occupancies 0.5
Independently occupied stories 0.5

Categories D-F 1

3.4.5.2 Methods of seismic analysis

EC8 suggest the categorizing of building structures into regular or non-regular. This
distinction determines the analysis method and allowable simplifications for the method
of seismic analysis. For a building to be regular in plan, it must meet all criteria given
by EC8-1 4.2.3.2, including symmetry, distribution of stiffness in plan, slenderness of
the building in plan, and eccentricity. EC8-1 4.2.3.3 sets criteria for regularity in ele-
vation, including continuous lateral load resisting system, constant lateral stiffness,
and limitations regarding setback of stories.

From EC8-1 Table 4.1 seen in Table 3.7, the method of analysis that should be applied
is determined based on regularity in plan and elevation.

Table 3.7: Method of analysis based on regularity from EC8-1.

Regularity Allowed Simplification Behavior factor

Plan Elevation Model Linear-elastic Analysis (for linear analysis)

Yes Yes Planar Lateral force Reference value
Yes No Planar Modal Decreased value
No Yes Spatial Lateral force Reference value
No No Spatial Modal Decreased value

3.4.5.3 Design spectrum

The design spectrum in EC8-1 is a response spectrum similar to Figure 3.13 but can
account for seismic actions in the non-linear range by considering the behavior factor
q (see Section 3.4.5.7).

The horizontal components of the elastic design spectrum Sd(T) is defined by EC8-1
3.2.2.5(4)P:

0 ≤ T ≤ TB : Sd(T) = ag · S ·
[

2
3
+

T
TB

·
(

2.5
q

− 2
3

)]
(3.83)

TB ≤ T ≤ TC : Sd(T) = ag · S · 2.5
q

(3.84)
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TC ≤ T ≤ TD : Sd(T)

= ag · S · 2.5
q

[
TC
T

]
≥ β · ag

(3.85)

TD ≤ T : Sd(T)

= ag · S · 2.5
q

[
TCTD

T2

]
≥ β · ag

(3.86)

where

T is the vibration period

ag is the design ground acceleration on type A ground

TB is the lower limit of the constant spectral acceleration branch

TC is the upper limit of the constant spectral acceleration branch

TD is the value defining the beginning of constant range of the spectrum

S is the soil factor

β is the lower bound factor for horizontal design spectrum

The soil factor S is based on the ground conditions and accounts for transmission of
seismic waves from the ground to the building structure.

3.4.5.4 Lateral force method

The lateral force method is a simple linear-elastic method for determining seismic
effects. The analysis can be used for buildings whose response is dominated by the
fundamental mode T1 and meet the criteria for regularity. The fundamental mode for
a spatial model can be approximated in each main direction by EC8-1 4.3.3.2.2:

T1 = Ct · H3/4 (3.87)

where

T1 ≤

4 · Tc

2.0s
(3.88)

Ct is 0.050 for other structures than steel and concrete space frames

H is the height of the building
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The base shear force Fb can then be calculated based on the fundamental period,
design spectrum Sd, the total mass of the building m, and correction factor λ.

Fb = Sd(T1) · m · λ (3.89)

The seismic action effects are then distributed to all stories by mode shapes or assum-
ing linear distribution along the height of the building.

3.4.5.5 Modal response spectrum analysis

Modal response spectrum analysis (MRSA) is a linear elastic method based on the
dynamic properties of a structure and shall be applied to buildings as seen in Ta-
ble 3.7, where each mode contributing significantly to the global response is consid-
ered. From EC8-1 4.3.3.3.1(3), the requirements to ensure all significantly contribut-
ing modes are considered, either of the following must be considered:

• Cumulative sum of effective modal mass for considered modes should be at
least 90% of the total mass of the building

• All modes with effective modal mass greater than 5% of the structure’s total
mass is considered.

When using a spatial model, this should be considered for each relevant direction.
For buildings with significant contributions from torsional modes, these require-
ments can be hard to satisfy. An alternative way of finding the minimum number
k of modes which must be considered is given in EC8-1 4.3.3.3.1(5), where both of the
following conditions must be satisfied:

k ≥ 3 ·
√

n and Tk ≤ 0.20 s (3.90)

where

k is the number of modes considered

n is the number of stories above foundation

Tk is the period of mode k

To find the modal maximum, there are two main method presented. If the response
of all modes satisfies Tj ≤ 0.9Ti, the modes can be regarded as independent, and the
maximum seismic response can be found using Square root of sum of squares (SRSS):

EE =
√

∑ E2
Ei (3.91)
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where

• EE is the seismic action effect considered in the analysis

• EEi is the seismic action effect of the vibration mode i

Otherwise, more accurate procedures of seismic action effect combinations must be
adopted, where the Complete Quadratic Combination (CQC) is proposed by EC8-1.
Wilson et al. (1981) presented CQC, including all cross-modal terms and considering
if the signs of the modal response are opposite or equal. This leads to a more accurate
result than SRSS for asymmetric building, as the cross-modal terms, in this case will,
be significant. The seismic action effect is found according to:

EE =
√

∑
i

∑
j

EEiρijEEj (3.92)

where

ρij is the correlation factor, being a function of the loading properties, modal fre-
quencies of the structure and the damping ratio of the structure (Wilson et al.,
1981)

MRSA can also account for the structures ability to absorb energy through the behav-
ior factor q, see Section 3.4.5.7.

3.4.5.6 Non-linear analysis

A non-linear analysis (NLA) can be applied where the post-elastic behavior of struc-
tural members is utilized. Unlike for linear-elastic analysis, NLA consists of a set of
equations with possibly more than one solution and can be complicated and time-
consuming. EC8-1 requires the structure to be in ductility class medium or high, see
Section 3.4.5.7, for NLA to be performed.

3.4.5.7 Ductility

In earthquake design, the ductile structural elements can absorb the energy released
from an earthquake in plasticity areas and is supposed to enhance the human safety
of the building. EC8-1 expresses the ductility of the main construction through the
behavior factor q.

The level of ductility is separated into three categories based on this in EC8-1. Ductil-
ity class low (DCL) refers to structures with low energy absorption, and global elastic
analysis and performance of structural elements according to the non-seismic stan-
dards, e.g. EC2, EC3 or EC5 for concrete, steel and timber respectively, is sufficient.
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Ductility class medium (DCM) and Ductility class high (DCH) refers to structures
with the ability to dissipate hysteretic energy from repeated reversed loading without
suffering brittle failure. For timber structures, the behavior factor q with examples of
typical structures is listed in Table 3.8, adapted from EC8-1 Table 8.1:

Table 3.8: Design concept, behavior factor q and examples of structural types.
Adopted from EC8-1.

Design concept and
ductility class

q Examples of structures

DCL 1.5 Cantilevers, beams, arches with two or three pinned joints

DCM
2

Trusses with doweled and bolted joints, mixed
structures consisting of timber framing

2.5 Hyperstatic portal frames with doweled and bolted joints

DCH
3

Nailed wall panels with glued diaphragms,
trusses with nailed joints

4 Hyperstatic portal frames with doweled or bolted joints

5
Nailed wall panels with nailed diaphragms connected
with nails and bolts

An important notice is that EC8-1 NA.5.2.1 removes the possibility of employing
behavior factors from DCH, meaning that only values for DCL and DCM can be
used in Norway even if the connection fulfills the requirements for DCH.

3.5 Design to disassemble

This chapter describes the theory behind the concept of designing buildings to be
dismantled in the future, how different elements and design of connection affect an
element’s ability to be reused and how the structural parameters are affected.

3.5.1 Introduction to the concept: Why?

The construction industry is responsible for over half of the global resources and
more than 30% of the total energy consumption (Iacovidou and Purnell, 2016). This
consumption costs a considerable amount of CO2, and Rose and Stegemann (2018)
suggest that sustainable development depends on reducing both the use of resources
and the amount of waste produced. This concept is backed by Joensuu et al. (2022),
claiming that 15% of global climate emissions originate from the production of new
structural elements. If one building is being demolished to make space for a new
building, the concept of reusing both structural and non-structural elements will
have a positive influence on the carbon-emission (Iacovidou and Purnell, 2016).
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An important aspect of reusability is that a reused structural element should have
the same quality as new elements to ensure the structural integrity of the building.
In addition to cost and risk, this uncertainty is crucial for the implementation beyond
niche projects (Rose and Stegemann, 2018). This problem is also highlighted by Niu
et al. (2021), who emphasize that the mechanical properties of a reused structural
element must be guaranteed for the life span of the new building.

3.5.2 Reused hollow core slabs

The concrete production is responsible for large parts of the carbon emission in the
construction industry due to the high consumption (Adesina, 2020). Feidaki and Vas-
dravellis (2017) suggest that the steel and concrete production is responsible for 15%
of the global CO2 emissions. In Norway, several producers offer steel reinforcement
made from reused steel (Autoretur, 2019), and Fugleseth et al. (2020) suggest that re-
inforcement with 99% recycled steel is available in Norway. However, the average
portion of recycled steel is assumed to be 90% when performing Life Cycle Assess-
ment (LCA). The carbon emission from concrete can therefore be said to mainly be
caused by the production of Portland cement (Adesina, 2020).

Reppe (2021) suggests that new HCS with an element height emits 141.07 kgCO2e/ton
when deposited at the end of the life cycle and proposes a 68% reduction for Reused
HCS (RHCS) with a total emission of 45.55 kgCO2e/ton when deposited at end of life.
Høydahl and Walter (2020) found 89% reduction in phase A1-A4, which excludes the
deposition, from 124.9 kgCO2e/ton for new HCS, to 13.9 kgCO2e/ton for RHCS.
Bleuel (2019) suggests an approximate reduction for HCS 200 from 530 kgCO2e for
new elements to 120 kgCO2e for reused elements in an office building. For a low-rise
residential building, the reduction is 70%, from approximately 500 to 150 kgCO2e.
The difference between reused elements from office to residential in Bleuel (2019) is
due to extra handling when changing the purpose and demands of the RHCS. The
difference between new and reused elements in all cases mentioned is mainly due to
removing the production phase for RHCS. An overview of the numbers are shown
in Table 3.9.

Table 3.9: Overview of reduction in carbon emission from different resources. All
numbers presented are in kgCO2e.

New HCS Reused HCS Reduction in emissions
Reppe (2021) 141.07/ton 45.55/ton 68%

Høydahl and Walter (2020) 124.9/ton 13.9/ton 89%
Bleuel (2019)

Office 530 120 78%
Low-rise apartment 500 150 70%
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Ajdukiewicz et al. (2013) propose that the quality of RHCS when disassembled ap-
propriately, is similarly good to new HCS. Interestingly, Bleuel (2019) highlights that
HCS, on average, are used 15 to 30 years before being demolished, while the technical
lifespan is at least 200 years, or as suggested by Jensen and Sommer (2018), reusable
for three cycles, each cycle of 120 years. Naber (2012) highlights that HCS can be
reused when not subjected to loads exceeding normal loading. Eberhardt et al. (2018)
propose that 90% of HCS used as floors and 60% of HCS used as roofs are suitable
for reuse.

In recent years, there has been researched regarding alternative connections of HCS to
obtain stiff diaphragms while the elements remain reusable. Volkov (2019) proposes a
solution for interconnecting RHCS seen in Figure 3.26, with steel plates continuously
bolted at the top and bottom of the interconnection. As the drawing is not scaled, it
should be regarded as a conceptual solution.

Figure 3.26: Conseptual proposal for interconnection of adjacent HCS (Volkov,
2019).

Volkov (2019) highlights that the advantages of this joint are that the steel plates add
ductility to the system, the horizontal shear resistance is good, and the joint is rela-
tively suitable for further reuse. The complex on-site process needed with the drilling
of holes for bolts, extra grouting, and unaesthetic look is mentioned, among other
things, as drawbacks for this connection.

Al-Ghalib and Ghailan (2020) present a solution adopted from Moynihan and All-
wood (2014) to connect concrete planks to steel beams in a demountable manner.
The concept is seen in Figure 3.27 and permits reuse of both the concrete planks and
the steel beam. The head of a bolt is inserted in the continuous steel channel in the
concrete plank, and fastened to a steel beam with a beam clamp.
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Figure 3.27: Demountable connection, connecting concrete plank and steel beam
(Al-Ghalib and Ghailan, 2020).

3.5.3 Reuse of timber

Reusing structural timber as load-bearing elements can be problematic due to the
characteristic static fatigue. This phenomenon is caused by the aging of timber, du-
ration, and intensity of load. Niu et al. (2021) suggest that the general view is that
bending strength and stiffness is not, or only marginally, affected by this However,
the investigation is complex due to the large natural variability of timber. Unlike
steel, the demolition of buildings is rough for the structural timber elements and re-
duces the potential for reuse. This often leads to a down-cycle of high-value products
by chipping for fiber- or particleboard (Hradil, 2014).

Whittaker et al. (2019) present that timber elements have great recycling potential, as
they can be reprocessed into lamellas for GLT if the element cannot be reused as is.
The available research regarding the reuse of GLT elements is limited, while several
authors present ways of reinforcing GLT.

Through cyclic accelerated aging treatments, Okada et al. (2020) evaluated the dura-
bility of Aqueous polymer-isocyanate adhesive (API) bonded glulam. The durabil-
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ity was estimated from the change in shear strength, showing no decrease in wood
failure but a declining shear strength. This was assumed to be caused by the wood
cracking and not the deterioration of adhesives. The API bonded glulam also showed
greater durability than resorcinol formaldehyde resin (RF) bonded glulam and solid
wood when subjected to accelerated aging treatment.

Vahedian et al. (2019) suggest using Fibre Reinforced Polymers (FRP) to improve the
mechanical properties of GLT. Sheets of FRP can be externally applied to the bottom
part of the beam, as seen in Figure 3.28. The sheets can be made out of different
materials, such as Aramid or Carbon (Romani and Blaß, 2001). This is found by
Vahedian et al. (2019) to enhance the stiffness of the GLT element up to 64%, as well
as the ductility. The possibility of mounting the sheets on already existing elements is
the main advantage. The drawback is the unaesthetic look of the processed element.

Figure 3.28: Example of FRP applied to GLT element from Raongjant and Jing
(2020).

3.5.4 Reuse of timber connections

As presented in Section 3.3.6, there are multiple ways to connect elements when erect-
ing a timber frame building. Every type of connection offers different dynamic prop-
erties that will influence a building subjected to both static and dynamic loading.
When designing a building for the purpose of reusing, it is important to know the
limitations of the different types of connections, and the concept of reusing structural
components in timber connections needs further research.

Hradil (2014) investigated the reuse potential of timber elements and connections,
comparing them to steel connections by damage modes of timber. An overview of
typical timber connections and the damage modes can be seen in Table 3.10.

Reynolds et al. (2013) highlight that a non-linear behaviour under initial load in
dowel-type connections leads residual displacements in connections upon removal
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of the load. This occurs even when dowels are tightly fitted during mounting and is
caused by imperfections in the timber surface facing the steel dowel.

Table 3.10: Reusability of timber connections and the connecting elements by
Hradil (2014).

Connection Suitable for reuse Comment

Glued No
Hard to separate without damaging
elements

Carpentry joints Sometimes
Notches can cause unfavourable
stress concentrations when used differently

Nails, stables Sometimes
Hard to remove due to bending failure in
connecting elements

Screws Yes
Holes can reduce the effectiveness of
the connector

Bolts, dowels Yes Checking of holes and cracks are necessary





4. Method

This chapter describes the method used in this thesis. The reference building with
preliminary design choices and geometrical adjustments for the analysis is presented
along with the structural build-up and applied loads. The input for the numerical
model to perform both dynamic analysis and modal response spectrum analysis in
SAP2000 is described for each connection-case. Calculation of rotational stiffness and
assumptions for the behavior factor of the connection is outlined, and an overview
with a comparison of the connections is presented.

4.1 Structural design of the building

This section presents the reference building analyzed in this thesis, the structural
considerations, and the dimensions used. The grid system is elaborated, and the
modifications on the building’s geometry are described and graphically shown. The
preliminary dimensions for structural elements are based on loads and actions ap-
plied to the structure, leading to the critical load combinations.

4.1.1 Reference building

The reference building to be considered is based on proposed drawings from Multi-
consult and a preliminary model seen in Figure 4.1, presenting the northern and
southern views of the building. The reference building is an office building of eight
levels with a story height of 3.8 m, in addition to three levels under ground. All lev-
els under ground are cast on site, and elements above ground, from levels 1-8, are
precast concrete elements. The two upper floors are partly retracted, and there is an
overhanging/cantilevered part from axis E6/A1 to E7.

59
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(a) Northern view. (b) Southern view.

Figure 4.1: Detailed model of the reference building.

The axis system for the building consists of four main systems. The systems can be
seen in Figure 4.2. The global origin (0,0) is set to A1/F4.

1. Grid A-F: Grid lines A1-A8 and F1, F4 and F5 in addition to the small system
in the middle of the building (1-3, 11-12). The distance between each grid line
A1-A7 is 7200 mm and from A7-A8 3900 mm. The distance between F4 and F5
is 8400 mm and F1 is located -17 400 mm vertically from global zero.

Grid line 1 is located 2050 mm from F4 and grid line 2. Grid line 3 is located
2400 mm from grid line 2. 11 and 12 is placed with equal distance of 3600 mm
to A5-A6 and A6-A7, respectively.

2. Grid B-C: Grid lines B1-B4 with grid line distance of 7200 mm and C1-C2 with
a distance of 8400 mm. Rotated 8o clockwise relative to A-F. The origin of the
system B1/C1 is set to global (54.1,7.415)

3. Grid C-D: Grin lines D1-D7 with grid distance of 7200 mm and C3-C4 with a
distance of 7950 mm. Rotated 4o counter-clockwise relative to A-F and origin
D7/C3 in global (36,-9)

4. Grid E-F: Grin lines E1-E7 with grid distance of 7200 mm for grid line E2-E6,
4450 mm between E1-E2 and 3550 mm between E6-E7. F2-F3 has a distance
of 8200 mm and the grid system is rotated 9.5o clockwise relative to A-F. The
origin of the system E1/F2 is set to global (29.4,-17.4).
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Figure 4.2: Grid system of the reference building.

The triangular extension of the floor level 1 and level 2 seen in Figure 4.1b is included
in further calculations, while the external parts seen in Figure 4.1a are ignored, con-
sidering only the main building system. The small retractions in levels 6 and 7 are
ignored, and the facade line is assumed to follow the same axis as lower stories,
meaning axes F2 and C4.

Based on the drawings provided, the height of each story is set to 3.8 for levels 1-8.
The top of under ground concrete in level U1 is set to level 0 in the model (K+42.7
m = +0.0 in SAP2000). Southern part of levels 7 and 8 is assumed to end in axis E5.
The cantilevered part in Axis E6-E7 is ignored as preliminary tests showed that the
natural frequencies of the building were practically unaffected by the removal of this.

(a) Northern view of SAP2000 model. (b) Southern view of SAP2000 model.

Figure 4.3: Simplified SAP2000 model of the reference building.
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(a) XZ-plane section view. (b) YZ-plane section view.

Figure 4.4: Section views of simplified model.

4.1.2 Load description

In the following sections, the loads and load categories considered in the modeling
of the building are described. The combination of the actions is done as described in
Section 3.4.1 for the ULS and according to EC8 for the seismic mass.

4.1.2.1 Dead load

The dead load in the model is the self-weight of the structural elements, meaning
the beams, columns, walls, and floors, as seen in Table 4.1. These loads depend on
the material’s density and dimensions for all elements except the flooring, where the
dead load of the elements is applied as a load. Table 4.2 lists additional dead load
to be considered in the model, and a line load of 1 kN/m is added to represent the
loading from the facade.

Table 4.1: Self-weight of the structural elements

Element Quality Self-weight
HCS 200 (NOBI Voss, 2016) B45 255 + 16 kN/m2

HCS 320 (NOBI Voss, 2016) B45 400 + 25 kN/m2

GLT beams (Crocetti et al., 2015) GL28h 460 kg/m3

GLT columns (Crocetti et al., 2015) GL28h 460 kg/m3

CLT walls (Awad et al., 2017) CLT 439 kg/m3
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Table 4.2: Additional dead load to be considered in the modeling.

Placement
Additional self-weight[

kN/m2
] Comment

Floor between
stair core

4.5 Polished concrete

Floor level 1-7 1.5 Flooring

Roof level 6 and 8 1.7 50 mm sedum green roof

Roof level 7 5.0 250 mm soil for planting

4.1.2.2 Live load

The building is an office building and from EC0 Table NA 6.1 considered building
category B, leading to a live load of 3.0 kN/m2 from Table NA 6.2 on levels 1-7. The
roofs on level 2, 5, 6 and level 7 are considered a terrace, leading to building category
I from EC0 Table 6.9. This implies a live load of 3.0 kN/m2; as for building category
B. Live load is applied to every indoor floor, while the roof live load is applied to the
external part in level 2, 5, 6 and 7.

4.1.2.3 Snow load

The snow loads are calculated following EC1-3. Drift of snow is not considered for
simplification, and the characteristic snow load value is assumed to 3.5 kN/m2 ac-
cording to EC1-1-3 Table NA.4.1 (901). The form factor of 0.8 is applied, the thermal
coefficient µt = 1, and the exposure coefficient µe = 1. This leads to the snow load:

s = 3.5 · 0.8 = 2.8 kN/m2 (4.1)

4.1.2.4 Seismic mass

For all cases presented in this thesis, the modal mass is based on the formulation
from EC8-1 (3.17) seen in Eq. (3.81), assuming the seismic mass from the dead load,
a portion of the live and snow load. An overview of the factor for each type of load
can be seen in Table 4.3.

Table 4.3: Overview of ψE,i for the type of loadings used to find the seismic mass.

Load Structural elements Flooring Sedum Planting soil Live Roof Live Snow
Type G G G G QL QL QS

ψE,iψE,iψE,i - - - - 0.48 0.48 0.2
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4.1.3 Preliminary design of structural timber elements

The preliminary design of the structural elements for the reference building uses var-
ious ULS combination to find sufficient dimensions for the beams, columns, and CLT
wall panels. A ULS capacity utilization of 70% is assumed appropriate for further cal-
culations, using EC5 and the modification factors based on short-term loading and
climate class 1. For GL28h, the characteristic capacities are listed in Table 4.4.

Table 4.4: Characteristic values for GL28h from Crocetti et al. (2015).

Type Symbol Value [N/mm2]

Bending fm.k 28
Tension ft.0.k 22.3

Tension perp. ft.90.k 0.5
Compression fc.0.k 28

Compression perp. fc.90.k 2.5
Shear fv.k 3.5

E-modulus parallel to grain E0 12600
E-modulus perp. to grain E90 300

The highest point reaction force was approximately 5400 kN in joint 566, located
in axis A3/F4. Based on this, a GLT column of quality GL28h with dimensions of
900x480 mm is used for columns located from axis A1-A8. For columns from axis B1-
B4 located where a lower story height in the bottom floor is present, the maximum
point load is approximately 5000 kN in joint 933, located in axis C3/D5. This gives
a column dimension of 480x720 mm. For the beams, the highest load considered is
found for the pinned case in beam 576, located at C3/D4-D5, with a bending moment
79 kN/m. This gives a beam dimension of 765x480 mm.

4.2 Input for numerical model

This section presents the inputs in SAP2000, highlighting the material properties de-
fined and input that is relevant for the seismic analysis.

4.2.1 Beams and columns

The glulam beams and columns are assumed of quality GL28h. The modeling of this
material is done as an orthotropic material with the properties listed in Table 4.5. The
modal damping of the GLT elements is set to 1%. The positioning of the beams and
columns with the dimensions described in Section 4.1.3 is shown in Figure 4.5.
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Table 4.5: Material properties of GL28h, based on properties from Crocetti et al.
(2015).

Property Notation and unit Value
Longitudinal E-modulus E1 [N/mm2] 12600
Transversal E-modulus E2 = E3 [N/mm2] 300

G-modulus G12 = G23 [N/mm2] 650
Rolling G-modulus G13 [N/mm2] 65

Density ρ [kg/m3] 460
Poisson’s coefficient v 0.3

Thermal expansion coefficient aT 0

4.2.2 Walls

The modeling of 200 mm thick CLT wall panel is done using an orthotropic thin shell
element and the material property calculations from Follesa et al. (2013) in Equa-
tions (3.44)–(3.47). It is assumed that the layers are of equal thickness of 40 mm,
and the same wall panel thickness are used for all panels. The material properties
are based on standard timber quality C24, and leads to the shell properties seen in
Table 4.6.

Table 4.6: Material properties of thin shell representing CLT with axis as seen in
Figure 3.18.

Direction Thin shell property Value [N/mm2]
Vertical Ey 6 748

Horizontal Ex 4 622
Out-of-plane Ez 390

Shear Gxz = Gxy = Gyz 690

4.2.3 Flooring

The floor is modeled as concrete slab with the default material quality C45/55 from
SAP2000 listed in Table 4.7. The representation of HCS are modeled as thin shell with
a membrane thickness of 200 mm and bending thickness of 0.92 · 200 = 184 mm. A
stiffness modifier m22 is set to 0.01 to represent the low bending stiffness contribution
in transverse direction, creating a one-way slab. The same factors are applied to the
roof, with element thickness of 320 mm.

The joint labels in each floor are determined by the Autolabel function. The global
Z-direction is set to primary direction with the global Y-direction as secondary. This
leads to the joint numbers in each story seen in Table 4.8.
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(a) Beams (GL-B-480x765) placement.

(b) Long columns (GL-C-900x480) placement.

(c) Short columns (GL-CS-720x480) placement.

(d) CLT walls (5 Layered 200, 40-40-40-40-40) placement.

Figure 4.5: Placement of structural elements.
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Table 4.7: C45 material properties from CSI (2021).

Property Notation and unit Value
E-modulus E [N/mm2] 36000

Shear modulus G [N/mm2] 15000
Poisson’s coefficient v 0.2

Table 4.8: Joint numbers per story.

Story Joint number Number of joints Relative story height [mm]
0 / 00 1-72 72 +0.0 / +2 715.0

1 73-149 76 +7 695.0
2 150-226 76 +11 495.0
3 227-298 71 +15 295.0
4 299-370 71 +19 095.0
5 371-442 71 +22 895.0
6 443-502 59 +26 695.0
7 502-554 51 +30 495.0
8 555-586 31 +34 295.0

4.2.4 Meshing

The meshing of HCS are done using a maximum element size of 1.2 · 1.2 meters for
each bay, based on the width of a standard element. The release of moment and
twisting between each floor segment, Area edge release is used to ensure that the slabs
are simply supported and not transferring moments in-between bays. The mesh of
a typical floor is shown in Figure 4.6a. The irregularities in the mesh are caused by
SAP2000 not meshing with maximum size limitations if the shell segment is anything
other than a 4-joint element, but automatically generates the best fitting mesh (Ondrej
and Guzman, 2017).

(a) Mesh of typical floor. (b) Mesh of CLT core.

Figure 4.6: Mesh of HCS floor and CLT core.

The CLT wall panels are meshed with a maximum element size of 1 · 1 meters. The
SAP2000 function auto-edge constrain is used to create connections between wall ele-
ments. At the bottom floor a more detailed mesh is required to ensure node connec-
tivity between rigid supports and the wall elements, as can be seen in Figure 4.6b.
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Beams and columns are meshed with a maximum element length of 0.2 meters with
node creation at interconnections and at intersecting elements.

4.3 Analytical method

The primary goal in this thesis is to investigate how different types of connections
affect the seismic response of the reference building. Table 4.14 shows an overview
of the different connections used for connecting beams to a column, the rotational
stiffness for each connection, and the ductility ratio. All connections considered are
based on continuous columns with intermediate beams.

Two reference cases are constructed to decide on a model that reveals differences
when the rotational stiffness of the connection is changed. The first case contains
pinned-connected intermediate beams. These connections are modeled with beam
offset based on the column thickness using automatic connectivity in SAP2000, and
the rigid zone factor is set to 0. The second case contains rigid connected interme-
diate beams. This connection is modeled with a beam offset in the same manner as
the pinned case, while the rigid zone factor is set to 1. For the remaining connection-
cases, the change in the rigid zone factor did not affect the structure’s natural fre-
quencies.

All other connections are modeled as a rotational spring in the beam end using a
Zero-length element, with significantly higher translational stiffness in all directions to
represent rigid constraints for translation. The beam length is decided by the column
thickness through automatic connectivity. The rigid zone factor of the connection
is set to 0, representing that the fraction of beam offset is considered to have zero
rigidity.

Classification of each connection according to EC3-1-8 is done using a reference com-
parison value Sθ,re f = EIb/Lb, where the flexural rigidity EIb is found by multiply-
ing the modulus of elasticity about the main axis (E1) retrieved from the GLT beam
GL28h properties, with the moment of inertia (I) based on the dimensions of the
beam. The length of the reference beams used for classification is dependent on the
global direction of the beam, X or Y:

Sθ,re f ,X = EIb/Lb = 31 338.8 kNm/rad (4.2)

Sθ,re f ,Y = EIb/Lb = 26 861.8 kNm/rad (4.3)
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4.3.1 Bolted connection

The bolted connection is adopted from Zhou et al. (2021) and transformed to the
appropriate size of the beams used for the general case, as seen in Figure 4.7. The
build-up is made of continuous columns with intermediate beams, using slotted-in
steel plates. The bolts are assumed to be of size M16 and placed at an internal distance
of 85 mm. The rotational stiffness is based on EC5 formulation in Eq. (3.49), and the
center of rotation (COR) is assumed to be in the center of the bolts connecting the
beam to the steel plate. The distance ri from COR to each bolt is calculated, and the
slip modulus Ku for an M16 bolt is calculated:

Ku,i =
2
3
· 2 · ρ1.5

m · d
23

= 8 854 N/mm (4.4)

Figure 4.7: Section view of bolted connection adapted in model.

The rotational stiffness of the entire connection can now be found using the distances
ri from COR to the respective fastener

Kθ = ∑ Ku · r2
i = 5 629 kNm/rad (4.5)

The classification of the connection according to EC3-1-8 leads to a pinned connection.
The ductility of the connection is assumed to be low as the diameter of the bolts are
> 12 mm, and by EC8-1 8.3(4)a), the connection should not be assumed as energy
dissipating. The behavior factor is from this set to q = 1.5.
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4.3.2 Top-and-seat steel angles connection

Figure 4.8: Section view of Top-and-seat steel angles connection.

The Top-and-seat steel angles connection is adopted from Zhou et al. (2021), and the
rotational stiffness is calculated based on the beam and column dimensions for the
reference case. As all columns have their largest depth in the Y-direction, two dif-
ferent rotational stiffnesses must be found: Kθ,C,X for the beams having their main
direction in global X-direction (BX) and Kθ,C,Y for beams having their main direction
in global Y-direction (BY). For both cases, hgl = 765 mm, while the column and bolt
properties depend on the beam’s direction. A bolt dimension dbolt and angle thick-
ness t f of 20 mm is assumed, and the effective length of the compressive zone Lcc,e f f

in the GLT column is based on EC5 Figure 6.2, adding 30 mm to half of the GLT beam
height. From Eq. (3.55), the column face stiffnesses are found:

KCC,BX =
E90 · bc · le f f .cc

hc,BX
= 204 750 kN/m (4.6)

KCC,BY,C =
E90 · bc · le f f .cc

hc,BY
= 109 200 kN/m (4.7)

KCC,BY,CS =
E90 · bc · le f f .cc

hcs,BY
= 13 650 kN/m (4.8)

The parameter a′ in the stiffness of the angle horizontal leg Kt is found based on the
minimum distances provided by EC5. For a 20 mm bolt, the minimum distance to a
loaded end is 7 · dbolt. The radius of an angle with thickness t f = 20 mm is r = 18
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mm. This leads to:
a, = 20 + 0.8 · 18 = 34.4 mm (4.9)

Meaning that for a steel angle of width p = 480 mm:

Kt =
Es · p · t f

a, = 55 813 953.5 kN/m (4.10)

The Hollo-bolt stiffness KHB formulation in Eq. (3.53) depends on the number of bolts
provided to the connection. For a timber structure, traditional bolts are used. Follow-
ing the assumed bolt diameter, a maximum number of bolts Nb = 4 is decided from
the width of the GLT beam. The length of the bolt Lb is dependent on the column
thickness. For BX a bolt length of 480 mm provides enough length, while for BY, a
bolt length of 900 mm is necessary for the part left of gridline B1 seen in Figure 4.2
and a length of 720 mm for the right part. This leads to three different KHB, and as
a consequence of this, three different rotational stiffnesses Kθ. An overview of the
stiffness for each component in the three different scenarios can be seen in Table 4.9
and the placement in the plan can be seen in Figure 4.9.

The ductility of this connection is set to not fulfill the requirements for medium duc-
tility and the behaviour factor is set therefore set q = 1.5.

Table 4.9: Overview of stiffness components in the Top-and-seat steel angles con-
nection. All numbers in kN/m, except Kθ in kNm/rad.

Connection Kcc KHB Kt Ktop Kbottom Kθθθ

BX 204 750.0 523 598.8
55 813 953.5

146 804.5 204 001.6 49 960.7
BYc 109 200.0 279 252.7 78 391.9 108 986.7 26 683.8
BYcs 136 500.0 349 065.9 83 055.0 136 167.0 30 190.9

Figure 4.9: Placement of Top-and-seat rotational stiffnesses according to Table 4.9.
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4.3.3 Epoxied-in steel rods connection

The Epoxied-in (or glued-in) steel bars-connection is adopted from Fairweather (1992),
where the placement of the bars can be seen in Figure 4.10, with two layers of rods
in the two outermost glued layer and an additional plane in the middle of the cross
section. The rotational stiffness is based on the equations from Yang et al. (2016),
where, at the top part, only the glued-in rods are assumed to provide stiffness. The
elongation length Lb, is found using Eq. (3.62). The glued-in rods are assumed to
have Erod = 200 GPa, Φrod = 16 mm, while the epoxy quality is listed in Table 3.4,
assuming a thickness of epoxy layer tepoxy = 2 mm. The outer penetration lengths
are set to lpen.o = 400 mm and inner penetration length lpen.i = 300 mm.

Figure 4.10: Section view of Epoxied-in (glued-in) steel rods connection.

This leads to the following top initial stiffness:

Kt,i = Krod,i =
2.0 · Erod · Arod

Lrod
= 6 016 888.2 kN/m (4.11)

For the compressive zone in the bottom part, the glued-in rod, column and beam face,
and the column in shear are assumed to provide stiffness. The column face stiffness
is already found in Equations (4.6)–(4.8). The beam face stiffness is found according
to Eq. (3.58), assuming properties of the timber from Table 4.4 and the effective area
of half the beam cross-sectional area.

Kbc =
Ew.0

√
be f f le f f

β
= 1 349 730.0 kN/m (4.12)
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The shear stiffness Kcs of the columns are defined using Eq. (3.59), assuming shear
modulus from Table 4.4 distance zeq = 630 mm. In the same manner as for Kcc, two
different values are required, both having a width bc = 480 mm:

Kcs,BY,long =
Gw · hc,BY · bc

zeq
= 624 000 kN/m (4.13)

Kcs,BY,short =
Gw · hcs,BY · bc

zeq
= 499 200 kN/m (4.14)

This leads to the following compressive stiffnesses:

Kc,1 =
1

1/Krod + 1/Kcs,BY,long + 1/Kcc,1 + 1/Kbc
(4.15)

Kc,2 =
1

1/Krod + 1/Kcs,BY,long + 1/Kcc,2 + 1/Kbc
(4.16)

Kc,3 =
1

1/Krod + 1/Kcs,BY,short + 1/Kcc,1 + 1/Kbc
(4.17)

Kc,4 =
1

1/Krod + 1/Kcs,BY,short + 1/Kcc,3 + 1/Kbc
(4.18)

Using Eq. (3.56), the rotational stiffnesses for each connection can be found, and an
overview of the connection properties can be seen in Table 4.10, and the color-coded
placement in the typical plan can be seen in Figure 4.11.

Table 4.10: Overview of stiffness components in the Epoxied steel rods connec-
tion with 4 rods in each horizontal plan. All numbers in kN/m, except Kθ.con in
kNm/rad.

Connection Kgrt.i Kbc Kcs Kcc Ktop Kbot Kθθθ

E1

6 016 888.2 1 349 729
624 000.0 204 750.0

36 101 329.2

135 251.1 53 480.8
E2 109 200.0 85 710.7 33 938.0
E3 499 200.0 204 750.0 128 298.9 50 741.5
E4 135 500.0 97 691.5 38 669.1
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Figure 4.11: Placement of rotational stiffnesses according to Table 4.10.

This connection is design for ductile failure in the steel rods and from this the behav-
ior factor for DCM can be used from EC8-1 Table 8.1, leading to q = 2.5

4.3.4 Inclined threaded rods and steel rings connection

The Inclined threaded rods with steel rings connection is adopted from Stamatopou-
los et al. (2022) to fit the dimensions of structural elements in the reference building.
In the same manner as for Top-and-seat steel angles connection, three different rota-
tional stiffnesses are found to account for the directional dimensions of the columns,
SRX, SRY.C and SRY.CS. The material properties of rods and timber are set similar
to rods used for Epoxied-in steel bars, while the dimensions of the rods are listed in
Table 4.11.

Table 4.11: Dimensions of rods adopted from Stamatopoulos et al. (2022).

Dimensional property Value
drod 22 mm

d1 16.1 mm

dnet 18 mm

The rods is placed with an angle αc1 = αc4 = 35o and αc2 = αc3 = 55o in the column,
and with the angles αb1 = αc2 = 10o in the beam. Outer rods are assumed to go
through half the column thickness hcol, while inner rods have a penetration depth of
1/4 · hcol, as seen in Figure 4.12.

As the beams in the reference building are subjected to uniformly distributed load
and not a point load, a reconfiguration of the stiffness components in Eq. (3.70) and
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Figure 4.12: Section view of connection with Inclined threaded rods and steel
rings.

Eq. (3.74) is necessary. By assuming the following forces in the connection:{
Fx

Fy

}
=

1
n

{
M/z

V/2

}
(4.19)

Formulas for reaction forces in a clamped beam with uniformly distributed load are
known from statics:

M =
q · L2

12
V =

q · L
2

(4.20)

This leads to the stiffness components:

Kθ.C =
z2(

S(c1−c2)
xx.c + S(c3−c4)

xx.c

)
+
(

S(c3−c4)
xy.c − S(c1−c2)

xy.c

)
· 3z

Lb

(4.21)

Kθ.B =
z2

(Sxx.b1 + Sxx.b2) +
(
Sxy.b2 − Sxy.b1

)
· 3z

Lb

(4.22)

where Lb is the length of the beam.

Three values of stiffness for the column and beam side is necessary to account for the
directions. The height of the columns hcol and length of the connected beams Lb are
listed in Table 4.12 for each case.
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Table 4.12: Beam length, column height and z for each case with Inclined
threaded rods.

Connection
Beam length

LbLbLb [mm]
Column height

hcolhcolhcol [mm]
z

[mm]
SRX 7200 480

765SRYC 8400 900
SRYCS 8400 720

The stiffness of the connectors is assumed equal to connectors from Stamatopoulos
et al. (2022); Kax.con.tension = 484 kN/mm and Kax.con.compression = 600 kN/mm. This
leads to the stiffness component from the steel rings:

Kθ.con = z2 ·
(

1
Kax.con.tension

+
1

Kax.con.comp

)
= 156 779.8 kN/m (4.23)

By combining the stiffness components using Eq. (3.76), the rotational stiffness for
each connection Kθ is found. The values are listed in Table 4.13.

Table 4.13: Overview of stiffness components for Inclined threaded rods connec-
tion.

Connection Kθ.C Kθ.B Kθ.con Kθθθ

SRX 16 873.5 84 264.3
156 779.8

51 606.0
SRYC 22 304.5 59 085.8 58 705.4
SRYCS 20 216.7 59 085.8 54 970.0

As the failure modes in the experimental testing by Stamatopoulos et al. (2022) show
compressive failure in the column, the ductility of the connection is assumed to be
relatively low. This leads to a behavior factor q = 1.5.

4.3.5 Overview of connections

Table 4.14 presents an overview of the rotational stiffnesses calculated along with the
considered ductility ratio for each case and the classification of rigidity according to
EC3.
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Table 4.14: Overview of connections applied in the numerical model.

Connection
Rotational stiffness

[kNm/rad]
Behaviour factor

qqq
EC3

classification
Pinned 0 1.5 Pinned

Rigid ∞ 1.5 Rigid

Bolted w/ slotted
steel plate

5 629.0 1.5 Pinned

Top-and-seat steel angles
49 960.7
26 683.8
30 190.9

1.5 Semi-rigid

Epoxied-in steel rods

53 480.8
33 938.0
50 741.5
38 669.1

2.5 Semi-rigid

Inclined threaded rods
w/ steel rings

51 606.0
58 705.4
54 970.0

1.5 Semi-rigid
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4.4 Modal Response Spectrum Analysis

The Modal Response Spectrum Analysis (MRSA) is performed using the integrated
response spectrum function in SAP2000. One case for each connection is created, im-
plementing the respective behavior factors of the connections previously described.
This gives to two different design acceleration response spectra, shown in Figure 4.13.

The soil is assumed as loose-to-medium cohesionless soil giving the ground type D,
with parameters describing the elastic response spectrum seen in Table 4.15. As the
building is located in Oslo, EC8-1 Table NA.3.2 (902) gives the reference peak ground
acceleration (PGA) for the seismic zone as agR = 0.3 m/s2. For seismic class IIIa, the
importance factor γI = 1.25. This leads to the ground acceleration ag:

ag = 1.25 · 0.3 = 0.375 [m/s2] (4.24)

Table 4.15: Parameters for Type 2 elastic response spectrum and ground type D.

Ground Type S TBTBTB (s) TCTCTC (s) TDTDTD (s)
D 1.8 0.10 0.3 1.2

Two load cases are created by use of Response spectrum function, one for global X (EEdx)
and one for global Y (EEdy). The modal combination is set to CQC method to account
for coupled modes. The horizontal effect of the seismic loading is done according to
EC8-1 4.3.3.5.1 with the two load combinations:

EEdx ” + ” 0.3EEdy and 0.3EEdx ” + ” EEdy (4.25)

The absolute drift resultant is found for both combinations with the directional com-
ponents U1- (Global X) and U2- (Global Y) direction. The ID is found for each story,
evaluating it against the limits from EC8-1. As damage limitation calculation is
not necessary in Norway, the recommended value for the reduction factor is used:
v = 0.4. The story heights used are according to Figure 4.4a, and the ductility factors
are set equal to the behavior factors used in the respective Response Spectra. The
limits are displayed in Table 4.16.

Table 4.16: Interstory drift limits based on EC8-1 formulation.

Interstory drift limits [mm]
Story h [mm] q = 1.5 q = 2.5

1 7695 128.25 76.95
2-8 3800 63.33 38.00
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(a) Design response spectrum with behavior factor q = 1.5.

(b) Design response spectrum with behavior factor q = 2.5.

Figure 4.13: Design response spectra for the applied behavior factors.





5. Results

This chapter present and describes the results from each model in Chapter 4. The
modal analysis is presented, with the period and corresponding mass participation
ratio listed in a table, along with a graphical view of the first four modes for each case.
The modal shapes are scaled to increase the visibility of the different mode shapes,
and the descriptive notation X and Y refer to the global X and global Y direction,
respectively.

The modal response spectrum analysis results are further presented with a contour
plot of the resultant displacements. The average floor absolute drift (AD) and inter-
story drift (ID) are presented in the two global main directions for each case.

5.1 Modal analysis

In this section, the results from the modal analysis are presented. For each connection-
case, a table presents the periods, the main direction of the mode, the mass par-
ticipation ratios for each mode in the three main directions ME f f .Ux, ME f f .Uy and
ME f f .Rz. The cumulative sum of the participation ratios in each direction are pre-
sented, and the mode number where the directional participation ratio exceeds 90%
is highlighted in red. The scaled graphical view of the first four modes is presented
for each connection-case, with the corresponding period.

5.1.1 Pinned connection

For the pinned connection-case, the mode shapes can be seen in Figure 5.1. The
participation factors for each mode are presented in Table 5.1. Mode 1 is classified
as torsional and the second mode is translational in Y. Mode 3 is translational in X-
direction, and mode 4 is the second torsional mode. At mode 6, the participation
ratio in each main direction exceeds 90%.

81
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Table 5.1: Overview of the modes giving mass participation ratio ≥ 90% for
pinned case.

Participation ratio
Mode Type Tn MEff.Ux ∑ MEff.Ux MEff.Uy ∑ MEff.Ux MEff.Rz ∑ MEff.Uz

1 Torsional 2.810 0.1% 0.1% 0.0% 0.0% 70.4% 70.4%
2 Trans Y 1.442 1.1% 1.2% 76.4% 76.4% 0.0% 70.5%
3 Trans X 1.286 78.2% 79.4% 1.1% 77.5% 0.1% 70.6%
4 Torsional 0.794 0.1% 79.5% 0.0% 77.5% 17.5% 88.1%
5 Trans X 0.415 12.1% 91.5% 1.4% 78.9% 0.0% 88.2%

6 Trans Y 0.403 1.5% 93.0% 12.5% 91.4% 0.1% 88.3%

(a) Mode 1, scaled 400. Tn.1 = 2.810 s. Tor-
sional mode.

(b) Mode 2, scaled 400. Tn.2 = 1.442 s. Trans-
lation in Y.

(c) Mode 3, scaled 400. Tn.3 = 1.286 s. Trans-
lation in X.

(d) Mode 4, scaled 200. Tn.4 = 0.794 s. Tor-
sional mode.

Figure 5.1: The four first modes for the pinned reference case with the respective
natural periods.
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5.1.2 Rigid connection

For the rigid connection-case, the mode shapes can be seen graphically in Figure 5.2.
The participation factors for each mode are presented in Table 5.2. Mode 1 is classified
as translational in Y-direction and the second mode translational in X. The third mode
is classified as torsional, while mode 4 is the second translational mode in Y. For this
case, the cumulative participation ratio in each main direction exceeds 90% in mode
5, being a translational mode in X.

(a) Mode 1, scaled 400. Tn.1 = 1.184 s. Trans-
lation in Y.

(b) Mode 2, scaled 400. Tn.2 = 1.065 s. Trans-
lation in X.

(c) Mode 3, scaled 400. Tn.3 = 1.003 s. Tor-
sional mode.

(d) Mode 4, scaled 200. Tn.4 = 0.349 s. Trans-
lation in Y.

Figure 5.2: The four first modes for the rigid reference case with the respective
natural periods.
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Table 5.2: Overview of the modes giving mass participation ratio ≥ 90% for rigid
case.

Participation ratio
Mode Type Tn MEff.Ux ∑ MEff.Ux MEff.Uy ∑ MEff.Ux MEff.Rz ∑ MEff.Uz

1 Trans Y 1.184 21.2% 21.2% 64.4% 64.4% 1.3% 1.3%
2 Trans X 1.065 59.1% 80.3% 23.1% 87.5% 4.3% 5.6%
3 Torsional 1.003 4.7% 85.0% 0.0% 87.5% 81.7% 87.3%
4 Trans Y 0.349 2.3% 87.3% 6.2% 93.7% 0.0% 87.3%
5 Trans X 0.318 7.0% 94.3% 2.0% 95.7% 0.0% 87.3%

5.1.3 Bolted connection

For the bolted connection-case, the mode shapes can be seen graphically in Figure 5.3.
The participation factors for each mode are presented in Table 5.3. Mode 1 is classi-
fied as torsional, and the second mode as translational in Y. The third mode is transla-
tional in X, while mode 4 is the second torsional mode. For this case, the cumulative
participation ratio in each main direction exceeds 90% in mode 6.

Table 5.3: Overview of the modes giving mass participation ratio ≥ 90% for
bolted connection.

Participation ratio
Mode Type Tn MEff.Ux ∑ MEff.Ux MEff.Uy ∑ MEff.Ux MEff.Rz ∑ MEff.Uz

1 Torsional 2.407 0.1% 0.1% 3.0% 3.0% 72.1% 72.1%
2 Trans Y 1.401 0.0% 0.1% 75.5% 78.5% 2.3% 74.4%
3 Trans X 1.245 80.6% 80.8% 0.0% 78.5% 0.1% 74.6%
4 Torsional 0.734 0.1% 80.9% 0.0% 78.5% 14.6% 89.1%
5 Trans Y 0.409 2.9% 83.8% 10.1% 88.6% 0.0% 89.1%

6 Trans X 0.387 9.6% 93.4% 3.1% 91.7% 0.1% 89.3%
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(a) Mode 1, scaled 400. Tn.1 = 2.407 s. Tor-
sional mode.

(b) Mode 2, scaled 400. Tn.2 = 1.401 s. Trans-
lation in Y.

(c) Mode 3, scaled 400. Tn.3 = 1.245 s. Trans-
lation in X.

(d) Mode 4, scaled 200. Tn.4 = 0.734 s. Tor-
sional mode.

Figure 5.3: The four first modes for the bolted case with the respective natural
periods.

5.1.4 Top-and-seat steel angles connection

For the Top-and-seat steel angles connection-case, the mode shapes can be seen graph-
ically in Figure 5.4. The participation factors for each mode are presented in Table 5.4.
Mode 1 is classified as translational in Y-direction and the second mode translational
in X. The third mode is classified as torsional, while mode 4 is the second translational
mode in Y. For this case, the cumulative participation ratio in each main direction ex-
ceeds 90% in mode 6.
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(a) Mode 1, scaled 400. Tn.1 = 1.303 s. Trans-
lation in Y.

(b) Mode 2, scaled 400. Tn.2 = 1.126 s. Trans-
lation in X.

(c) Mode 3, scaled 400. Tn.3 = 1.121 s. Tor-
sional mode.

(d) Mode 4, scaled 200. Tn.4 = 0.394 s. Trans-
lation in Y.

Figure 5.4: The four first modes for Top-and-seat steel angles with the respective
natural periods.

Table 5.4: Overview of the modes giving mass participation ratio ≥ 90% for Top-
and-seat steel angles.

Participation ratio
Mode Type Tn MEff.Ux ∑ MEff.Ux MEff.Uy ∑ MEff.Ux MEff.Rz ∑ MEff.Uz

1 Trans Y 1.303 0.0% 0.0% 68.2% 68.2% 13.2% 13.2%
2 Trans X 1.126 81.8% 81.9% 0.2% 68.4% 2.2% 15.4%
3 Torsional 1.121 2.3% 84.2% 12.2% 80.6% 65.2% 80.6%
4 Trans Y 0.394 0.1% 84.3% 10.5% 91.1% 1.4% 82.0%
5 Torsional 0.344 0.1% 84.4% 1.2% 92.4% 9.4% 91.3%
6 Trans X 0.340 10.2% 94.6% 0.1% 92.5% 0.1% 91.4%
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5.1.5 Epoxied-in steel rods connection

For the Epoxied-in steel rods connection-case, the mode shapes can be seen graphi-
cally in Figure 5.5. The participation factors for each mode are presented in Table 5.5.
Mode 1 is classified as translational in Y-direction and the second mode translational
in X. The third mode is classified as torsional, while mode 4 is the second translational
mode in Y. For this case, the cumulative participation ratio in each main direction ex-
ceeds 90% in mode 6.

(a) Mode 1, scaled 400. Tn.1 = 1.283 s. Trans-
lation in Y (Torsional).

(b) Mode 2, scaled 400. Tn.2 = 1.122 s. Trans-
lation in X.

(c) Mode 3, scaled 400. Tn.3 = 1.110 s. Tor-
sional mode.

(d) Mode 4, scaled 200. Tn.4 = 0.391 s. Trans-
lation in Y.

Figure 5.5: The four first modes for the Epoxied-in steel rods with the respective
natural periods.
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Table 5.5: Overview of the modes giving mass participation ratio ≥ 90% for
Epoxied-in steel rods.

Participation ratio
Mode Type Tn MEff.Ux ∑ MEff.Ux MEff.Uy ∑ MEff.Ux MEff.Rz ∑ MEff.Uz

1 Trans Y 1.283 0.2% 0.2% 69.8% 69.8% 11.9% 11.9%
2 Trans X 1.122 83.8% 83.9% 0.0% 69.8% 0.6% 12.5%
3 Torsional 1.110 0.4% 84.3% 11.2% 81.0% 68.8% 81.2%
4 Trans Y 0.391 0.2% 84.5% 10.8% 91.8% 0.8% 82.0%
5 Torsional 0.340 0.4% 84.9% 0.7% 92.5% 9.3% 91.3%

6 Trans X 0.332 9.7% 94.6% 0.1% 92.6% 0.5% 91.7%

5.1.6 Inclined threaded rods and steel rings connection

For the Inclined threaded rods connection-case, the mode shapes can be seen graphi-
cally in Figure 5.6. The participation factors for each mode are presented in Table 5.6.
Mode 1 is classified as translational in Y-direction and the second mode translational
in X-direction. The third mode is classified as torsional, while mode 4 is the second
translational mode in Y. For this case, the cumulative participation ratio in each main
direction exceeds 90% in mode 5.

Table 5.6: Overview of the modes giving mass participation ratio ≥ 90% for In-
clined threaded rods connection.

Participation ratio
Mode Type Tn MEff.Ux ∑ MEff.Ux MEff.Uy ∑ MEff.Ux MEff.Rz ∑ MEff.Uz

1 Trans Y 1.246 3.6% 3.6% 71.4% 71.4% 7.6% 7.6%
2 Trans X 1.120 80.7% 84.3% 3.0% 74.4% 0.7% 8.3%
3 Torsional 1.092 0.0% 84.3% 7.4% 81.8% 74.1% 82.4%
4 Trans Y 0.384 2.3% 86.6% 8.6% 90.4% 0.1% 82.5%
5 Trans X 0.339 7.6% 94.2% 2.5% 92.9% 0.4% 82.9%
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(a) Mode 1, scaled 400. Tn.1 = 1.246 s. Trans-
lation in Y.

(b) Mode 2, scaled 400. Tn.2 = 1.120 s. Trans-
lation in X.

(c) Mode 3, scaled 400. Tn.3 = 1.092 s. Tor-
sional mode.

(d) Mode 4, scaled 200. Tn.4 = 0.384 s. Trans-
lation in Y.

Figure 5.6: The four first modes for the Inclined threaded rods case with the re-
spective natural periods.

5.2 Modal response spectrum analysis

In this section the results from the Modal Response Spectrum Analysis are presented.
For each case, the story average absolute- (AD) and interstory drift (ID) in the two
main global directions U1 (Global X) and U2 (Global Y) of is shown, along with a
graphical view of the resultant absolute displacement. The scales used in the contour
plot are adapted to each case, resulting in dark blue where the displacements are
higher and magenta where the displacements are lower.
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5.2.1 Pinned connecion

The results MRSA analysis for the pinned connection leads to the contour plots of the
resultant displacements shown in Figure 5.7. The maximum AD is located in the top
floor for both cases, with an average top floor displacement of 26.53 mm in global X
for load case 1, and average top floor displacement of 29.19 mm in global Y for load
case 2. Maximum ID is for both cases found in level 1.

(a) Displacement resultant EEdx + 0.3EEdy. (b) Displacement resultant EEdy + 0.3EEdx.

Figure 5.7: Displacement resultants pinned connections.

Figure 5.8: Pinned connections, average story AD and ID for EEdx + 0.3EEdy.
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Figure 5.9: Pinned connections, average story AD and ID for EEdy + 0.3EEdx.

5.2.2 Rigid connection

The results MRSA analysis for the rigid connection leads to the contour plots of the
resultant displacements shown in Figure 5.10. The maximum average AD is located
in the top floor for both cases, with an average top floor displacement of 42.16 mm in
global X for load case 1, and average top floor displacement of 42.43 mm in global Y
for load case 2. Maximum ID is for both cases found in level 1. Figure 5.10b shows
that AD varies from approximately 56 mm in the southern part to 40 mm in the
northern part.

(a) Displacement resultant EEdx + 0.3EEdy. (b) Displacement resultant EEdy + 0.3EEdx.

Figure 5.10: Displacement resultants rigid connections.
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Figure 5.11: Rigid connections, average story AD and ID for EEdx + 0.3EEdy.

Figure 5.12: Rigid connections, average story AD and ID for EEdy + 0.3EEdx.
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5.2.3 Bolted connection

The results MRSA analysis for the bolted connection leads to the contour plots of the
resultant displacements shown in Figure 5.13. The maximum average AD is located
in the top floor for both cases, with an average top floor displacement of 24.26 mm
in global X for load case 1, and average top floor displacement of 24.49 mm in global
Y for load case 2. Figure 5.13b shows that AD varies in the top floor story from
approximately 30 mm in the part northern part to 22 mm in the southern part.

(a) Displacement resultant EEdx + 0.3EEdy. (b) Displacement resultant EEdy + 0.3EEdx.

Figure 5.13: Displacement resultant bolted connections.

Figure 5.14: Bolted connections, average story AD and ID for EEdx + 0.3EEdy.
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Figure 5.15: Bolted connections, average story AD and ID for EEdy + 0.3EEdx.

5.2.4 Top-and-seat steel angles connection

The results MRSA analysis for the Top-and-seat steel angles connection leads to the
contour plots of the resultant displacements shown in Figure 5.16. The maximum
average AD is located in the top floor for both cases, with an average top floor dis-
placement of 22.42 mm in global X for load case 1, and average top floor displacement
of 21.59 mm in global Y for load case 2. Figure 5.16b shows that AD varies in the top
floor story from approximately 30 mm in the southern part to 22 mm in the northern
part.

(a) Displacement resultant EEdx + 0.3EEdy. (b) Displacement resultant EEdy + 0.3EEdx.

Figure 5.16: Displacement resultants for Top-and-seat steel angles connections.
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Figure 5.17: Top-and-seat steel angles connections, average story AD and ID for
EEdx + 0.3EEdy.

Figure 5.18: Top-and-seat steel angles connections, average story AD and ID for
EEdy + 0.3EEdx.
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5.2.5 Epoxied-in steel rods connection

The results MRSA analysis for the Epoxied-in connection leads to the contour plots
of the resultant displacements shown in Figure 5.19. The maximum average AD is
located in the top floor for both cases, with an average top floor displacement of 14.10
mm in global X for load case 1, and average top floor displacement of 15.82 mm in
global Y for load case 2. Figure 5.19b shows that AD varies in the top floor from
approximately 22 mm in the southern part to 14 mm in the northern part.

(a) Displacement resultant EEdx + 0.3EEdy. (b) Displacement resultant EEdy + 0.3EEdx.

Figure 5.19: Displacement resultants for Epoxied-in connections.

Figure 5.20: Epoxied-in connections, average story AD and ID for EEdx + 0.3EEdy.
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Figure 5.21: Epoxied-in connections, average story AD and ID for EEdy + 0.3EEdx.

5.2.6 Inclined threaded rods and steel rings connection

The results MRSA analysis for the Inclined threaded rods connection leads to the
contour plots of the resultant displacements shown in Figure 5.22. The maximum
average AD is located in the top floor for both cases, with an average top floor dis-
placement of 22.57 mm in global X for load case 1, and average top floor displacement
of 22.68 mm in global Y for load case 2. Figure 5.22b shows that AD varies in the top
floor story from approximately 30 mm in the southern part to 20 mm in the northern
part.

(a) Displacement resultant EEdx + 0.3EEdy. (b) Displacement resultant EEdy + 0.3EEdx.

Figure 5.22: Displacement resultants for Inclined threaded rods connections.
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Figure 5.23: Inclined threaded rods connections, average story AD and ID for
EEdx + 0.3EEdy.

Figure 5.24: Inclined threaded rods connections, average story AD and ID for
EEdy + 0.3EEdx.

5.2.7 Interstory drift

The interstory drift for each case is compared to the limits presented in Table 4.16.
For all presented cases, the critical ID is found in story 1, but for no cases the limits
are exceeded. The most critical displacements are for the Rigid connection with a
utilization ratio:

IDmax

Limitq=1.5, story 1
=

13.44
128.25

= 10.5% (5.1)



6. Discussion

This chapter is dedicated to discussing the results presented in chapter 5, where the
results from the modal analysis and the seismic performance are evaluated for each
connection. The next part contains an evaluation of each connection regarding seis-
mic performance, ease of construction, ease of disassembly, reuse potential of the
beam, column, and connecting elements, and the aesthetics of the joint. An overview
of the discussed parameters is given, leading to a comparison of all connections. The
comparison is the base for discussing the optimization process for seismic design of
moment-resisting timber joints when designing for reuse.

6.1 Modal Analysis

This section discusses the results obtained in the modal analysis, highlights the dif-
ferences, and discusses the main reasons behind the differences. First, a general dis-
cussion about the dynamic consequences of the building’s structural build-up is nec-
essary by using the results from the two reference cases, (1) pinned and (2) rigid
connected beams.

6.1.1 Structural shape

The reference building is non-symmetric in plan and irregular in elevation. In plan,
the non-symmetry is mainly due to the CLT core placed in the middle of the building
not being symmetrically placed, and the angle differences in the global direction of
the beams. In elevation, the irregularity is due to the story height of the lowest floor
causing a soft story in the left part of the building when viewed in XZ-plane as in
Figure 4.4a.

For the case with pinned connected beams, the location of a centrally placed stiff CLT
core is unfavorable as these are the only contribution to the lateral stiffness of the
building. This leads to large parts of elements providing lateral stiffness having a
low radius of gyration R compared to the masses distributed over the whole plan,
referred to as inertia masses in Section 3.1.5. This results in small angular stiffness

99
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components kx,θ, ky,θ, and kθ in Eq. (3.31) compared to the inertia forces, and the tor-
sional mode will be present at a lower frequency mode. For the pinned and bolted
case, a modal participation factor of 90% is reached for the main directions at mode
6 with two torsional modes present already at mode 4.

The effect of increasing the rotational stiffness of beam-to-column connections is
clearly shown by comparing the results for pinned connected beams in Table 5.1 with
the case of rigid connected beams in Table 5.2. The results imply that higher rotational
stiffness for the beam-to-column connections will shift the torsional mode to a higher
frequency mode. Another important aspect of this shift is that the number of tor-
sional modes contributing when modal participation ratios exceed 90% for the main
directions is reduced to only one. This is beneficial as it removes the uncertainties
and effects of torsional modes and leads to a more favorable behavior (Flores et al.,
2017). Boti et al. (2018) introduce the possibility of including post-yield behavior and
energy dissipation in the system when torsional modes are limited. Post-yield behav-
ior of connections can be problematic for rigid, brittle connections, and only elastic
structural behavior should be considered. This is because rigid connections attract
significant more forces/energy than pinned connections, and if the connection than
fails, the behavior of the structural system will change dramatically.

The irregularity in elevation is mainly caused by differences in the lowest floor, where
two different column heights support the structure. As seen in Figure 4.4a and Fig-
ure 4.4b, the southern part has a floor height of 7695 mm, while the northern part of
the building is 4980 mm. Therefore, it was in the early phase of the thesis decided to
increase the dimensions of the columns in the left part. Optimizing column dimen-
sions in upper levels may lead to reduced column dimensions and less material used.
If the number of stories in the building were to be increased, the column dimensions
must be carefully revised to exclude counterproductive effects. In addition to this,
the top floor is contracted significantly from floors below. This leads to a lower mass
in the top floor and consequently lower dynamic effects, as typically seen from the
absolute- and interstory drift results from Section 5.2 MRSA.

6.1.2 Evaluation of modal results

Overall, the periods of the building for all cases are higher than the simplified funda-
mental period calculation proposed by EC8 4.3.3.2.2(3), as seen in Eq. (3.87). Using
the height of the building H = 34.295 m and Ct = 0.05, the fundamental mode T1 can
be found:

T1 = 0.05 · (34.295)3/4 = 0.71 s (6.1)
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Based on the assumption that the model is valid, this shows the weakness of the
fundamental period calculation when the building is either long or vulnerable to
torsional effects due to irregularity in plan or elevation (Hussein et al., 2020). This
can also be caused by the fact that CLT buildings tend to have higher natural periods
than considered through the factor Ct (Polastri and Pozza, 2016).

The modes where torsional modes are present at a lower frequency mode differ more
from the simplified method. The first mode periods for the pinned and bolted case
are higher than the remaining cases, which, based on structural dynamics, show that
the mass to stiffness ratio is higher than the remaining cases. These results are as
expected as the numerical model is designed so that stiffness of the connections affect
the structural behavior.

6.1.3 Connection to foundation

The connection to the foundation is for both the GLT columns and the CLT panels
assumed to be rigid, meaning that displacements and rotations are restricted in all
directions. From a review of different timber connections by Rebouças et al. (2022),
the overall performance of a timber frame was significantly influenced by uplift and
rotation at the base. Sandoli et al. (2021) present the traditional connections used
for CLT panels as Hold-down (HDB)- and angle-brackets (AB). The HDB restrict the
uplift of panels causing tensile forces, while AB are important for restricting shear
forces and horizontal sliding.

For the rigid connection-case in Section 5.1.2, the change from rigid to pinned con-
nections of CLT panels to the foundation only showed a negligible increase in the nat-
ural periods of the building. Using hinges for columns to foundation increased, on
the other hand, the natural period by approximately 30%, from 1.18 s to 1.54 s. Using
rigid connection is too advantageous when considering horizontal design load but
was implemented to enhance the effect of changing the rotational stiffness of Beam-
to-column connections.

6.2 Response spectrum analysis

For modal combination, the CQC method is chosen. This is done to include correla-
tion for modes with approximately equal frequencies. The effect of this is especially
relevant when torsional modes and directional modes have approximately the same
frequencies.

The importance class of the building is chosen as seismic class IIIa, and from Table 3.5
this may be over-conservative for the reference building, leading to a higher design
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ground acceleration than necessary. The main reason behind choosing a higher seis-
mic class is the unknown use of the lowest floor.

6.2.1 Structural behaviour

The deformed shapes are displayed only for the load combinations given in Sec-
tion 4.4, where the average joint displacements in the two global directions for each
floor are used to plot AD and ID. For cases where the contour plots show a significant
variation in displacement internally in a floor, the displacement should be revised
more in detail. Generally, this is not the case when EEdx is the dominant load. For the
case where EEdy is dominant, the torsional effects are more prominent.

By comparing the results from the MRSA for all connections with load case 2, the ten-
dency is that the connections that offer lower rotational stiffness create a case where
the first torsional mode, with a higher mass participation ratio, is located where the
pseudo-acceleration is low. By inserting the first torsional mode and its period for
all cases in the design response spectra, as seen in Figure 6.1, the respective design
pseudo-accelerations can be compared.

Figure 6.1: First torsional modes with the respective period and design pseudo-
acceleration. Labels are Period, PSA.

The first observation is that the pseudo-acceleration (PSA) for the bolted and pinned
case is equal. This is expected as the bolted connection per EC3 is categorized as
a pinned connection. For the rigid case, PSA is 325% higher caused by this mode
and its period being closer to the acceleration-based calculation area of a normalized
design spectrum seen in Figure 3.13.

The Epoxied-in steel rods connection (Ep-in) is governed by the fact that the ductility
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of this connection is high. The effect becomes clear both when comparing the first
torsional mode to the Top-and-seat steel angles connection (TaS), which has a higher
period but yet a higher PSA, and when comparing the absolute drift. For Ep-in, the
average top story AD resultant for load cases 1 and 2 are 15.3 mm and 16.68 mm,
respectively, while for the remaining cases, the maxima are typically 24-26 mm.

Both TaS and Inclined threaded-rods connection (InTR) have the first torsional mode
within the same period range. By comparing the contour plots from the MRSA for
these two cases in Figure 6.2, it can be seen that also the 2nd torsional mode pro-
vides significant effects and displacements for TaS. This statement is based on the
displacement range of the contour plots being approximately equal, even though the
1st torsional mode of TaS only has a Mass Participation Ratio about global Z (MEff.Rz)
of 65.2%, compared to 81.2% for InTR. The effect of lower cumulative MEff.Rz for InTR
is also shown as the change in displacement resultant in level 6 is higher for TaS than
for InTR, meaning that the displacements are more constant internally in each floor.

(a) Top-and-seat steel angles (TaS). (b) Inclined threaded rods with steel rings (InTR).

Figure 6.2: Top view of contour plot of displacement resultants for EEdy + 0.3EEdx.
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Table 6.1: 1st torsional modes, mass participation ratio about global Z (MPRRz)
and the corresponding PSA from the respective design spectra.

Connection
1st torsional

mode
MEff.Rz

PSA
[g]

Pinned
Mode 1
2.994 s

70.4% 0.008

Rigid
Mode 3
1.003 s

81.7% 0.034

Bolted
Mode 1
2.407 s

72.1% 0.008

Top-and-seat
steel angles

Mode 3
1.121 s

65.2% 0.031

Epoxied-in
steel rods

Mode 3
1.110 s

81.2% 0.019

Inclined threaded
rods with steel rings

Mode 3
1.092 s

74.1% 0.032

Table 6.2: 2nd torsional modes, mass participation ratio about global Z (MPRRz)
and the corresponding PSA from the respective design spectra.

Connection
2nd torsional

mode
MEff.Rz

PSA
[g]

Pinned
Mode 4
0.845 s

17.5% 0.041

Rigid
No 2nd torsional mode before cumulative

sum in Ux & Uy exceeds 90%

Bolted
Mode 4
0.734 s

14.6% 0.047

Top-and-seat
steel angles

Mode 5
0.344 s

9.4% 0.101

Epoxied-in
steel rods

Mode 5
0.340 s

9.3% 0.061

Inclined threaded
rods with steel rings

No 2nd torsional mode before cumulative
sum in Ux & Uy exceeds 90%

In this thesis, the type 2 response spectrum is used, following recommendations from
EC8-1 NA.3.2.2.2. If the building was located in an area with significantly higher in-
tensity of earthquakes and surface wave magnitude Ms ≥ 5.5, Pitilakis et al. (2015)
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recommend using Type 1 response spectrum. Type 1 spectrum includes higher pe-
riod modes, while type 2 has larger normalized spectral amplitudes at short periods.
This would lead to the first torsional modes contributing more to the displacements,
based on the comparison seen in Figure 6.3. This implies that buildings located in
low seismicity areas are more vulnerable to ground acceleration if the fundamental
period is lower. This is typically the case for buildings with fewer stories than the
reference building.

(a) First torsional modes plotted in type 2 spectrum (Low seismicity area).

(b) First torsional modes plotted in type 1 spectrum (High seismicity area).

Figure 6.3: Comparison of first torsional modes plotted in type 2 and type 1 re-
sponse spectrum.

EC8-1 Annex A suggests using a displacement-based spectrum instead of acceleration-
based for buildings with long vibration periods, where the Type 1 elastic acceleration
design spectrum (Se) is converted to an elastic displacement spectrum (SDe):

SDe(T) = Se(T)
[

T
2π

]2

(6.2)
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6.2.2 Interstory drift

The interstory drifts found for all cases are significantly inside the limits from EC8-1
seen in Table 4.16. This was expected, as the building satisfies requirements from
EC8-1 NA.3.2.1(5) allowing seismic analysis to be omitted:

• The building is located where the ground type is A-E and the design ground
acceleration satisfy the formula ag ≤ 0.3m/s2

• The design spectrum satisfies Sd ≤ 0.50m/s2 with behaviour factor q ≤ 1.5, no
stiffness reduction and conservative assumption for the ground (Figure 4.13a)

In addition, based on the modal analysis where the influential modes are presented
for each connection-case, the first periods range from 1.18 s (rigid) to 2.81 s (pinned).
This corresponds to a frequency range from 0.85 Hz to 0.35 Hz. Based on Figure 6.4
from Holmes (2007), the reference building, with moment-resting timber frames, CLT
core, and HCS as flooring, moves closer to the wind-sensitive area than the earth-
quake domain when the stiffness of the connections decrease.

Figure 6.4: Normalized frequency domain of buildings, showing wind-sensitive
buildings and earthquake prone range (Holmes, 2007). Logarithmic frequency
axis.



6.3. BEAM-TO-COLUMN CONNECTIONS 107

6.3 Beam-to-column connections

An evaluation of all connections used for the analysis, the method of calculating the
rotational stiffness, and model implementation is necessary. Some advantages and
disadvantages of all presented connections with comparison are presented, and the
reuse potential of the structural components in each connection is assessed.

6.3.1 Bolted connection

The bolted connection is a commonly used beam-to-column connection with the po-
tential for many variations. The presented geometry of the connection is based on
continuous columns with slotted in steel plates and M16 bolts based on the connec-
tion by Zhou et al. (2021). This design immediately provides restrictions for the seis-
mic analysis, as the maximum diameter for steel bolts or dowels in EC5 is 12 mm for
the connection to be considered energy dissipating. This restriction can be avoided
using a high member thickness. A calculation of connection failure mode using cross-
sections from this thesis, according to EC5 Eq. (3.80), shows failure in the bolt. This
indicates that a behavior factor higher than 1.5 may be used, presumably leading to
structural drifts closer to Epoxied-in (Figure 5.19), and was also expected as EC8-1
8.3(4) allows increasing the behavior factor if member thickness is greater than 8 · d.

The method of calculating the rotational stiffness for this connection is based on EC5
formulation. The radius of gyration for the bolts is based on a symmetrically placed
rotation point (COR in Figure 4.7). This may be an appropriate approximation for a
centrally/internally placed column with beams in all directions. For side columns,
the change in rotation point may be of significance. This change was chosen not to
be considered because the number of bolts in the column is significantly higher than
the number of bolts in the beam.

The main advantage of the bolted connection is the fast and easy assembly on-site.
Steel plates and timber elements can be produced off-site with high precision and
ready-for-assemblage. Few components are involved in both the production and as-
semblage, reducing unexpected errors. This leads to a low amount of man hours
necessary when assembling.

The slotted-in steel plates can be more complicated to assemble for a four-way col-
umn of large cross-sectional dimensions.. However, good alternatives exist, such as
T-stub connectors presented by Salem and Petrycki (2016), shown in Figure 6.5. This
removes the problem with intersecting steel plates inside the column, and the same
assumptions on rotational stiffness can be made as the T-stub showed no sign of dis-
placement during experimental testing (Salem and Petrycki, 2016).
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(a) Connection of T-stub to GLT column. (b) T-stub with beam bolted.

Figure 6.5: Bolted connection with T-stub steel connector by Salem and Petrycki
(2016).

The reuse potential is high for the column as few components change the structural
properties. The beams have to be checked for embedding in the timber from the
bolts. This is due to several factors, including the non-linear behavior under initial
loads caused by imperfections described by Reynolds et al. (2013). This occurs even
for tightly fitted dowels, meaning that this can also be applied for bolts, based on
dowels and bolts being treated equally in EC5 when it comes to rotational stiffness.
For timber beams with significant embedding in the bolt holes, it may be unsafe to
reuse the connection. Parts of the beam with bolt holes should be removed, and
down-cycling of removed part must be done. As the bolted connection used in the
analysis is designed for failure in connecting elements, the bolts should not be reused.
Alternatively, an epoxy resin can be inserted into the holes. The consequences of this
should be investigated with numerical and experimental tests.

6.3.2 Top-and-seat steel angles connection

The Top-and-seat steel angles connection (TaS) is an alternative to the traditional
bolted connection presented by Zhou et al. (2021). The connection is designed to
offer significant rotational stiffness through bolts and steel angles located at the top
and the bottom of the beam.

The method of calculating the rotational stiffness in this thesis is based on several
researchers, as presented in Section 4.3.2, and only the rotational spring is imple-
mented at the beam ends in the numerical model. The experimental results from
Zhou et al. (2021) showed significant lateral displacements, and including this effect
may lead to more accurate results. The reasoning behind no lateral springs is based
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on the assumption that the slab provides lateral stiffness between the spans, and to
get comparable results.

The main advantages of TaS are similar to the bolted. Fast and easy on-site assem-
blage and the low amount of man hours necessary to assemble, due to the possibility
for large amounts of preparation done off-site. The connection provides high rota-
tional stiffness, but this is dependent on the stiffness of the column face. Increasing
this through reinforcing self-tapping screws perpendicular to grain (Rebouças et al.,
2022) can increase the rotational stiffness. A simple horizontal shear capacity calcula-
tion of the beam according to EC5 showed failure mode (L) from Figure 3.25, which
implies unwanted failure in the wood.

As the connection is based on bolts, disassembling the connection should be rela-
tively easy. The reuse potential for the column in this connection is affected by sev-
eral things. The holes from the bolts may be embedded from shear gravity loads
transferred from the beam. The holes also reduce the flexibility of reusing columns
in other projects where story height, beam dimensions, and bolts are different.

The possibility of using epoxy resin or other filling material leads to a potential of
regaining the original compressive capacity, but the tensile stress in external columns
caused by horizontal loadings should be controlled using the reduced cross-sectional
area. The more extensive (and less aesthetic) process of applying FRP to the columns
may be a more appropriate way of securing structural integrity, as Raongjant and
Jing (2020) found sprayed FRP retrofitted damaged columns to reach up to 98% of its
original ultimate bearing capacity.

The reuse potential of the beam and connecting elements for TaS is assumed equal to
the bolted case. This is based on the possibility of embedding. It may be theoretically
possible to reuse the bolts. However, as the experimental results from Zhou et al.
(2021) showed bending of bolts in the beam, this must be evaluated in detail for the
relevant beam and column dimensions. This connection is also regarded as the least
aesthetic connection based on the visible bottom steel angle. The steel also makes
the connection more vulnerable to fire (Rebouças et al., 2022). Bolts connect the steel
angles through the cross-section of the columns. As the dimensions of BX and BY
are equal, the shanks might intersect. This can be avoided by replacing the bottom
bolts with screwed-in rods, inspired by the connection from Kasal et al. (2014), seen
in Figure 6.6. The rotational stiffness must then be revised in detail and recalculated.
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Figure 6.6: Connection with screws from Kasal et al. (2014) reducing the problem
of intersecting fasteners in column.

6.3.3 Epoxied-in steel rods connection

The Epoxied-in (or glued-in) connection (Ep-in) is adapted to appropriate dimen-
sions from Fairweather (1992) and designed for ductile failure of the glued-in steel
rods.

The connection provides high rotational stiffness, and the rotational spring stiffness
Kθ.con is based on elongation of rods, shear stiffness of the epoxy resin and column-
face in addition to beam- and column-face compressive stiffness. The face compres-
sive stiffnesses are critical parts, especially in the column. Based on this, the assem-
blage is considered time-consuming and requires high precision on-site to ensure a
tight fit between column and beam. The margin of tolerance both in production and
during mounting must be minimized to ensure a tight fit for all parts of the building.
This requires a higher amount of man hours.

This connection is, in addition, prone to shear forces from gravity loads, as the trans-
fer of loads is done by the steel rods. This creates tension perpendicular to grain in
the beam, which reduces the load-bearing capacity. This implies that this connection
should be carefully implemented, especially for buildings with long spans and large
gravity forces.

Disassembling this connection without damaging elements is evaluated to be practi-
cally impossible based on the rods being glued-in, both in the beam and the column.
This will presumably lead to downcycling all parts within 400 mm off the column.
Rebouças et al. (2022) claim that the uncontrollable state of the rods and epoxy is a
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disadvantage of this connection. Some known advantages of this connection are that
it can offer fire resistance by the protection of the steel rods from the timber (Rebouças
et al., 2022). Furthermore, the visible steel is limited to an absolute minimum.

6.3.4 Inclined threaded rods with steel rings connection

The Inclined Threaded Rods with steel rings connection is adapted from Stamatopou-
los et al. (2022) and designed to provide high rotational stiffness to moment resisting
timber frames. Experimental results showed no measurable slip (Stamatopoulos et
al., 2022), creating immediate stiffness to the structure, in contradiction to what typ-
ically is the case for dowel connections (Reynolds et al., 2014). The inclination of the
rods is used to exploit the strength of timber parallel to grain compared to perpen-
dicular to grain. The main advantage of this connection is that it can be designed to
provide high rotational stiffness, even for small dimensions of structural elements.

The numerical implementation of the connection is done through a rotational spring.
The spring stiffness is found using the analytical formulation presented by Stam-
atopoulos et al. (2022) with the appropriate element dimensions. No detailed re-
search was found regarding the lateral stiffness of this connection, but Vilguts et al.
(2021) found through a preliminary parametric study that a rigid constraint for lat-
eral movement resulted in negligible differences compared to lateral releases when
using reasonable values for linear spring constants.

The inclined rods are also an important factor in assessing on-site assemblage. The
amount of off-site preparation is crucial for reducing man hours and, most impor-
tantly, ensuring the correct rotational stiffness. The change of inclination angle of
rods in columns showed a significant change in rotational stiffness (Stamatopoulos
et al., 2022), and preparation of elements should be done by a CNC machine, not man-
ually. This introduces the possibility of delivering the beams and columns with pre-
threaded rods to the construction site, leaving only connecting the elements through
the steel rings to on-site work.

The failure modes of rods experiencing tensile stress when the beam is subjected
to gravity loads were investigated using the forces and transformation matrix in
Eq. (3.63). The failure modes typically showed rod failure in long steel rods, while
shorter rods failed in withdrawal. The experimental results showed cracking of the
timber due to tensile forces, but Adam and Salem (2020) showed enhancement of
this property by inserting reinforcing self-tapping screws. The steel rod lengths are
determined by geometric properties of the beams and columns, leading to 4-way con-
nections being possible. The behavior and rotational stiffness when some elements
are not perfectly orthogonal to one another must be reviewed.



112 CHAPTER 6. DISCUSSION

If the off-site preparation is done as described, the disassembly of the connection is
done by loosing the bolts inside the steel rings, which is relatively simple. The limita-
tion of reusing elements is due to the rods and the holes for rod insertion. This limits
the reuse potential significantly for buildings like the reference building, with large
variations in element lengths and not a rectangular, modular-based geometry. Based
on this, the reuse potential of structural elements is considered low, and the connect-
ing elements should not be reused as the entire load transfer is the done through
these.

6.3.5 Overview of connections

An overview and summarization of the presented connections, with the ease of as-
sembly, disassembly, and reuse potential, is given in Table 6.3. Based on the results
from the MRSA, where all connection cases are inside the limits set by EC8, and the
discussion, it can be read that the traditional bolted connection offers the highest
amount of flexibility and potential for reusing structural components.

More complex connections generally offer higher rotational stiffness by working around
the weak properties of timber with regards to tension and compression perpendicular
to grain. The consequences are that this can reduce the reuse potential of all structural
elements through the need for holes, glue, or high precision placement and increases
the man hours related to assembling and disassembling the connection.

From the discussion of the modal analysis and the modal response spectrum analy-
sis, it can be read that further investigation is necessary to guarantee that the bolted
connection offers a satisfactory resistant building structure when evaluated for dy-
namic wind loads and displacement based design spectrum. This is due to the first
mode being a torsional mode for connections classified as pinned according to EC3.
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6.4 Hollow core slab and detailing

The use of HCS and the numerical model is discussed in this part to highlight aspects
affecting the results and possible sources of error, leading to unrealistic behavior of
the building. To ensure that the method of designing a building presented in this
thesis is possible, a proposal regarding connection of HCS to a timber frame system
is described.

6.4.1 Numerical modeling of slab

The slab is modeled as a thin shell with default material quality concrete C45/55
from SAP2000 (CSI, 2021). As the slab is supposed to represent a HCS, the bending
thickness is reduced by a factor of 0.92, following the formulation from Jendzelovsky
and Vrablova (2015). The transverse bending modification factor is set to 0.01 to
represent the hinged formulation from Lundgren et al. (2004). The preliminary choice
of element dimensions was based on diagrams from BEF (2011a), and was controlled,
as seen in Appendix A. For the Spectrum Analysis it is assumed that the slab works
as a rigid diaphragm. The pre-tension of tendons used in HCS are not included in the
model since this was outside the focus of this thesis. Consequently, the stiffness of the
building may be underestimated, leading to higher natural periods of the building
than what, in reality, is the case. One method to include this could be through a
layered model, as done by Feng et al. (2021). The comparison from Jendzelovsky and
Vrablova (2015) of numerical models with detailed and simplified models showed
that the reduced section modification is not accurate for the natural frequency of
the slab. However, for static loading, it shows satisfactory results. As the scope of
the dynamic analysis is to investigate the effect of different timber connections, this
proved to be a good solution.

6.4.2 Connecting concrete slabs to timber frame

The numerical modeling of the connection from slab to frame is done as pinned con-
nections by releasing bending moments and twisting on all edges. This means that
only lateral forces are transmitted from the slab to the beams. In reality, these connec-
tions may also transfer moment and torsion, depending on the connection. As con-
necting HCS to timber beams needs to be further investigated, a proposal is based
on the connection of HCS to a flanged steel profile from Buettner et al. (1998) and
Brynhildsen et al. (2008).



6.4. HOLLOW CORE SLAB AND DETAILING 115

6.4.2.1 Proposal of connecting hollow core slab to glulam beam

The proposal of connecting HCS to GLT beam can be seen in 3D in Figure 6.7 and 2D
in Figure 6.8. It is conceptually designed to transfer horizontal forces acting on the
structure, from the HCS to GLT beam, through glued-in rods in the beam and steel
hoops. Some research regarding timber-concrete composite (TCC) beams is available,
and as this build-up requires on-site casted concrete in selected channels of the HCS,
information may be of large value for this proposal.

Ogrin and Hozjan (2021) present several types of connections used for TCC, where
dowel connections are categorized as ductile and glued connections as brittle. This
means that in addition to checking that the glued-in rods can transfer all critical loads,
the properties and dimensions of the glued-in steel rods must ensure ductile failure.
Brittle failure of the beam perpendicular to grain caused by transverse horizontal
loadings can be the governing load case for deciding beam dimensions. If the rods
can transfer loads as designed, a behavior similar to the steel beam in a parametric
study by Lam et al. (2000) is expected. This study showed the potential of increasing
the bending strength of the beam by 130%. As the shear studs in their study were
welded to the beam, this potential is probably not reachable when using glued-in
rods, but as the beams in this thesis are preliminarily designed with 70% ULS capac-
ity, the beam dimensions can be reduced.

Figure 6.7: 3D view of proposed conceptual design for connection of HCS to a
timber frame.

The reusability of this type of connection needs discussion because not only does the
on-site casted concrete affect the HCS, but future reuse of the elements is compre-
hensive, as described by several authors (Naber, 2012; Reppe, 2021; Volkov, 2019). In
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(a) Front view. (b) Side view.

Figure 6.8: Details of proposed conceptual design for connection of HCS to a
timber frame.

addition, it also lowers the reuse potential of the GLT beam. A thin cover between
the beam and the HCS can reduce the amount of damage to the timber elements.
Reusability and flexibility of the beams are reduced significantly due to the glued-in
rods. This means that this connection can be applicable and valuable for combin-
ing reused HCS with timber frames but does not facilitate future reuse of structural
components.

6.4.3 Interconnection of slabs

In this thesis, the interconnection of slabs is assumed not to transfer bending mo-
ment or torsion. In addition to the reduced transverse bending modification factor,
the edges of slabs in each bay are set not to transfer any torsion or bending moment in
both the longitudinal and transverse direction to ensure simply-supported behavior
of the slab. Auto-edge constraint (CSI, 2021) was removed to avoid the slabs transfer-
ring bending moment between slabs from different bays. When applying auto-edge
constraints, the natural periods decreased by approximately 10%, compared to the
results presented in this thesis.

The lack of interconnection in the slab is also visible by investigating the mesh in Fig-
ure 4.6a and the discontinuities. These are caused by the auto-edge constraint not being
active. The areas where the mesh size differs from the maximum size are caused by
the shell not being a 4-joint element, as described in section 4.3. This could be avoided
by splitting all shells to ensure only 4-joints, but a mesh sensitivity analysis showed
no considerable change in the behavior and results.
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To simplify future reusability of HCS, Volkov (2019) presents a conceptual design
of interconnection between the HCS units seen in Figure 3.26. This concept enables
disassembling of units through bolts, but the on-site process is quite demanding. To
investigate the behavior of a building where this concept is applied, it should be ex-
perimentally examined if the joint can be considered continuous in plan as done in
this thesis, or if the link should be regarded as a series of linear springs. Depending
on the transverse distance between the bolts, the moment resistance should also be
investigated, potentially increasing the transverse bending modification factor con-
sidered as hinged in this thesis.

The beam clamp connection proposed by Al-Ghalib and Ghailan (2020) is an appli-
cable solution when using flanged steel profiles, as the clamp teeth need a steel part
to connect to. This solution is not possible when using rectangular sections with-
out modification. An alternative could be to screw steel plates to the beam, which
could work as a flange. Nevertheless, this system should solely be considered a rea-
sonable solution when producing new elements as installing steel channels requires
extra handling of the HCS-units.





7. Conclusions

Based on the results and the discussion of the analyzed reference building with a
centrally placed CLT core, moment resisting timber frames, and hollow core slabs as
flooring, the following conclusions can be made:

• Higher rotational stiffness of beam-to-column connections shifts the first tor-
sional mode from a lower to higher frequency mode of the building. If the
rotational stiffness is classified as semi-rigid according to EC3, the number of
considered modes to reach a cumulative mass participation ratio of 90% in each
global main direction may, in some cases, include only one torsional mode.

• The lower period modes of the building can lead to the building ending up in a
range where the seismic design loads increase significantly. For low-seismicity
areas, this will not create critical displacements or drift of the building.

• For connection with lower rotational stiffness, the first mode of the building is
torsional, creating unwanted and unpredictable structural behavior. The effect
of higher frequency torsional modes must also be regarded in order to achieve
a cumulative mass participation ratio of 90% in each global main direction.

• The traditional bolted connection offers high arrangement flexibility, low on-
site assemblage time, low disassembly time, and good reusability potential of
structural elements. The connection can also be designed as energy dissipating,
with a large variation in rotational stiffness, depending on the arrangement and
size of the bolts.

• The potential for future reuse of structural elements in timber connections de-
creases with the increase of connection-complexity, and complex connections
require additional man hours and higher precision to fully utilize their poten-
tial.

• The seismic performance of the examined building when located in low-seismicity
areas satisfy the limits given by the European Standard with regards to element
capacity and interstory drift.
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8. Future work

In order to continue the research on this topic, the following ideas for future work
are presented:

• An analysis of the dynamic behavior from SLS loading should be conducted.
As seismic loading is an ALS load case, investigations regarding SLS loadings
is necessary. This should be done with wind loads according to EC1-1-4, inves-
tigating the acceleration and displacement limits given by ISO 10137: Bases for
design of structures - Serviceability of buildings and walkways against vibrations (ISO,
2007).

• Experimental testing of HCS to timber can be utilized to investigate if the con-
nection transfer a considerable amount of moment from the slab, creating tor-
sion in the beam. This be combined with numerical modeling.

• The influence of pre-stressed strands can also be investigated through a para-
metric analysis, varying the dimension, pre-stressing force and number of strands
in each HCS unit.

• A detailed Life-Cycle analysis, evaluating the CO2 reduction of the analyzed
building compared to the reference building
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Appendix A. Control of HCS capacity

Figure A.1: Preliminary design capacity curves for HCS (BEF, 2011a) (in Norwe-
gian, vertical axis: SLS load [kN/m2], horizontal axis: Span length [m]).
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Indoor HCS
Element dimensions

Loads: ≔B 1.2 m

≔GHD200 255 ――
kg

m2

≔h 200 mm

≔Gvoid 16 ――
kg

m2

≔ls 8.4 m

≔Gflooring 1.5 ――
kN

m2

≔Qcat.B 3 ――
kN

m2

≔qf.in =+⋅1.2 ⎛⎝ +⋅⎛⎝ +GHD200 Gvoid⎞⎠ g Gflooring⎞⎠ ⋅1.5 ⎛⎝Qcat.B⎞⎠ 9.489 ――
kN

m2

Simply supported:

≔Mf.in =―――――
⎛⎝ ⋅⋅qf.in B ls

2 ⎞⎠
8

100.433 ⋅kN m

Assuming standard reincforcement depth for strands ≔a 40 mm

Distance from compressive edge to reinforcement ≔d =-h a 160 mm

Full utilization of compressive zone, lever arm: ≔z =⋅0.835 d 133.6 mm

≔østrand 12.7 mm Area of strand ≔Ap 100 mm 2

Yield force at 0.2 ≔F0.2 170 kN ≔γs 1.25 ≔fs =――――
1700 MPa

γs
1360 MPa

Tensile capacity:

≔Fsd =――
F0.2

γs
136 kN

Necessary number of strands ≔nin =
⎛
⎜
⎝
―――
Mf.in

⋅⋅fs z Ap

⎞
⎟
⎠

5.528

≔nin.NOBI 7 ≔Sd.in =⋅nin.NOBI Fsd 952 kN

≔Md.in =⋅Sd.in z 127.187 ⋅kN m =|
|
|
|
|
||

if

else

>Md.in Mf.in
‖
‖ “OK”

‖
‖ “Not OK”

“OK”
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Outdoor HCS
Element dimensions

Loads: ≔B 1.2 m

≔GHD320 400 ――
kg

m2

≔h 320 mm

≔Gvoid 25 ――
kg

m2

≔ls 8.4 m

≔Gsedum 5 ――
kN

m2

≔Qcat.I 3 ――
kN

m2

≔Qsnow 2.8 ――
kN

m2

≔qf.out =+++⋅⋅1.2 ⎛⎝ +GHD320 Gvoid⎞⎠ g Gsedum ⋅1.5 ⎛⎝Qcat.I⎞⎠ ⋅1.05 Qsnow 17.441 ――
kN

m2

Simply supported:

≔Mf.out =―――――
⎛⎝ ⋅⋅qf.out B ls

2 ⎞⎠
8

184.6 ⋅kN m

Assuming standard reincforcement depth for strands ≔a 40 mm

Distance from compressive edge to reinforcement ≔d =-h a 280 mm

Full utilization of compressive zone, lever arm: ≔z =⋅0.835 d 233.8 mm

≔østrand 12.7 mm Area of strand ≔Ap 100 mm 2

Yield force at 0.2 ≔F0.2 170 kN ≔γs 1.25 ≔fs =――――
1700 MPa

γs
1360 MPa

Tensile capacity:

≔Fsd =――
F0.2

γs
136 kN

Necessary number of strands ≔nout =
⎛
⎜
⎝
―――
Mf.out

⋅⋅fs z Ap

⎞
⎟
⎠

5.806

≔nout.NOBI 7 ≔Sd.out =⋅nout.NOBI Fsd 952 kN

≔Md.out =⋅Sd.out z 222.578 ⋅kN m =|
|
|
|
|
||

if

else

>Md.out Mf.out
‖
‖ “OK”

‖
‖ “Not OK”

“OK”
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