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  Abstract

Cross Laminated Timber (CLT) has in recent years become a more important
building material. This means that the demand for accurate calculation methods in
building standards such as Eurocode 5 has increased. There is limited knowledge
about the connections in CLT buildings which is an important part of a CLT
structure. This thesis was therefore focused on investigating a wall-floor-wall type
connection commonly found in platform type buildings.

An experimental and numerical study on typical wall-floor-wall connections was
carried out in this thesis. In the experimental part 60 tests with 8 different
configurations were conducted to investigate the influence of different parameters on
the connection, moment capacity and rotational stiffness. During the tests the
deformation of the specimens under four load levels were investigated. Compression
tests were also performed on the specimens to determine the compressive strength
and stiffness of the elements. In the numerical part two different models for the
connection were created. One simplified model with rotational springs and one more
complex model with compression springs. With these models the influence from the
number of stories, span and thickness of the wall on the global behavior of a structure
was investigated.

The result from this thesis shows that there is both moment capacity and rotational
stiffness in the wall-floor-wall type connection that can be utilized in the design
phase of a structure. This was proven by both the experimental and the numerical
study. The parameters that influence the behavior of the connection most were the
load level applied on the wall and the wall thickness. The model created in the
numerical study showed great potential regarding the replication of the connection
behavior observed in the experimental study.

Keywords: CLT, Cross Laminated Timber, Connection, Rotational Stiffness,
Moment Capacity, Modelling, FEM.
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Växjö, 21th of May 2021

iii



  



  Content

1 Introduction 1
1.1 Background and problem description . . . . . . . . . . . . . . . . . . 1
1.2 Aim and purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Boundaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Theory 3
2.1 Timber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1 Material properties of timber . . . . . . . . . . . . . . . . . . 3
2.2 Cross laminated timber . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2.1 Manufacturing . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2.2 Material properties of CLT . . . . . . . . . . . . . . . . . . . 6
2.2.3 CLT building systems . . . . . . . . . . . . . . . . . . . . . 6
2.2.4 Connections . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Experimental investigation of CLT connections . . . . . . . . . . . . 8
2.3.1 Compression perpendicular to the grain . . . . . . . . . . . . 8
2.3.2 Embedment strength . . . . . . . . . . . . . . . . . . . . . . 10
2.3.3 Withdrawal strength . . . . . . . . . . . . . . . . . . . . . . 11

2.4 Design of CLT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4.1 Regulations and guidelines . . . . . . . . . . . . . . . . . . . 11
2.4.2 Ultimate limit state design . . . . . . . . . . . . . . . . . . . 12
2.4.3 Verification of connections in a CLT structure . . . . . . . . . 15
2.4.4 Serviceability limit state . . . . . . . . . . . . . . . . . . . . 16
2.4.5 Load-displacement curves . . . . . . . . . . . . . . . . . . . 20

2.5 Numerical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.5.1 Numerical modeling of connections in CLT structures . . . . 21
2.5.2 Finite element method . . . . . . . . . . . . . . . . . . . . . 22

3 Method 25
3.1 Literature review . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3 Hand calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.3.1 Ultimate limit state . . . . . . . . . . . . . . . . . . . . . . . 25
3.3.2 Serviceability limit state . . . . . . . . . . . . . . . . . . . . 26

3.4 Experimental study . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.4.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.4.2 Loading procedure . . . . . . . . . . . . . . . . . . . . . . . 28
3.4.3 Load and deformation measurement . . . . . . . . . . . . . . 30
3.4.4 Data evaluation . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.4.5 Moment capacity in test setup . . . . . . . . . . . . . . . . . 34

3.5 Numerical study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.5.1 RFEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.5.2 Model validation . . . . . . . . . . . . . . . . . . . . . . . . 37
3.5.3 Parametric study . . . . . . . . . . . . . . . . . . . . . . . . 38

v



  4 Object description and implementation 39
4.1 Hand calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.1.1 Ultimate limit state . . . . . . . . . . . . . . . . . . . . . . . 39
4.1.2 Serviceability limit state . . . . . . . . . . . . . . . . . . . . 39

4.2 Experimental study . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.2.1 Moisture . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.2.2 Screws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.2.3 Acoustic layers . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.3 Numerical study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.3.1 Model validation . . . . . . . . . . . . . . . . . . . . . . . . 43
4.3.2 Parametric study . . . . . . . . . . . . . . . . . . . . . . . . 43

5 Results and discussion 47
5.1 Hand calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

5.1.1 Ultimate limit state . . . . . . . . . . . . . . . . . . . . . . . 47
5.1.2 Serviceability limit state . . . . . . . . . . . . . . . . . . . . 48
5.1.3 Moment capacity on test setup . . . . . . . . . . . . . . . . . 48

5.2 Experimental study . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.2.1 Pre-test series . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.2.2 Main test series . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.2.3 Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.3 Numerical study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.3.1 Model validation . . . . . . . . . . . . . . . . . . . . . . . . 77
5.3.2 Parametric study . . . . . . . . . . . . . . . . . . . . . . . . 83

5.4 General discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

6 Conclusions 89

Reference 91

Appendix 97

vi



  1 Introduction

The building industry is one of the largest industries in the world with an
approximated market value of 12,744.4 billion USD in 2019 [1]. Since the building
industry is so large there is always a demand for developing the market and a more
sustainable building material has been requested. In recent years the development of
wood-based products has been in focus with the aim of fulfilling this request [2].

Building with timber has for a long time been concentrated on smaller buildings
because of the building legislation and the development of alternative materials [2].
Since the building regulations in Sweden changed in 1994, the use of timber in
multi-storey buildings has increased substantially. With the recent emphasis on
building with environmentally friendly materials, timber buildings have become
more attractive [3, 4].

With the development of wood-based products, one specific product that has been
developed is cross laminated timber (CLT). In 2019, CLT had a market share of 834
million USD and is forecast to reach 1452 million USD in 2025 [5]. The
development of CLT started in the early 1990 and the first CLT buildings were built
in the late 1990 in Central Europe [6].

CLT is a highly engineered wood-based product made out of solid timber boards
glued together [7]. CLT has a high load bearing capacity and dimensional stability.
Therefore it can be used to replace other more traditional materials used for
multi-storey buildings. From an environmental point of view, replacing other more
traditional material with timber is beneficial since timber is a renewable building
material [8, 2].

1.1 Background and problem description

With the development of multi-storey buildings in timber, higher loads are applied on
the connections. Connections are used to transfer loads, connect members and also
provide stiffness and ductility [9, 10]. The higher loads on the connection leads to
more extensive requirements on the connections compared to small timber buildings
[11]. The global structural behavior of a CLT structure is decisively affected by the
behavior of the connections used [7, 9]. Especially in multi-storey buildings this
detail is highly important.

In structural analysis, connections are commonly assumed to be pinned or rigid, even
though the actual behavior is somewhere in between i.e. semi-rigid [9]. For
structures with several linearly shaped elements with high slenderness, adequate
result can be achieved by assuming the connections to be rigid or pinned. However,
CLT elements usually does not have high slenderness since they are often used as a
plate or slab. The semi-rigid behavior is therefore important to investigate to gain
knowledge about the actual behavior of the connections. Hence it is important to
investigate the stiffness and capacity of the connections to be able to utilize these
parameters in the calculations.

Knowledge about the stiffness properties and the load-displacement behavior of
connections is at the moment limited and needs to be extended. This crucial
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  information is needed for a more efficient and reliable design of connections in CLT
structures [9]. This thesis will therefore focus on the rotational stiffness and moment
capacity of common wall-floor-wall CLT connections in platform building systems.
Furthermore, this thesis focuses on how the rotational stiffness and moment capacity
can be used to model more efficient and reliable CLT structures.

1.2 Aim and purpose

The aim with this study is to:

• Determine the rotational stiffness and moment capacity of a wall-floor-wall
connection both experimentally and numerically.

• Implement knowledge of the rotational stiffness and moment capacity in a
numerical model to replicate the behavior of the connection.

• Create reliable models of wall-floor-wall connections in a CLT-building.

• Present information about how the connection influence the global structural
behavior of a CLT building.

The purpose is to create a better understanding of the load-displacement behavior in a
CLT connection, and to propose engineering modeling approaches for the connection
in a CLT building.

1.3 Boundaries

This study was confined to a wall-floor-wall CLT. Three different types of
wall-floor-wall connections were investigated where one was with inclined screws as
fasteners, one with no fasteners and one with acoustic layers. The material quality of
the structural timber used in the CLT elements was C24. The floor elements in the
tests were either made of spruce or pine and the wall elements were made of spruce.

Different combinations of wall and floor thicknesses were tested. The combinations
tested was confided to wall thickness 80, 100 and 140 mm combined with the floor
thickness 120 mm. Another combination tested was also with a wall thickness of
100 mm and a floor thickness of 140 mm.
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  2 Theory

2.1 Timber

Wood is an orthotropic material which means that the material properties are
different in different directions [2, 12]. Wood has a unique build-up on cellular level
with tube shaped cells called fiber or grain. Among others, the build-up is affected by
the growth place, twigs and other fiber discontinuities. When wood is processed, the
material is called timber. When looking at the cross section of a timber board there is
a local coordinate system that is being used frequently (see Figure 1). The three
orthogonal coordinate axis represent the radial, tangential and longitudinal direction.
When designing a timber structure usually no difference is made between the radial
and tangential direction, instead this direction is called simplified ”perpendicular to
the grain”. Timber is then considered to be a transversal-isotropic material. For the
longitudinal direction, the term ”parallel to the grain” is used [2, 12].

Figure 1: The longitudinal, tangential and radial direction are illustrated on the cross section
of the board. On the top of the board the direction of the fibers can also be seen.

The mechanical properties of timber such as strength and modulus of elasticity can
diverge within the same timber species and shows to a large extend a close
correlation with the density [13]. Therefore each piece is individually graded in
strength classes. There are two different methods for the grading, visual and machine
strength grading. For structural timber this is done according to the standards
SS-EN 14081-1 [14] and SS-EN 14081-3 [15], respectively.

2.1.1 Material properties of timber

Since timber is an orthotropic material, it is important in the design of timber
structures to identify whether the member is loaded parallel or perpendicular to the
grain [16, 13]. This is because the material in general is characterized by low stiffness
and strength properties perpendicular to grain. In the direction parallel to grain the
stiffness and strength properties are significantly higher than in the perpendicular
direction. For strength class C24 timber (graded according to SS-EN 338:2016 [17]),
exposed to compression parallel to grain has a characteristic compression strength
(fc,0,k) of 21 MPa. For compression perpendicular to grain a compression strength
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  (fc,90,k) of 2.5 MPa, which is significantly lower than in the parallel direction [18].

Timber exposed to shear stresses also has different behavior in the material
dependent on the load direction [13]. The shear strength in plane i.e. parallel to the
fibers, have a characteristic shear strength (fv,k) of 4.0 MPa for C24 timber. Shear
stress perpendicular to the fibre direction, called rolling shear, is not commonly
occurring in pure structural timber. However, rolling shear strength and stiffness
must be considered in CLT for some load cases due to the crosswise oriented layers
[19]. One example of a load case when the shear strength and stiffness needs to be
considered is if a CLT floor panel is supported by columns i.e. subjected to high
concentrated loads. This kind of load can cause high rolling shear stresses in the
crosswise oriented layers [19].

Since timber is an orthotropic material the stiffness of the material varies depending
on the direction in relation to the grain [18]. The stiffness of the material is
associated with the elastic modulus of elasticity. For timber in strength class C24, the
mean elastic modulus of elasticity parallel to grain (E0.mean) is 11000 MPa and
perpendicular to grain (E90.mean) is 230 MPa.

2.2 Cross laminated timber

CLT is a two-dimensional, plate-like timber product primarily used for wall and floor
structures [6, 7]. The product is made out of planed timber broads placed together
side-by-side in each layer. The number of layers in CLT is always a odd number and
often between three to nine layers [6]. In every other layer the boards are arranged
crosswise i.e. rotated 90 degrees to each other (see Figure 2). By arranging the
boards crosswise allows for load bearing in-plane and out-of-plane. This leads to
high load bearing capacity and dimensional stability in relation to the self-weight of
the material.

Figure 2: A five layer CLT with the grain direction in the layers illustrated with grain arrows.

The boards in a CLT panel are made of structural timber with common dimensions
and strength classes as presented in Table 1, [6]. Common dimensions of the CLT
panels are also presented in Table 1. The thickness and strength class of the
individual boards within the same CLT panel can differ. In order to have a optimized
cross section the boards with higher strength class are used in the surface layers and
in the main direction of the load. Normally, this is where the stresses are greatest.
Some of the dimensions given in Table 1 are limited by the dimensions of the actual
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  wood, i.e. the thickness and the width of the boards. Some of the other dimensions
are limited by the production techniques available, i.e. the width and length of the
CLT specimen.

Table 1: Common parameters of CLT [6].
Parameters Commonplace
Thickness (boards), t 20 – 45 mm
Width (boards), b 80 – 200 mm
Strength class C14 – C30
Width (full plate), w 1.20 – 3.00 m
Length, l ≤ 16 m
Number of layers 3, 5, 7, or 9 layers

2.2.1 Manufacturing

The manufacturing of CLT is regulated by SS-EN 16351 [20]. In the manufacturing
of CLT, the structural timber used as boards are finger-jointed individually to create
longer broads [7, 6, 21]. Adhesive is used to combine the finger-joints between the
boards and once the adhesive has hardened, the boards are planed on all sides.
During the gluing process the moisture content in the material needs to be between
8 % and 15 % [6].

Immediately after the boards are planed they are placed together side-by-side to
create sheets which represents a single layer [6] (edge sides against each other in
Figure 3). The edges between the boards can in this stage either be glued together or
not, this is dependent on the producer. The advantage of glued edges can be
increased rolling shear capacity and the disadvantage can be dry cracks in the final
product [21]. The sheets are then crosswise bonded with adhesive applied on the
plane side (see Figure 3) and pressed together until the adhesives has hardened. Here
the CLT is in the state of so called master panels, a master panel is the largest
dimension the panel can be made in that specific factory [21]. After this, individual
elements are cut out from the master panel. Some customizations that can be done on
the individual elements are drilling holes for installations and preparing for
connections. The visible surface are then treated with polish, visually checked before
getting labeled and then packaged.

Figure 3: Illustration of the plane and edge side of a board.
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  2.2.2 Material properties of CLT

The characteristic strength values for CLT in different directions and load
configurations are presented in Table 2. Since CLT is thought to work as a shell or
plate element the strength in both x- and y-direction are of interest. Definition of shell
and plate elements can be seen in Section 2.5.2. These values presented, are the
values of the raw material used in the production.

Table 2: Strength parameters of CLT in strength class C24 [6].
Strength values [MPa]
Bending, fm,k 24
Tension parallel, ft,0,k 14.5
Tension perpendicular, ft,90,k 0.4
Compression parallel, fc,0,k 21
Compression perpendicular, fc,90,k 2.5
Longitudinal shear, fv,k 4
Rolling shear, fv,r,k 1.1(1) or 0.7(2)

(1) If edge-glued or if board thickness is smaller than 45 mm and width/thickness ratio larger than 4.

(2) For all other cases.

2.2.3 CLT building systems

CLT is commonly used in mid- to high-rise buildings up to 14–24 stories [6]. When
designing a building with CLT as the main structural material there are two main
building systems, the platform system and the balloon type system [22]. The
difference between the two is that in the platform system the walls are placed on-top
of the floor. This means that the walls span a single storey and therefore one storey is
erected at the time. In the balloon type system the walls span multiple storeys and the
floor is put on a support attached to the walls, this could be either angle brackets or a
glulam beam.

2.2.4 Connections

The performance of CLT-structures are dependent on the connections used in the
structure [7]. Within a CLT-structure there are many different types of connections.
Several types of joints and fasteners can be used in the different connections
depending on the position of the connection and the load. The load carrying capacity
is usually determined by the independent fasteners resistance towards lateral loading
(Fv), axial loading (Fax) and the effective number of fasteners (nef ).

The behavior of connections in timber structures are described as ductile or brittle.
Ductile behavior is characterised by the possibility to reach high deformations while
still maintaining some of the strength in the connection [23]. An example of this is
when a connection is loaded in compression, the steel fastener and timber is able to
deform plastic. This kind of behavior is preferable in connections [24].

The opposite to the preferable ductile behavior in connections is a brittle
behavior [24]. This is because no plastic deformation occurs before failure. In this
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  case the failure is more sudden compared to the failure of a ductile connection. As an
example, a brittle failure can occur when the connection is loaded under high tensile
stresses perpendicular to the grain or in shear.

One way to improve the capacity of a timber connection is to introduce
reinforcement to the connection [24]. The idea of a connection reinforcement is to
either increase the embedment strength or avoid splitting of the material in the joint.
When using CLT as a construction material, the connections already have some kind
of reinforcement due to the crosswise arrangement of the boards [24]. This means
that the connections will never only load the timber in one direction but rather two
different directions.

There are five main types of connections that are frequently occurring in a CLT
building [6, 22], these can be seen Figure 4.

Figure 4: Different types of connections found in a platform type CLT building. A) in plane
connection, B) wall-to-wall connections, C) floor-to-wall connection, D) wall-to-roof connec-
tion and E) wall-to-foundation connection. Illustration inspired by the Canadian CLT hand-
book [22].

2.2.4.1 In plane connections
This type of connection can be found both in walls and floors (see Figure 4A). The
connection is located where two CLT plates meet in the same plane, this connection
needs to have high strength capacity when it comes to transferring shear forces since
the CLT have a high in plane shear strength [25]. A limitation with the normal type
of connectors such as screws or nails is that they only achieve around 10 % to 30 % of
the shear capacity in the actual CLT plate. Thus a lot of research have been done on
this subject [26, 27, 28] to gain more knowledge and find better solutions for these
types of connections.
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  2.2.4.2 Wall-to-wall connections
This type of connection is used for wall corners, junctions of partitions and exterior
walls [22] (see Figure 4B). For this connection there are multiple ways to connect the
elements. One solution is to use self-tapping screws and another one is to use some
kind of steel connection. The steel connection is usually either placed on the surface
of the CLT or recessed in the CLT if the elements has been profiled. These two are
the simplest connections, but besides from these two there are multiple other
connection types that could be used.

2.2.4.3 Floor-to-wall connections
These types of connections are made in mainly two different ways. The first one is
that the CLT floor is resting on the CLT wall (see Figure 4C) and the second one is
that the CLT floor is connected by some other material on the outside of the CLT
wall. The difference between the two methods are based on the structural system
used, if it is platform or balloon type system. The first method is connected to the
platform type and the second method is connected to the balloon type system. In
these two methods there are also many different options, like for example
self-tapping screws and metal brackets for the first connection. In the second way
there is also different options like metal brackets or glulam as support [22].

2.2.4.4 Wall-to-foundation or wall-to-roof connections
The wall-to-foundation connection is made with some kind of steel mountings that
are molded into the foundation (see Figure 4E). For the wall-to-roof connection,
either self-tapping screws or steel brackets can be used [22] (see Figure 4D).

2.3 Experimental investigation of CLT connections

Extensive experimental investigations and research on the subject of CLT are being
carried out on different parts of CLT structures. Everything from material properties
of the actual CLT to the behavior and strength of different connections are being
examined. In this section some of the research relevant for this thesis is presented.

Currently no sufficient standard for experimental testing of CLT exist. The standard
adapted for testing of CLT is SS-EN 16351 [20]. This standard is missing general
information about the experimental testing and is thus not sufficient enough to be
used [29]. Instead the standard refers to the standard for experimental testing of
structural timber and glulam [30]. Therefore many tests are performed according to
SS-EN 408 [30] instead [29].

2.3.1 Compression perpendicular to the grain

One of the most relevant studies on this subject is performed by Brandner [16]. In the
article the strength of CLT in compression perpendicular to the grain is tested. In the
tests Brandner uses a five-layer CLT element made from Norway spruce of strength
quality C24. The thickness of the elements are a total of 160 mm, with the thickness
of the different layers being 40, 20, 40, 20 and 40 mm, respectively. For the loading
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  of the specimens, Brandner uses steel plates in dimensions as following:
100 x 100 mm2, 150 x 150 mm2, 200 x 200 mm2, 100 x 400 mm2 and 150 x 400 mm2.
The three first steel plates represents point loads, e.g. columns, while the last two
steel plates represents line loads, e.g. walls.

For the tests Brandner [16] uses ten different loading configurations, these can be
seen in Figure 5. There are six setups using the quadratic steel plate that represents
the point loads and four setups that are using the rectangular steel plate that represent
the line loads. Tests are also made with three different values for the moisture content
in the CLT specimens. The three different moisture values are 9 %, 13 % and 15 %,
respectively. The reference moisture content that is used in the most part of the tests
is set to 12 %.

Figure 5: The load application used in the tests by Brandner [16] is illustrated with grey boxes
above the CLT specimens. The notation D and V stands for discrete and continuous support
conditions respectively. The other notations stands for center (M), corner (E), edge parallel
(L) and edge perpendicular (Q) to the grain of the outer layer. Illustration was inspired by
Brandner [16].

A summary of the results from Brandner [16] can be seen in Table 3. The first row is
the values that Brandner suggest for the upcoming revision of the EC 5. The two
bottom rows are an average of the results from the tests he did on the setups DE and
DM with line loads as seen in Figure 5. Worth noticing is the difference between the
strength and stiffness when the specimen is being loaded on the edge or in the
middle. Both the strength and stiffness increase with approximately 25 % and 40 %,
respectively.

Table 3: Compressive strength and stiffness of CLT from tests [16].
fc,90 Ec,90,mean

Suggested values for next EC 5 3.0 MPa (Characteristic) 400 MPa
Test setup DE 4.05 MPa (Mean) 349.4 MPa
Test setup DM 5.12 MPa (Mean) 487.4 MPa

One observation from the results in Brandners tests [16] was that the compression
strength decreased with increasing area for most of the cases. This is thought to be
due to the smaller impact of the rope effect, load distribution and local imperfections
that can increase the compression strength like knots. The influence of the area and
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  the position of the load are the main factors that influenced the strength of the test
specimens. The tests where the pressure was applied in the center of the CLT
specimen rather than on the edge gave a higher strength. This can directly be
connected to the rope effect [31].

Gasparri et al. [32] performed similar tests as Brandner [16] but they only studied
edge loading of the CLT (see load case DE in Figure 5). In their study the
compression perpendicular to grain for a typical wall-floor-wall connection in a
platform type CLT building was studied. They used five different types of test setups.
Within each of these five setups they did two variations, one where the top layer of
the floor specimen was parallel to the wall and one where the top layer was
perpendicular to the wall element. Two of the setups were done with steel plates
representing the walls and three were done using CLT specimens as the walls.

The result from Gasparri et al. [32] and Brandner [16] were similar regarding the
compressive strength fc,90,mean. The noticeable thing is that Gasparri et al. [32]
performed compression tests with vertical screws that connects the floor specimen to
the lower wall specimen. In these tests the compressive strength was increased with
12 % on average. This means that vertical screws in the wall-floor-wall connection
acts as reinforcement and therefore increase the capacity of the connection with
regard to compression perpendicular to grain.

2.3.2 Embedment strength

Uibel and Blaß [33] performed tests on the embedment strength of CLT for both
dowel and screw type connections. In their study they performed tests to investigate
the influence of different dowel diameters and different layups on the embedment
strength. They also proposed an equation to calculate the embedment strength in the
connections. The proposal for the characteristic embedment strength (fh,k) [33] can
be calculated according to Eq. 1,

fh,k = 0.0435(1− 0.017 d) ρ0.91layer,k , (1)

where d is the diameter of the dowel [mm] and ρlayer,k is the density of the relevant
layer or layers [kg/m3]. The unit for fh,k is N/mm2,

Tuhkanen et al. [34] investigated how the number of layers and thickness of the
layers in CLT would influence the embedment strength of dowel-type connections. In
their study they concluded that a setup with more and thinner layers gives a higher
embedment strength than the same total thickness with fewer layers. The reason for
this is thought to be the locking effect. The locking effect means that the crosswise
layers prevent splitting of the adjacent layers. This is not included in the suggested
model by Uibel and Blaß [33]. Tuhkanen et al. [34] emphasized that to achieve more
efficient designs, the locking effect needs to be accounted for and the design models
needs to be improved.

The characteristic embedment strength for screw and nail type connections suggested
by Uibel and Blaß [33] can be calculated according to Eq. 2,
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fh,k = 0.862 d−0.5 ρ0.56layer,k , (2)

where d is the diameter of the connector [mm] and ρlayer,k is the characteristic
density for the relevant layers [kg/m3]. The unit for fh,k is N/mm2.

2.3.3 Withdrawal strength

Uibel and Blaß [33] also performed tests on the withdrawal strength of self-tapping
screws in CLT. They suggested an equation for the characteristic withdrawal strength
[33], the suggestion is presented in Eq. 3,

Rax,s,k =
0.35 d0.8 l0.9ef ρ

0.75

1.5 cos2 ε+ sin2 ε
, (3)

where d stands for the outer diameter of the screw [mm] and lef is the effective
penetration length [mm]. The variable ε represents the angle between the axis of the
screw and the grain direction. This means that for joints in the plane side of the CLT
ε = 90◦ and for edge joints ε = 0◦. The last parameter is ρ which is the characteristic
density of the material [kg/m3]. If the screw is in the plane side of the CLT, the
density of the whole section is used. If the screw is in the edge, the density of only
the relevant layer(s) is used. It is important to emphasise that Eq. 3 is only valid for
self-tapping screws with characteristic withdrawal strength in solid timber (C24)
higher than 9.8 N/mm2 [33].

2.4 Design of CLT

CLT structures, including connections in CLT structures, can be designed according
to different manuals or guiding documents available on the marked. Both the ultimate
limit state (ULS) and serviceability limit state (SLS) design of a CLT structure will
be described briefly. Evaluation of the mechanical properties with load-displacement
curves and numerical modeling methods of connections will also be described in this
section.

2.4.1 Regulations and guidelines

Currently Eurocode 5 (EC 5) is revised [35], aiming to include the design of CLT
structures as well. But until that has been published the old EC 5 [36] is still the guide
for the design of design timber structures in the European Union and other countries
that uses the Eurocode. Guidelines that also can be used in design of CLT are for
example the Swedish CLT handbook [6] and the Canadian CLT handbook [22].

Mohammad et al [35] mentions that currently the only way to make implementations
for CLT in EC 5 [36] is via the national Annex (NA). Since the NA is regulated to a
specific country the EC 5 is not harmonized between the countries using the
regulation. This results in that the quality of the regulations within this topic can vary
a lot. This is due to the different use of CLT and also that the knowledge is very
uneven between countries. Countries such as Germany and Austria have a more
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  extensive regulation for the design of CLT compared to other countries. This is due
to that these countries have been working with CLT for a longer period of time than
other countries.

2.4.1.1 Revised Eurocode 5
Kleinhenz, Winter and Dietsch [37] describes in their study the work for the revise of
the EC 5. They mention that there are three new sections that will be added to the
next update of the EC 5. These new sections are cross-laminated timber (CLT),
timber concrete composites (TCC) and reinforcement of timber products. In the new
version of the EC 5 there will be focus on ’ease of use’, this was asked by the
European Commission in M/515 EN [38]. To achieve this Kleinhenz et al. [37]
describes that the number of national dependent parameters (NDP) needs to be
reduced. The Eurocode should also be aimed to the people who use it in daily work.
This means that more advanced design rules, which is only used by a few people, will
be put in the Annex.

2.4.2 Ultimate limit state design

Design in the ULS is done for the safety of the structure and its users during the
planned service life [39]. This is done by limiting the stresses in the material. The
following design steps are computed and explained in the ULS with the respect to
CLT and certain load cases that are of interest in this thesis. The directions in
Figure 6 will be used to describe what direction the notations are representing. The
main load bearing direction is in the x-direction of the CLT panel illustrated in
Figure 6 and the plane of the CLT is in the x-y-plane.

Figure 6: An illustration of the x-, y- and z-direction of a CLT panel.

2.4.2.1 Verification of compressive loading perpendicular to the CLT plane
Verification of compression stress perpendicular to the CLT plane (σc,z,d) is
according to the Swedish CLT handbook [6] done as presented in Eq. 4,

σc,z,d =
Fc,z,d
Aef

≤ fc,90,xlay,d = kc,90 kmod
fc,90,xlay,k

γM
, (4)

where Fc,z,d is the design value for compression force perpendicular to the grain (i.e.
in the z-direction according to Figure 6). Aef is the effective area [mm2] of material
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  that is influenced by the load (see Figure 7). The design and characteristic value for
compression strength perpendicular to the grain is denoted as fc,90,xlay,d and
fc,90,xlay,k, respectively. The variable kc,90 is the factor taking into account load
distribution and degree of compression. Depending on the location of the load kc,90
is expressed as in Table 4. kmod and γM is the modification factor and the partial
factor, respectively, for the material that can be found in EC 5 [36]. In Table 4, Atryck
is the contact zone [mm2] and b is the width [mm].

Figure 7: The effective contact area for compression forces perpendicular to the CLT plane,
where Atryck is the contact zone. Illustration inspired by Swedish wood [6].

Table 4: The effective contact area Aef and kc,90 depending on the applied load.
Location Load direction Effective contact area, Aef [mm2] kc,90
Central - Aef = Atryck + (30 + 30) b 1.9
At edge Parallel to grain Aef = Atryck + (30 + 30) b 1.0–1.5
At edge Perpendicular to grain Aef = Atryck + 30 b 1.5
At corner - Aef = Atryck + 30 b 1.3

The reason that the effective area of the compression zone is larger than the area of
the contact zone is due to the so called rope effect and load distribution. The rope
effect means that the material is able to spread the stresses to adjacent material and
thereby take higher loads [31]. In design standards the rope effect is taken into
account via the increase of the effective area relative to the contact area. The rope
effect in the timber was demonstrated by Schweigler et al. [40] where they did
embedment tests on dowels in laminated veneer lumber. They concluded that there
was significant amount of tensile stress in the fibers close to the dowel that was
exposing the lumber to compressive forces. These tensile stresses are called rope
effect [40]. The same principle can be applied to CLT loaded on a partial area in
compression perpendicular to the grain.

For the values of kc,90 there are suggestions regarding what this value should be in
the upcoming EC 5. One suggestion from Brandner [16] can be calculated according
to Eq. 5,

kc,90 =

√
Ac,ef
Ac

=

√
lc,efwc,ef
lcwc

, (5)
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  where Ac,ef (same as Aef ) is the effective area that the load can be distributed over
inside the CLT and Ac (same as Atryck) is the actual contact are of the load
application. The Ac,ef depends on the slope that the designer assume that the load
can be spread over inside the material. The slope means the angle that the stress
dispersion take inside the material. This angle depends on the grain direction in the
timber but can usually be assumed to 45◦ parallel to grain in timber and
15◦ perpendicular to grain [16]. Ac,ef also depends on if the load can be distributed
in multiple directions e.g. load on the edge or center of a CLT plate. The effective
length and width are denoted lc,ef and wc,ef , respectively. The length and width of
the contact area are denoted lc and wc, respectively.

2.4.2.2 Verification of bending stress in a CLT floor panel
Verification of the bending stress σm,y,d in a CLT panel and around the y-axis (see
Figure 6) is according to the CLT handbook [6] done as presented in Eq. 6,

σm,y,d =
My,d

Wx,net
≤ fm,xlay,d = ksys kmod

fm,xlay,k
γM

, (6)

where My,d is the moment design value around the y-axis and Wx,net is the net
moment of resistance for the panel calculated according to Eq. 7. The design and
characteristic bending strength are denoted fm,xlay,d and fm,xlay,k respectively in
Eq. 6. The variable ksys is the system factor calculated as in Eq. 8. Then there are
kmod and γM which are the modification factor and the partial factor for the material.

Wx,net =
2 Ix,net
hCLT

(7)

ksys = min
{

1.15

1 + 0.1 b
(8)

In Eq. 7 the variable Ix,net is the net moment of inertia of the cross section which is
calculated as in Eq. 9 and 10 depending on the direction. The height of the CLT
specimen is denoted hCLT . The variable b in Eq. 8 is the effective width of the cross
section [m].

Ix,net =
∑ Ex,i

Eref

bx t
3
i

12
+
∑ Ex,i

Eref
bx ti a

2
i (9)

Iy,net =
∑ Ey,i

Eref

by t
3
i

12
+
∑ Ey,i

Eref
by ti a

2
i (10)

The net moment of inertia is calculated with modulus of elasticity of the boards
within the layers (Ey,i, Ex,i) and Eref is the chosen reference value of modulus of
elasticity. The width of the board layers are denoted bx and by in the equation and the
thickness of the layers are denoted ti. The last variable denoted ai is the distance
from the center of the board to the center of gravity (or neutral axis) of the CLT
specimen.
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  2.4.2.3 Verification of shear stress perpendicular to the CLT plane
The shear stress parallel to grain in the middle layer (i.e. the third layer oriented
along the x-axis) of a five layer CLT specimen (τv,xz,d) is suggested from the CLT
handbook [6] to be controlled as presented in Eq. 11,

τv,xz,d =
Sx,net Vxz,d
Ix,net bx

≤ fv,090,ylay,d = kmod
fv,090,ylay,k

γM
, (11)

where Sx,net is the net static moment of the panel along the x-axis and Vxz,d is the
design shear force. The design and characteristic longitudinal shear strength of the
boards are denoted fv,090,ylay,d and fv,090,ylay,k, respectively. If the panels center of
gravity lies within the layer in question the static moment of the cross section is
calculated according to Eq. 12,

Sx,net =

kL∑
i=n

Ex,i
Eref

bx ti ai + bx

(
tk
2 − ak

)2
2

, (12)

where kL represents the number of layers above/below the center of gravity. ak is the
distance from the neutral axis to the center of gravity of the layer in question and tk is
the thickness of that layer. The other variables (bx, ti, ai, Ex,i and Eref ) are the same
as aforementioned.

2.4.2.4 Verification of rolling shear stress in a CLT panel
The rolling shear stress in the second and fourth layer oriented along the y-axis
(τRv,xz,d) is suggested from the CLT handbook [6] to be controlled according to
Eq. 13,

τRv,xz,d =
SR,x,net Vxz,d
Ix,net bx

≤ fv,9090,ylay,d = kmod
fv,9090,ylay,k

γM
, (13)

where SR,x,net is the net static moment for rolling shear of the panel along the x-axis
and Vxz,d is the design shear force. The design and characteristic rolling shear
strength of the boards are denoted fv,9090,ylay,d and fv,9090,ylay,k respectively. The
static moment of the cross section is calculated as presented in Eq. 14,

SR,x,net =

mL∑
i=n

Ex,i
Eref

bx ti ai , (14)

where mL represents the number of layers above/below the center of gravity. The
other variables (bx, ti, ai, Ex,i and Eref ) are the same as aforementioned.

2.4.3 Verification of connections in a CLT structure

2.4.3.1 Self-drilling screw
Calculations of the embedment strength, the withdrawal capacity and the shear
capacity needs to be performed to verify that the connection can withstand the forces
in the connection. The embedment strength (fh,k) of a fully threaded wood screw is
according to the CLT handbook [6] calculated as presented in Eq. 15,
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fh,k = 0.019 d−0.3 ρ1.24k , (15)

where d is the minimum diameter of the screw [mm], ρk is the characteristic dry
density of timber [kg/m3] and the unit of fh,k is N/mm2. Note that this equations
equation does not coincide with Eq. 2 proposed by Uibel and Blaß.

The characteristic shear load capacity (Fv,Rk) of a screwed connection is calculated
as proposed in EC 5 [18], see Eq. 16. These equations are for fasteners with a single
shear plane. The characteristic shear load capacity is calculated per shear plane and
per fastener, for both screws and nails. These expressions represents different failure
modes and the characteristic load capacity is obtained by the minimum value of,

Fv,Rk=min



fh,1,k t1 d

fh,2,k t2 d

fh,1,kt1d
1+β

[√
β+2β2

[
1+ t2

t1
+
(
t2
t1

)2]
+β3

(
t2
t1

)2
−β

(
1+ t2

t1

)]
1.05

fh,1,kt1d
2+β

[√
2β(1 + β) +

4β(2+β)My,Rk

fh,1,kdt
2
1
− β

]
+

Fax,Rk

4

1.05
fh,1,kt2d
1+2β

[√
2β2(1 + β) +

4β(1+2β)My,Rk

fh,1,kdt
2
2
− β

]
+

Fax,Rk

4

1.15
√

2β
1+β

√
2My,Rkfh,1,kd+

Fax,Rk

4

(16)
where fh,i,k is the characteristic embedment strength and β is the relation between
the embedment strength of the timber members in the connection. ti is the thickness
[mm] and d is the diameter of the fastener [mm]. The characteristic yield moment in
the fastener is denoted My,Rk [Nmm]. Fax,Rk is the characteristic withdrawal
capacity of the fastener [N] calculated as in Eq. 17 for timber with the characteristic
density ρk ≈ 350 kg/m3 [36]. This is the same equation as suggested by Uibel and
Blaß [33] in Eq. 3.

Fax,Rk =
31 d0.8 l0.9ef

1.5 cos2 α+ sin2 α
(17)

The Fax,Rk/4 is the contribution for the rope effect. Based on yield theory, this value
should not exceed a certain percentage of the remaining capacity. For screws the
percentage is 100 %. The design load capacity for a connection in a timber structure
in the ULS is calculated according to Eq. 18,

Fv,Rd = kmod
Fv,Rk
γM

, (18)

where kmod and γM is the same values as previously described [36].

2.4.4 Serviceability limit state

In the design of CLT floors the SLS, and not the ULS, is often the deciding factor [6].
According to the Swedish CLT handbook [6] the ULS utilization of ordinary CLT
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  floors in residential and office buildings could even be less than 50 %. When looking
at the SLS deformation, sagging and vibrations should be considered. The floor
should be considered as an orthotropic slab with material properties such as strength
and stiffness in two directions [6].

2.4.4.1 Deflection
The deflection of a CLT floor slab can be calculated as a beam with the width of one
meter [36, 6]. In a timber structure the deformation of the floor structures is
calculated for two types of deflections, initial deflection and creep deflection. The
initial deflection comes right after a load is applied and the creep deformation comes
after the same load over a long period of time. The creep deflection is dependent on
the moisture content in the material and how it varies over time. These parameters
are taken into account with the deformation factor kdef . If the ratio between the
thickness of the floor and the span is smaller than 10, a greater consideration for the
shear deformations need to be included [6].

When looking at the allowed deflection of the floor there are no regulations but
examples on values presented in both the EC 5 [36] and the Swedish CLT handbook
[6]. In Table 5 the recommend values from the EC 5 [36] and the Swedish CLT
handbook [6] can be seen. In general both values are similar but the recommendation
of the deflection is slightly lower from the handbook compared to the EC 5. The
maximum deflection in all cases is set to be 20 mm from both sources.

Table 5: Recommended deflection of a structure from EC 5 (Beam with two supports) and the
CLT handbook (Floor structure).

winst Wnet.fin Wfin

Beam with two supports [36] L/300–L/500 L/250–L/350 L/150–L/300
Floor structure [6] L/400–L/600 L/300 L/200–L/250

To calculate the deflection of the CLT floor, the stiffness of the CLT element is
needed. Since CLT is a composite material of timber in different directions the
stiffness for the cross section needs to be calculated. Two different methods that can
be used to calculate the stiffness are the laminate theory and the equivalent stiffness
method. Furthermore the equivalent stiffness method will be used for the calculations
in this thesis.

2.4.4.2 Vibration
Vibrations can be a problem in structures where a light floor structure is used [6].
The problem with vibrations in a structure is that they can cause discomfort for the
people using the building. One way to take into account the problem with vibrations
is to make sure that the energy of the structures lowest fundamental frequency is
greater than the excitation frequency. This means that the load is not coinciding with
the response frequency of the structure. If there is a problem with the frequency some
measures that can be performed are to increase the stiffness, reduce the mass or by
reducing the span. In general it is easier to increase the ratio between the materials
strength and mass than to increase the ratio between the stiffness and the mass [6].
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  Damping is another way to influence the frequency of the structure, with more
damping the structure will have a higher fundamental frequency. The problem with
the damping in a structure is that it can be a costly procedure to increase the
damping [6]. The relative damping of a structure can according to EC 5 [36] be
assumed to be 1 %, this is unless other values can be proven. Therefore the relative
damping of a CLT slab can be estimated to 1 %. Today there is limited research on
damping of CLT floor structures but according to the CLT handbook [6] the values
could be as high as between 2.5 % and 4 %.

When performing the calculation of the vibration for a CLT floor slab according to
EC 5 [36], the first step is to identify the fundamental frequency. If this is below 8 Hz
a more detailed investigation of the vibration needs to be done, otherwise there are
two conditions that needs to be fulfilled. A simplified method can be used where the
floor slab is assumed as a one meter wide simply supported beam. The two
conditions that needs to be fulfilled can be seen in Eq. 19 and 20.

w

F
≤ a (19)

v ≤ b (f1ζ−1) (20)

In Eq. 19, w is the maximum vertical deflection from a concentrated point load of
1 kN in the middle of the floor slab in mm. The load F is the same as when
calculating the deflection i.e. 1 kN. The reference value a is recommended to be
1.5 mm/kN by Boverket [41]. In Eq. 20 f1 is the initial fundamental frequency and is
calculated according to Eq. 21. v is the floor structure’s impulse velocity response
and is calculated according to Eq. 22. The relative damping ζ is like mentioned
before recommended to be assumed to 1 % but other values can be chosen if
motivated. The last variable b is a factor that is recommended to 100 m/(Ns2) by
Boverket [41].

f1 =
π

2 l2

√
(EI)l
m

(21)

In Eq. 21, f1 is the initial fundamental frequency (also called lowest eigenfrequency).
l is the span of the floor in meter and m is the mass per surface unit in kg/m2. (EI)l
is the equivalent bending stiffness in the load bearing direction, the unit is Nm2/m.

v =
4 (0.4 + 0.6n40)

mbel l + 200
(22)

In Eq.22, v is the impulse velocity response, the unit is m/(Ns2). bel is the width of
the floor in meter, l and m is the span and mass of the floor in meters and kg/m2,
respectively. n40 is the number of first-order modes with fundamental frequencies up
to 40 Hz and is calculated using Eq. 23.

n40 =

[((
40

f1

)2

− 1

) (
bel
l

)4 ( (EI)l
(EI)b

)]0.25
(23)
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  where (EI)l is the bending stiffness in the stiffest direction in Nm2/m. (EI)b is the
bending stiffness perpendicular to the stiffest direction and with the same unit
Nm2/m. f1, bel and l is the same aforementioned.

Like mentioned before the method in EC 5 [36] is based on the assumption that the
slab is simply supported. In EC 5 there is no way to take into account the fact that the
slab could be clamped or semi-clamped. One country that has taken this into account
in their NA is Austria. In the Austrian NA [42] of the EC 5 there is a table that
suggests a multiplication factor to the lowest fundamental frequency of the floor
structure. This multiplication factor is a coefficient depending on the support
conditions. This coefficient and the corresponding support conditions can be seen in
Table 6.

Table 6: Coefficient depending on the support conditions for the floor structure [42].
Support condition ke,1
Simply supported - Simply supported 1.000
Clamped - Simply supported 1.562
Clamped - Clamped 2.268
Clamped - Free end 0.356

Jarnerö, Brandt and Olsson [43] performed a study investigating how the vibration
properties of a timber floor made from CLT and glulam behaved in a structure. In
their study they measured during the construction phase of a structure to conclude
how the damping and frequency of the floor changed during the construction phase.
They concluded that the damping increased when more stories were erected. This
means that a higher wall pressure on the floor should lead to a higher damping. One
more notable observation from their tests was that for the almost finished
construction the lowest damping was for their fifth natural frequency at 4.2 %. This
damping value is considerably higher than the suggested 1 % from EC 5 [36]. For the
first and second natural frequencies the damping were 6.5 % and 7.9 % respectively.
This is also a considerable difference from the aforementioned 1 %.

Jarnerö, Brandt and Olsson [43] also measured the eigenfrequency of the investigated
floor during their tests. The frequencies measured was at five different stages during
the erection of the building. One observation was that not only more stories were
added between the tests but also installations on the floor and surrounding building
parts that change the mass of the investigated floor were added. The five stages of
measurements were:

• just after the load bearing walls had been placed on the floor,

• when the floor above had been mounted,

• when both walls and floor on the next story were done,

• when walls of the after coming 3 stories and floors on two of them were done,
and

• when the floor and wall elements of the final two stories were done.
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  The last stage also included installation of partition walls in the rooms and plaster
boards on the walls and ceilings. All of these variables in the last stage change the
weight of the floor structure. The lowest eigenfrequency on the floor for these five
stages were 22.1, 23.2, 22.8, 20.7 and 21.7 Hz. Here there is no indication that more
stories increase the frequency of the floor. It should be noted that the buildup of
surrounding structures that changed the weight of the floor most likely reduced the
frequency [6].

2.4.5 Load-displacement curves

When evaluating the mechanical properties of a timber connection,
load-displacement or stress-strain curves can be used to evaluate properties like
stiffness and load-carrying capacity [9]. The stiffness of a connection is established
by the ratio of load and displacement or moment and rotation, respectively. The
system behavior in a connection with ductile behavior can be described by elastic and
plastic behavior. The load-displacement curve for a connection with ductile behavior
contain a linear increasing part (representing the elastic behavior), a non-linear
increasing part and a non-linear decreasing part. The non-linear behavior represents
the plastic behavior and hardening of the materials in the connection. The
load-displacement curve for a connection with brittle behavior will have an elastic
linear part and then stop when failure occurs.

A mechanical property that can be evaluated with a load-displacement curve is the
stiffness e.g. the modulus of elasticity. In standard SS-EN 408:2010+A1:2012 [30],
determination of the modulus of elasticity perpendicular to the grain from
experimental tests can be calculated as following

Ec,90 =
(F40 − F10)h0
(w40 − w10)bl

, (24)

where F40 and F10 is 40 % and 10 % respectively of the maximum compressive load
perpendicular to grain. F40 −F10 is the change in load between the 10 % and 40 % of
the maximum load. w40 − w10 is the change in displacement at the point of 10 % and
40 % of the maximum load. With these two values a inclination of a straight line can
be calculated. The calculations of Ec,90 shall according to the standard be calculated
with an accuracy of 1 % [30]. In Eq. 24, b is the width of the cross section, h0 is the
original height of the cross section and l is the span in bending.

To evaluate of the modulus of elasticity, the maximum compressive load
perpendicular to grain needs to be determined. The determination of the load is
carried out with an iterative process, where the maximum compressive load
perpendicular to grain is estimated. By using the load-displacement curves from the
tests results, 10 % and 40 % of the estimated compressive force can be calculated, see
Figure 8.

In the iterative process the intersection points between the load-displacement curve,
force F40 and force F10 is determined. A line is drawn though these two intersection
points as illustrated in Figure 8 line 1. Parallel to line 1, line 2 is drawn with a
distance of 0.01h0 along the h-axis. Line 2 intersects the curve where the results of
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  the maximum compressive load occurs according to SS-EN 408 [30]. If the
maximum compressive load is within a tolerance of 5 % of the estimated value, the
iterative process ends and the compressive strength can be determined. Otherwise,
the procedure is repeated until a value of the maximum compressive load is within
the 1 % accuracy tolerance.

Figure 8: Load deformation curve used for approximation of modulus of elasticity.

2.5 Numerical methods

2.5.1 Numerical modeling of connections in CLT structures

Izzi, Polastri and Fragiacomo [11] preformed a study on how to model the
mechanical behavior of connections in a CLT structure. In their study they modeled
two types of connections, an angle bracket loaded in shear and an angle bracket
loaded in tension. In each model they used three different methods to model the
material behavior. The first method included bilinear elasto-plastic behavior. The
second method included elasto-plastic relationship with hardening of the material.
The third and last method was a trilinear elasto-plastic behavior. All of these methods
were for the material behavior inside the connection and not the global behavior of
the connection. These three methods were applied to two different models, for which
experiments have been carried out.

In their result Izzi, Polastri and Fragiacomo [11] concluded that all the methods
provided a good result regarding the ultimate strength of the connections. The second
and third method also captured the global behavior of the connection much better
than the first method. This also align with what D’Arenzo et al. [44] concluded that a
trilinear force-displacement relationship was better than bilinear relationship when
modeling nail joints in CLT.

When modelling the behavior of CLT and connections on a larger project based
scale, Polastri et al. [45] suggested the use of springs to represent the connections. In
their study they looked at a specific type of connection, but the modeling procedure
could be used for other types of connection as well. Polastri et al. [45] also
mentioned that for an in plane connection, a connection between two CLT panels in
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  the same plane, either two or three springs could be used to represent the behavior of
the connection. The three spring model gave a very good representation of the result
they got from tests. The two spring model on the other hand gave a less accurate
prediction of the ”shear” loading and overestimates the stiffness of about 25 %.

Even if the two spring models gives a less accurate result it can still be motivated to
use that model in larger projects. The reason for this is the reduced amount of
computational power needed to perform the calculations. In a large model where an
entire structure has been modelled this change can significantly reduce the
calculation time.

CLT elements in a building can be modeled as a 2D linear elastic shell element [45,
46]. According to Wetterholt [47] the use of 2D shell elements give results that are
accurate compared to using a 3D model with separate layers of the same elements.
The important thing when using the 2D model is that the orthotropic behavior of the
CLT element is captured.

2.5.2 Finite element method

The finite element method (FEM) is a numerical method that gives approximate
solutions to general differential equations [48]. The differential equation or equations
representing the physical phenomena are solved by approximations that hold over
smaller regions instead of over the entire region. These regions are called
finite-elements. Solving a problem with FEM involves matrix calculations with many
thousands and in some cases millions of nodes, this means that practical use of FEM
has to be carried out with computer [48].

2.5.2.1 Shell element
A shell element is a 2D element that contains the uncoupled elements, plane and
plate [48], which can be seen in Figure 9. The plane element displays the stress and
strain in the plane of the elements, see Figure 9 a). The plate element displays the out
of plane deformation and bending of the plane, see Figure 9 b). The shell element
gives the most accurate results when the thickness of the element is small compared
to the other dimensions of the element.

a) hello hello hello hello hello hel b) hello hello

Figure 9: The uncoupled elements within a shell element, where a) is the plane element and
b) is the plate element.
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  2.5.2.2 Plane element
A pure 2D problem of elasticity is called plane stress or strain [48]. The plane
element is a quadratic element with four nodes and two displacement degrees of
freedom at each node. In the plane element all forces are in plane and independent of
the z-axis (out of plane).

The FE-formulation of the plane element can be seen in Eq. 25 [48]. Here K is the
stiffness matrix and a is the displacement vector of the element. The three vectors fb,
fl and f0 are the boundary vector, load vector and initial strain vector respectively.

Ka = fb + fl + f0 (25)

where
K =

∫
A
BTDBt dA

fb =

∫
Lh

NTht dL+

∫
Lg

NTtt dL

fl =

∫
A
NTbt dA

f0 =

∫
A
BTDε0t dA

2.5.2.3 Plate element
A plate is a 2D element used for engineering applications, this is a approximation
that reduces a 3D problem down to a simplified 2D problem [48]. The plate element
has a small thickness in the z-direction (out of plane) compared to the dimensions in
the x-y-plane. The deformation in a plate element is the out of plane deformation and
rotation. This means that a quadratic element has four nodes with one displacement
degree and two rotational degrees of freedom at each node.

The FE-formulation for a plate element can be seen in Eq. 26 [48]. Here K is the
stiffness matrix and a is the displacement vector of the element. The two vectors fb
and fl are the boundary vector and load vector, respectively.

Ka = fb + fl (26)

where
K =

∫
A
BTD̃Bt dA

fb =

∮
L
NT

(
Vnz +

dMnm

dm

)
dL −

∮
L
(∇N)TnMnn dL

fl =

∫
A
NTq dA
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  2.5.2.4 Spring
The simplest element in FEM is the spring element, this is a one dimensional two
node element [48]. The spring has a stiffness inside its own axis and have zero
stiffness outside this axis. The stiffness of the spring can be either linear, non-linear
or plastic. The spring element can be used to display the position of two different
points dependent on only the stiffness of the element connecting them.
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  3 Method

This thesis comprises two main parts, one experimental and one numerical part. In
the experimental part tests were performed on a wall-floor-wall connection. The
results from the experimental part were both used to investigate the behavior of the
connection and as input, as well as for validation of the numerical models. Within the
numerical investigations, a parametric study was performed. In the parametric study,
the influence of the connection load level and the connection geometry on the
connection stiffness was investigated. An evaluation of how the stiffness in the
connection influences the global behavior of the building and the load-deformation
behavior of the adjacent structural elements was also be done. This was done to
conclude how detailed design of a structure could carried out.

As a basis for the experimental and numerical investigations a thorough literature
review was carried out. The last step before the experimental and numerical
investigations were carried out was to perform hand calculations. These hand
calculations were done according to available documents to see if it was possible to
predict the behavior of the connections.

3.1 Literature review

A literature review was done to gather knowledge about the material CLT, both the
behavior of the material and how to properly design a structure made from CLT was
of interest. Secondary data for the calculation and the numerical study was also
collected in the literature review, both from articles, regulations and design books
made for CLT.

3.2 Data

The data in the thesis were gathered from two main sources, the experimental tests on
the wall-floor-wall connection and the literature review. The data from the
experimental tests were primary data and all the data from other sources were
secondary data. Both the primary data and the secondary data were used to generate
the models presented in the thesis.

3.3 Hand calculations

3.3.1 Ultimate limit state

Hand calculations on two types of wall-floor-wall connections were performed, one
with inclined screws and one timber-timber connection. The hand calculations
mainly followed the guidance provided in the Swedish CLT-handbook [6] and
presented in Section 2.4.2. The calculations for the timber-timber connection were
performed to get knowledge about the capacity of the material subjected to loading
similar to the experiments. This was also done to compare with the results from the
experiments and the parametric study in the numerical part of this thesis.
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  The characteristic material capacities of the CLT floor elements were calculated for
bending moment, shear, rolling shear and compression perpendicular to grain for the
floor structure. The withdrawal capacity and embedment strength was calculated for
the connection with screws to evaluate how the fasteners influence the connection.
The withdrawal capacity was assumed to influence the connection in the bending test
and the embedment strength was assumed to influence the connection in the
compression test. The characteristic capacity was calculated for the material to check
with the results of the experimental test and with the parametric study. This was done
to evaluate if the stresses in the material were close to the calculated capacity.

3.3.2 Serviceability limit state

For the calculation of the SLS both the vibration and deflection were calculated. The
vibration of the floor was calculated according to Section 2.4.4.2. The deflection of
the floor was calculated according to beam theory.

3.4 Experimental study

The experimental part of this thesis was performed in the laboratory at Linnaéus
University in Växjö. The preparation of the tests were done in collaboration with
authorised personal from the University.

3.4.1 Setup

For each test the setup in Figure 10 was used. For the application of the loads two
pistons were used, the pistons were placed with a distance of 800 mm between the
center of each piston. The test machine used was a MTS 300 kN load frame with
hydraulic actuators. The piston for load application on the wall was a MTS load
actuator 500 kN and the piston for the floor load was a MTS load actuator 250 kN. For
uniformly load introduction, and to get a good contact surface between the pistons
and the specimen, steel plates were used. The steel plates were meant to represent the
contact from the continuation of the wall and the load application on the floor.
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Figure 10: Test setup of the experimental part of this thesis in the MTS load frame.

The dimensions and weight of the steel plates used between the pistons and CLT
specimen can be seen in Table 7. The steel plate used for load introduction to
simulate a live load on the floor was a cuboid with a half spherical hole on the upper
side. This hole was the contact point for the piston. The reason that a spherical hole
was used was to make sure that the steel plate was free to rotate if large deformations
occur and therefore maintain contact with the floor specimen. To reduce the risk of
friction affecting the result two sheets of teflon were put between the surface of the
steel plate and the surface of the CLT floor specimen, this can be seen in Figure 11.

Table 7: Dimensions of contact area and weight of steel plates used for load application.
Weight [kg] Length [mm] Width [mm]

Floor 10.90 350 100
80 mm wall 15.64 350 80
100 mm wall 14.62 350 100
140 mm wall 12.34 350 140
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Figure 11: Teflon sheets in the test setup.

The steel plates that were used for the wall pressure were U shaped to fit the
thickness of the wall. The reason for this was to make sure that the walls had some
support in the horizontal direction. On the upper side of the steel plates for the walls
there was a circular immersion where the piston would apply the pressure. A steel
plate was also placed on the bottom of the lower wall specimen. This steel plate had
the same dimensions as the one used on the upper wall but instead of a circular
immersion there were two holes instead. To secure the steel plate to the steel
foundation below, studs were screwed into the foundation and then the holes in the
steel plate were aligned. This means that the steel plate was secured to not move in
horizontal direction.

Prior to testing, specimens were stored in a climate room at constant temperature and
relative humidity. The specimen was kept in the climate room until maximum one
hour before the testing of that specimen, in accordance to SS-EN 408 [30].

3.4.2 Loading procedure

The same load procedure was used in all of the tests in the main series, this procedure
can be seen in Figure 12. For the load on the wall four different load levels were
used. These load levels corresponded to a contact pressure on the steel plate of 0.5,
1.0, 1.5 and 2.0 MPa. Each load represent the same type of wall used on different
levels in the building. At each load level the piston on the floor was set to go
downwards to a 20 mm relative displacement. The relative displacement started from
the position of the floor piston after the load level on the wall was reached. During
the test both of the pistons were active. When the piston on the wall applied load, the
floor piston kept a constant load and vice versa when the floor piston moved to a
certain displacement. The floor piston was moving with a speed of 5 mm/min. To
decide on this load procedure pre-tests were carried out, the description of these
pre-tests can be seen in Section 3.4.2.1.
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Figure 12: Loading procedure in the main test series (idealized illustration).

At the start of the test pre-loads were applied. These pre-loads were small enough to
not cause any damage to the specimen but still make the system stable. After the
pre-loads had been applied and all the temporary supports had been removed, the test
started. This meant that the load on the wall was increasing until the first load level of
0.5 MPa. After this load had been reached the force was kept constant for 30 seconds
to take short term creep into account.

When the load on the wall was stable i.e. after the 30 second holding phase, the
piston on the floor started to move. After the 20 mm relative displacement had been
reached there was a 30 second holding phase again to take the short term creep into
account and to reach as stable loads as possible. After these 30 seconds the unloading
of the floor started, this was done with the same speed of 5 mm/min as for the loading
phase. The unloading stopped when the load on the floor was 100 N, this meant that
it did not always got back to the initial position due to plastic deformations in the
material. When 100 N had been reached in the unloading phase there was once again
a 30 second hold phase before the pressure on the wall was increased to 1.0 MPa.
After this the procedure was repeated for the four load steps.

On half of the tests a second part was included in the loading procedure
aforementioned. Here the piston on the wall was compressing the wall and floor
connection with a speed of 1 mm/min until it reached 30 mm or the maximum
allowed force for the test frame of 300 kN. During this part the piston on the floor
was set to maintain contact with the floor at 200 N. This part was done to get a
compression strength of the materials used in the tests.

All specimens used in the experimental part of the study were used twice. This was
done to conduct as many tests as possible within the time frame of the thesis and with
the available material. The wall elements were assumed to not be affected by the
loading procedure since the wall was mainly loaded parallel to grain in the tests. The
floor elements were also used twice as aforementioned. These elements were
assumed to be affected by the procedure more since the loading was applied
perpendicular to grain. Therefore the floor element was rotated 180◦ to be able to test
both edges of the element.
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  3.4.2.1 Different loading procedures
Before the testing of the connection started with the above mentioned loading
procedure a series of pre-tests were done. In these tests two different loading
procedures were tested. This was done in advance of the main test series to gain
knowledge of how the loading procedure influenced the results. In the first loading
procedure the above mentioned one was tested. This means that plastic deformations
on all four load levels were evaluated.

The second procedure only went to elastic deformation on the four load levels before
going to plastic deformation on one load level in the end of the test. This means that
the deformation on the floor was 5 mm in the first four stages and then 20 mm in the
fifth stage. The fifth step was done on the load level of 1.0 MPa. This loading
procedure can be seen in Figure 13. The comparison between the result of the two
procedures can be seen in Section 5.2.1.

Figure 13: Loading procedure used for half of the pre-tests (idealized illustration).

3.4.3 Load and deformation measurement

During each test the deformations of the tested specimen were measured with an
non-contact 3D optical measurement system called ARAMIS [49]. The measurement
system was used to document, analyze and calculate the material deformation. The
deformations were measured to get the displacement of specific points on the test
specimen to be able to calculate the rotation of the floor. The applied forces from the
pistons were measured by load cells of the MTS machine and used as an analog input
to the ARAMIS system.

A 3D measurement setup was used for the ARAMIS where two cameras were used,
positioned at a distance of 1150 mm from the specimens. The angle between the
cameras was 25◦, the slider distance was 472 mm and the measuring volume was
calibrated for 1000x750 mm2. The system used was ARAMIS 12M, this system had
a camera resolution of 4096x3072 pixels and the lens used were Titaniar B 24mm.
Prior to the experiments, calibration of the cameras was preformed with a calibration
object called CC20/MV 1000x800. The frame rate during the test was 0.5 Hz and
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  during the compression test, when the displacement of the wall surpass 6 mm, it was
decreased to 0.2 Hz in the ARAMIS system.

The displacement of specific points was measured with reference point markers
placed on the specimen as seen in Figure 14. The reference point markers had a outer
diameter of 10 mm including a white dot in the center with 5 mm in diameter. The
placement of the markers were done in a symmetric pattern to be able to use the same
marker when testing the other side of the floor specimen. On the backside of the
specimen plywood sticks were attached with screws. These sticks had reference point
markers on them to measure the displacement of the backside of the specimen. This
was done to account for any torsional rotation of the floor specimen during testing.
Figure 14 shows the position of the markers for the test setup with 100 mm wall and
120 mm floor. For the positioning of the reference point markers in the other
configurations see Appendix A.

Figure 14: Illustration of distance between markers for test setup with 100 mm wall and
120 mm floor.

To get the values of the local strains a stochastic spray pattern was sprayed onto the
front side of both the floor and wall specimens. The stochastic spray pattern and
detailed picture of the reference point markers can be seen in Figure 15.
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Figure 15: Spray pattern and the markers used on the specimens.

3.4.4 Data evaluation

The data from the experimental tests were processed in the program Matlab [50]. The
first step in processing the data from ARAMIS was to calculate the displacement on
the backside of the specimens. To do this three points on the plywood sticks on the
backside of the specimen were used. Between the two top points a vector was created
to get the direction of the stick, see Figure 14. With this vector and the known
distance between the top point and the connection point the movement of the
connection point could be calculated. This calculation was done for all the frames so
that in addition to the displacement of the frontside points, also the displacement of
the points on the backside could be calculated.

In Matlab the self weight of the CLT specimens and the weight of the steel parts was
added to the load vectors from the two pistons. For the wall piston the steel plate on
top of the wall, the upper wall and part of the floor was added. For the floor piston the
steel plate and part of the floor was added. When dividing the floor it was studied as
resting on two supports with a distance of 800 mm between them. This means that
any part of the floor that was outside of the center line from one of the pistons was
added only to that piston and all the material in the middle was divided equal
between both pistons.

3.4.4.1 Moment capacity test
In the evaluation of the data from the experimental tests, moment-rotation curves
were created. This was done to compare results within the same setup at the different
load levels and to compare between the different setups. The rotation at point F07,
see Figure 16, was evaluated and calculated for all setups. This was done because
these points was located at the same distance from the outer edge of the wall i.e.
450 mm as illustrated in Figure 14, 16 and in Appendix A for the other setups. The
displacement at this point was calculated as a mean value between the backside and
front side of the specimen. The reason for this was to take into account any torsion of
the floor that could occur during the tests.
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Figure 16: Illustration of the notations of the marker points.

The displacement at point F07 was calculated in relation to point F01 i.e. the
displacement of F07 was subtracted with the displacement from F01. Here only the
vertical displacement was taken into account. This was done to take into account any
movement of the floor in the vertical direction. Based on relative displacement of
point F07 and F01, the rotation of the floor was calculated by assuming the floor to
deform as a rigid body and using trigonometry in the form of sinus function. The
hypotenuse was assumed to be constant and linear, this means that any horizontal
elongation in the floor was neglected. The length on the hypotenuse differed between
the different series and was dependent on the thickness of the wall. The three
different hypotenuses used and their corresponding wall thickness were 410 mm with
80 mm wall, 400 mm with 100 mm wall and 380 mm with 140 mm wall.

The point of zero rotation for each load level within each test was set to the position
just before the displacement on the floor piston started. This corresponds to after
equilibrium of the different load levels on the wall was achieved i.e. after the 30
second holding phase.

3.4.4.2 Estimation of moment capacity and rotational stiffness
The experimental data were used to calculate the stiffness and moment capacity of
the connection. This was done with the iterative process described in Section 2.4.5
and by using an absolute value of the rotation. Since the process described in
Section 2.4.5 is supposed to be used for timber members and not CLT, some
modifications to the procedure were done. The modifications were also performed to
display the result with moment-rotation curves created from the experimental data.

The modification of the procedure was that instead of using a load-displacement
curve for the estimation, a moment-rotation curve was used. Instead of estimating the
maximum compressive load, the maximum moment capacity was estimated. This
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  estimation was set to start at a moment corresponding to a rotation of 0.02 rad. 10 %
and 40 % of the estimated maximum moment capacity were then calculated to find
the intersections points on the moment-rotation curve.

A straight line was then drawn though these two intersection points and a parallel line
was drawn with a distance of 0.01 rad along the rotational axis. This distance was
assumed from the calculations of a 6 meter span beam with hinged connections and
with a deflection of L/300. The rotation in the connection resulting from this
calculation was then 0.01 rad.

The calculated maximum moment capacity were then determined by the intersection
point of the second line with the moment-rotation curve. If the calculated value of the
maximum moment capacity was within the tolerance of 0.5 % of the estimated value,
the calculated value was then used to determine the maximum moment capacity.
Otherwise, the procedure was repeated until a value of the maximum moment
capacity was within the tolerance.

A second method was also used to calculate the rotational stiffness and moment
capacity where absolute values was used. Here the capacity was taken as the value at
0.02 rad. From this value the stiffness was calculated as the slope between the
intersection points at 10 % and 40 % of the absolute capacity at 0.02 rad. This means
that the stiffness was calculated using the same method in both cases, but the capacity
was defined different and no iterative process was used in these calculations. The
mean value of the stiffness and the moment capacity were also calculated for each
test. Calculations for the coefficient of variation (CV) corresponding to the capacity
and stiffness were also calculated to show the deviation of the results.

3.4.4.3 Compression test
For the evaluation of the compression tests both data from MTS and ARAMIS were
used. From ARAMIS the data from points WB1–3, WU7–9 and their corresponding
points on the backside were used, see Figure 16. From the MTS the displacement on
the wall piston was extracted.

The calculation of the compression test with ARAMIS was done in such a way that
the difference between the mean displacement of the upper and lower wall at the
points closest to the floor was calculated. This relative displacement was assumed to
occur in the floor specimen. This was done even if there was 10 mm of wall above
and below the floor included in this calculation. The strain on the floor was then
based on the displacement between these points and the thickness of the floor. The
calculation based on the data from the MTS was done in a similar way, where all of
the deformation was assumed to occur in the floor specimen. The difference was that
the MTS data included deformation from both the walls and the floor. The reason for
this was that the MTS data displayed the displacement of the piston used to apply the
force.

3.4.5 Moment capacity in test setup

During the pre-testing of the experimental setup it was noted that the floor was
deforming as a rigid body in some cases and lifted the upper wall. This way of
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  deforming can be seen in Figure 17. For the cases were the floor deforms as a rigid
body, simple moment calculation could be used to predict the capacity of the
connection in the tests. These calculations could not be used if the floor deforms in
another way.

Figure 17: Rotation of the floor showing the gap between the wall and floor specimen.

To do this calculation the floor is assumed to be rotating around a point on the bottom
wall. From this point load the floor piston wants to rotate the floor counterclockwise
and the wall piston wants to rotate the floor clockwise. If this hypothesise holds the
maximum force that a certain load level on the floor can handle should be able to be
calculated. This calculation is based on moment equilibrium around the rotation
point on the bottom wall. The equation used for the calculation was as following

M = F L (27)

where M is the moment capacity in kNm/m. F is the applied load per meter in kN
and L is the lever in m, see Figure 17.

3.5 Numerical study

3.5.1 RFEM

A 3D model was created using the commercial structural analysis software
RFEM [51]. This model was made using shell elements, called surface element, and
the add-on RF-LAMINATE. The surface elements were used to create the 2D
geometry for the CLT in the model and then RF-LAMINATE was used to give the
surfaces the material properties of CLT, such as thickness and stiffness of the layers.
For the wall-floor-wall connection two different options for the connection were
developed.

3.5.1.1 Connection model 1: Rotational spring
The first model is based on a rotational spring in the connection between the wall and
floor. Here the stiffness of the rotational spring is taken directly from the
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  experimental tests made on the connection. This connection model is not based on
the applied loads in the model but instead a stiffness for different load levels and wall
thickness has to be chosen manually for each connection. This model will generate a
faster calculation process than connection model 2 since there are less elements used
with this connection type. The downside is that the different rotational springs have
to be chosen manually for the different connections depending on load level and wall
thickness.

3.5.1.2 Connection model 2: Compression springs
The second model of the connection is done using rigid surfaces and line releases to
replicate the behavior of the connection. Line releases is a command used to add
interaction between different surfaces. The rigid surfaces are used to create an
I-beam shaped part as seen in Figure 18. On the top and bottom of the I-beam an
additional rigid surface connected to the upper and lower wall, respectively, is created
to represent the wall-to-floor contact surface. These rigid surfaces are placed at a
distance of 10 mm from each other. To connect the two rigid surfaces and the I-beam,
vertical rigid surfaces are placed with even distance between each other. In the
middle of the vertical rigid surfaces a line release is placed. This line release is meant
to represent the behavior of CLT loaded in compression perpendicular to the grain.

Figure 18: Illustration of the detailed connection.

The line releases are given a non-linear spring stiffness in the direction perpendicular
to the CLT contact surface. This stress-strain curve is taken directly from the
compression tests done in the experimental part. The spring values are only applied
when the springs are exposed to compression. To increase the convergence stability a
negligible stiffness was added to the tensile zone. To handle the horizontal stability in
the connection a friction coefficient between the walls and floor are added to the line
releases. Once again this meant that they only work under compressive forces and the
connection is unstable if no compressive forces from the walls are applied. The
friction coefficient used in this model was set to 0.4 [52].
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  3.5.2 Model validation

To validate the numerical model the experimental test setup was replicated in RFEM.
During the validation only connection model 2 was validated. Like mentioned before
the stiffness for the springs in the line release was chosen from the results of the
compression tests in the experimental study. Furthermore the validation of the model
was divided into four different stages:

• Compression test.

• Convergence study on the cc between the springs.

• Control of different boundary conditions.

• Full comparison between model and experimental tests.

The first step in the validation was to replicate the compression test that was used as
input into the model. To check different ways to model the springs in the connection
the stiffness of the outermost springs in the connection was changed between
different configurations. This change in the stiffness of the outermost springs was
done to replicate the rope effect and load distribution in the material. If the result
from this simulation was similar to the given input from the compression test the next
step in the validation was to do a convergence study of the springs.

In the convergence study the distance between the line releases was altered between
2.5 to 20 mm. From the convergence study two things can be considered, the quality
of the results and the time it takes to get the results. When the distance between the
line releases was decreasing the number of equation was increasing and thereby the
calculation time for the model was also increasing. This means that a decision on
how exact the result need to be can be done depending on the computational power
available.

To replicate the behavior of the setup used at the experimental part the influence from
the support condition in the model was also investigated. The support for the lower
wall was set to clamped, this support condition was not changed during the
investigation. The support on the upper wall was changed between hinged, clamped
and partly clamped. The last support condition, partly clamped, was achieved by
making a rigid surface at the top of the wall and place supports at the edge of the
surface. These supports were hinged but could also take negative support forces in
the vertical direction. This was done to try and replicate the behavior of the steel
plate used to apply the force in the experimental part.

The last step was to compare the model with the results from the full experimental
tests. This was done by applying a load on the wall, i.e. 0.5, 1.0, 1.5 or 2.0 MPa, and
then increase the displacement on the floor step wise. For each displacement step, the
force related to the deformation was documented. The displacement at the
connection point and at the same distance from the connection that was checked in
the experimental part were also documented. With these three values
moment-rotation curves were created in the same way as for the experimental part.
This was done for all the four load levels used in the experimental tests.
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  3.5.3 Parametric study

In the parametric study three different parameters were studied. These parameters
were number of stories, floor span and wall thickness. The first parameter, number of
stories, was investigated to see how the pressure on the wall would influence the
behavior of the connection. The second parameter was the span of the floor, here the
number of stories was kept constant. The last parameter that was investigated was the
thickness of the wall. Here a constant wall pressure was compared between different
thicknesses of the wall.

In the parametric study, four different effects were studied. These were the bending
moment in the middle of the floor, the support moment in the connection, the
deflection in the middle of the floor and the eigenfrequency of the floor. All of these
effects were compared between the model and the two outer limits with simply
supported and clamped support conditions. This was done to see if the connection
could be considered more hinged or clamped.

For the calculations of the bending moment, support moment and deflection of the
floor both connection model 1 and 2 were used when comparing the number of
stories. For the other parameters, i.e. different floor spans and wall thicknesses,
connection model 2 were used to calculate bending moment, support moment and
deflection of the floor. The eigenfrequency was calculated with connection model 1
for all three parameters.
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  4 Object description and implementation

In this chapter the geometry, moisture content and density of the specimen used in
the experimental tests will be described. The structures used in the numerical study
will also be described in the form of geometry and material parameters.

4.1 Hand calculations

4.1.1 Ultimate limit state

The two types of connections were calculated and can be seen in Figure 19. Both of
the connections that were calculated were of the type wall-floor-wall. The first
connection in Figure 19 a) had inclined screws as fasteners. This connection was
assumed to be connected with the same type of screws as in the experiments. The
connection in Figure 19 b) did not have any fasteners that connects the elements.

The geometry of the CLT elements used in the calculations had wall thicknesses 80
and 140 mm. The thickness of the individual layers for the walls were the same as
used in the experimental part i.e. 20-40-20 and 40-20-20-20-40. The thickness of the
floor elements were 120 and 160 mm with layer thicknesses 30-20-20-20-30 and
40-20-40-20-40, respectively. The floor thickness 160 mm was calculated to compare
with results from the parametric study. The floor thickness 120 mm was calculated to
compare with results from the experimental part. The quality of the material was C24
in all layers for both the wall pieces and the floor piece. The main load bearing
direction was in the direction of the top layer for both the floor and wall structures.

hello hello hello hel a) hello hello hello b) hellolo

Figure 19: The wall-floor-wall connections investigated where a) with two inclined screws and
b) with no fasteners.

4.1.2 Serviceability limit state

For the SLS calculations a 160 mm CLT floor with 3 kN/m2 extra dead weight and
6 m span was used. This extra weight and dimension comes from a built structure and
is the same structure used in the parametric study. For the calculation of the
deflection an additional load of 2 kN/m2 was added.
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  4.2 Experimental study

The experimental tests included a total of 60 tests in eight different series, with eight
tests on each series except for series H where only four tests were conducted. The
configuration of the setups can be seen in Figure 20 and the dimensions of each series
in Table 8. The quality of the timber was C24 for all tests and in all layers of each
specimen. The buildup of the different layers thicknesses can be seen in Table 9. In
series H there was an acoustic layer included between the walls and the floor
specimen.

Figure 20: The dimensions of the test specimen in the experiments in mm. tw, hw, tf and b is
consistent with the values in Table 8.

Table 8: Dimensions of the specimens in each test series.
Test series tf [mm] tw [mm] hw [mm] b [mm] Screws

A 120 (5-layers) 80 (3-layers) 250 350 No
B 120 (5-layers) 80 (3-layers) 250 350 Yes
C 120 (5-layers) 140 (5-layers) 300 350 No
D 120 (5-layers) 140 (5-layers) 300 350 Yes
E 140 (5-layers) 100 (5-layers) 250 350 No
F 120 (3-layers)(1) 100 (5-layers) 250 370 No
G 120 (5-layers) 100 (5-layers) 250 350 No
H 120 (5-layers) 80 (3-layers) 250 350 No

(1) CLT made from pine
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  Table 9: Cross sectional dimensions of each thickness.
Total thickness [mm] Layer thickness [mm]

80 20-40-20
100 20-20-20-20-20
120 30-20-20-20-30
140 40-20-20-20-40

120(1) 40-40-40

(1) CLT made from pine

Every specimen was used a minimum of two times during the testing. This means
that every floor and wall combination was used in two different tests. In some cases
the tests were performed in different series. This means that the material properties
can be assumed to be similar in the tests where the same specimens were used. This
makes it easy to see the influence of the investigated parameter such as screws or
acoustic layers.

The density of the material can be categorised in three different groups. These three
groups were walls, spruce floor and pine floor. All of the walls used in the
experiments were made from spruce. The mean density for these three groups and
the coefficient of variation (CV) can be seen in Table 10.

Table 10: Mean density and coefficient of variation of the specimen.
Group Mean density [kg/m3] CV [%]
Walls 468.30 3.46
Spruce floor 486.16 3.01
Pine floor 516.95 1.08

A detailed description about each specimen used in the tests can be found in
Appendix B. This includes the dimensions, weight and moisture content at the time
of testing.

4.2.1 Moisture

The moisture content in the specimen was monitored by weighing the specimen
every 24 hours. Seven different wall specimen and three different floor specimen
were used for the monitoring. The specimen was chosen with different thickness and
different storage places before the cutting of the specimen. When the weight of each
specimen did not change with more than 0.1 % between two weighings it can be
assumed according to SS-EN 408 [30] that the equilibrium moisture content is
reached, and the specimen can be used for testing.

To achieve stable moisture content all the specimen were stored in a climate room.
This room had a target temperature of 20 ◦C and relative humidity of 65 %. This
corresponds to a moisture content of about 12 % [53]. The margin of error for the
temperature and moisture was +/- 2 ◦C and +/- 5 % respectively with respect to
SS-EN 408 [30].
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  After the tests were done 24 small specimen was cut out from 5 different floor
specimens. These 24 smaller specimen were weighted and then put into an kiln. The
weight of the specimen was then monitored during just over a weeks time. From the
dry weight of the specimen the moisture content in the test specimens was calculated.
After dry kilning the specimens had a moister content of 10.61 % with a CV of 6.7 %.

4.2.2 Screws

The screws that were used in the experimental tests as fasteners in test series B and D
were inserted as illustrated in Figure 21. To achieve the wanted angle of the screws,
the specimens were pre-drilled through the first specimen penetrated by the screws.
The screws were double threaded wood screws from the manufacturer Gunnebo
fastening [54]. In series B, the screws used were SW-D with d = 8mm and
l = 220mm. For series D, SW-D with d = 8mm and and l = 300mm were used.
When looking from above, see Figure 21 a), the distance between the screw pairs was
200 mm and within the pair the distance was 30 mm. The inclination of the screws
was determined with regard to the threaded part of the screws and recommendations
from the manufacturer. The threaded part of the screw should not coincide with the
section between the elements, i.e. the shear plane. By changing the inclination and
also by submerging the screws 30 mm into the floor element this could be avoided.

hello hello hello a) hello hello hell hello hello b) hello hell helloelo c) hello helllo h

Figure 21: The position of the screws in the connections where a) is distances from above, b)
for test setup B and c) for test setup D.

The inclination of the screws in test series B were 30◦as illustrated in Figure 21 b).
The screw penetrating the wall element first were inserted 100 mm from the bottom
of the wall. The screw penetrating the floor element first were inserted 60 mm from
the edge of the wall i.e. 140 mm from the end of the floor. The screw penetrating the
floor element first is also screwed into the floor with a depth of 30 mm to avoid that
the threaded part coincide with the section between the elements. The inclination of
the screws in test series D were 30◦and 45◦as illustrated in Figure 21 c). The screw
penetrating the wall element first were inserted 110 mm from the bottom of the wall.
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  The screw penetrating the floor element first, were inserted 50 mm from the edge of
the wall i.e. 190 mm from the end of the floor.

4.2.3 Acoustic layers

For test series H acoustic layers XYLOFON80 (Rothoblass) [55] were used. The
material had a cross section of 100 x 6 mm. The acoustic layers are graded for
different pressures depending on the most common load level that will occur in the
structure. The XYLOFON80 is graded for static permanent load of 1.71 MPa, it is
also at this load level that the material will reduce the transmission sounds the most.

Figure 22: Figure of the acoustic layers in the test setup.

4.3 Numerical study

4.3.1 Model validation

The geometry of the model was created equal to the one in the experiment. The
results from series A, C and E were used to validate the model. This means that
different wall and floor thicknesses were being compared to the model results. Only
the series where only timber was used in the connection were compared to the model.
For series E the exact values from that series compression test and mean values from
all the compression tests were being used as input to the springs in the model. For
series A and C the mean value of all the compression tests, i.e. from series B, D, E
and F, were being used as input for the springs. This was done to see how well the
model would predict the behavior if exact or general compression values were used.

4.3.2 Parametric study

The CLT used for the floor slabs in the parametric study was 160 mm thick with five
layers. The thickness of the layers were 40-20-40-20-40 mm. This thickness and
buildup of the CLT was chosen from a reference building. The CLT used for the
walls in the first and second model were 140 mm thick with five layers. Here the
thickness of the layers were 40-20-20-20-40 mm. The quality of the timber was
chosen to C24. The C24 used in RFEM have the following material parameters,
modulus of elasticity parallel to grain of 11 600 MPa and 0 MPa perpendicular to
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  grain. The specific weight of the material was 4.9 kN/m3. The characteristic bending
strength parallel to grain was 24 MPa and the characteristic compressive strength
perpendicular to grain was 3.0 MPa.

For the model a section of a building with one meter depth was used. The reference
setup consisted of two stories with single span floors of six meters, this can seen in
Figure 23. The first floor was examined in all cases. The walls on the ground floor
were clamped connected to the ground. In the connections between the walls and the
floor on the second floor, see Figure 23, connection model 1 was used with a
rotational stiffness of 600 kNm/rad/m for all the floors. This connection was also
used for all the floors above when the number of stories was increased. This was
done for computational reasons to reduce the amount of equations needed to
calculate the system.

Figure 23: Illustration of the RFEM structure.

In addition to the CLT in the model, dead loads representing the other building
materials used in the floor and wall structure, respectively were added. For the floor
structure this included lath and plasterboard on the underside of the CLT to create the
ceiling for the floor below. The dead loads were chosen according to a built structure.
On the upper side of the CLT gravel, sound isolation, leveling and top floor were
added. All these materials on the upper and lower side of the CLT gave a total of
3 kN/m2. For the wall structure boarding, plywood, lath, isolation and plasterboard
were added. All of these materials except for the plasterboard were put on the outside
of the CLT to create the façade for the structure. The total weight of additional
building materials added to the wall structure was 0.6 kN/m2. These loads and a load
of 2 kN/m2 on the floor were all added to the model in addition to the self weight of
the CLT. These loads were used in all of the calculations.
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  In the parametric study the parameters investigated were:

• Number of stories: 2–7.

• Floor span: 4, 6 and 8 m.

• Wall thickness: 80–160 mm.

For the variation of the number of stories the lowest number of stories was two, this
was the reference structure, and the highest number was seven. The number of floors
were based on common heights of CLT buildings today. The variation of floor span
was between four and eight meters. For the last parameter being examined, the
thickness of the wall, the variation was set to between 80 and 160 mm with intervals
of 20 mm. For the variation of the thickness of the walls the same span as for the
variation of the stories was chosen. The pressure on the wall was set to 0.5 MPa for
all the thicknesses, this pressure corresponds to roughly four stories above the
examined floor if wall thickness of 140 mm was used. The thickness of the floor was
kept constant at 160 mm with the variation of the wall thickness.
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  5 Results and discussion

The results and discussion are presented after each other in this section. This means
that results from one part are presented with either a graph or values in a table. After
the result there is a paragraph of discussion. At the end of each section there may
also be a paragraph about the general results presented in that section.

5.1 Hand calculations

The hand calculations for the connection and setup to the parametric study were done
based the EC 5 and the Swedish CLT handbook. Some other documents such as NA
were also used to complement the calculations.

In general the design of CLT and especially connections in CLT is very limited.
There is no prescribed way to calculate the stiffness of the connections that were
examined in this thesis. The main observation taken from the hand calculations was
the fact that a lot of information about the design of CLT is lacking in the currently
available documents.

5.1.1 Ultimate limit state

For the calculation in the ULS the characteristic capacity of CLT in different loading
configurations was calculated, for full calculations see Appendix C. These
configurations corresponds to the experimental tests and parametric study in the
numerical part. The first parameter calculated was the bending capacity in the CLT
floor, both for a 120 and 160 mm floor.

The 120 mm floor had a characteristic bending capacity of 273 kNm/m this value was
compared to the moment capacity from the experimental test which was 26 kNm/m.
This is about 10 % of the calculated capacity. From this calculation it was determined
that no material failure due to bending occurred or was close to occur during the
experimental tests. The 160 mm floor had a characteristic bending capacity of
486 kNm/m where the calculated bending moment from the model in the parametric
study was a maximum of 46 kNm/m which is also about 10 % of the characteristic
value.

For the shear capacity in the 120 mm floor the rolling shear was the weakest with a
characteristic value of 151 kN. This value was compared to the shear forces from the
experimental part which was 33 kN this is about 22 % of the calculated characteristic
value. Rolling shear for the 160 mm floor had a characteristic rolling shear capacity
of 202 kN and the shear capacity calculated from the parametric study was about
58 kN. This is approximately 29 % of the calculated characteristic value.

The hand calculation for the floor was the compression capacity perpendicular to
grain. In these calculations an 80 and 140 mm wall were used. The characteristic
compression capacity perpendicular to grain for the 80 mm wall was 5.16 MPa and in
the experimental part it was 5.73 MPa. The characteristic compression capacity for
the 140 mm wall was 4.55 MPa and in the experimental part it was 4.90 MPa.
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  The embedment strength of both screws in the connection were calculated to
14.5 MPa. The withdrawal capacity of the 220 mm screw were 8.7 kN and 7.2 kN, for
the screw penetration the wall first and the floor first respectively. The withdrawal
capacity of the 300 mm screws were 10.8 kN and 9.8 kN, for the screw penetration
the wall first and the floor first, respectively.

5.1.2 Serviceability limit state

The calculations in the SLS were performed on a floor structure with a span of 6
meters. The floor was a 160 mm thick CLT element with additional dead weight of
3 kN/m2. For the calculations in the SLS, the vibration of the floor had an
eigenfrequency of 4.07 Hz. In this calculation hinged connections on both sides of
the floor were assumed. If the values in Table 6 would be used to calculate the
eigenfrequency for a floor with clamped connections on both sides the
eigenfrequency would be 9.22 Hz.

For the deflection calculations a characteristic load of 2 kN/m2 was added on the
floor. The calculated deflections on the investigated floor were with hinged
connections 29.2 mm and with clamped connections 5.8 mm. The deflection of a
floor in the SLS that follows the L/300 recommendation in this case would lead to
maximum of 20 mm deflection. Even if the deflection of the floor was higher for the
hinged connection than the recommendation, the result was used in the comparison.
Considering a 20 mm deflection in the middle of a 6 m simply supported beam would
represent a rotation in the connection of 0.01 rad. For full calculations see
Appendix C.

5.1.3 Moment capacity on test setup

For the calculation of the moment capacity on the test setup the 80, 100 and 140 mm
walls were used. In Table 11 the results from these calculations can be seen. These
values can be compared with the results from the experimental tests to to investigate
the possibility to use this method to predict the capacity for the experimental tests
from simple hand calculations.

Table 11: Moment capacity of the connection with hand calculations.
Load level 80 mm [kNm/m] 100 mm [kNm/m] 140 mm [kNm/m]
0.5 MPa 3.2 5.0 9.8
1.0 MPa 6.4 10.0 19.6
1.5 MPa 9.6 15.0 29.4
2.0 MPa 12.8 20.0 39.2

5.2 Experimental study

The results from the experimental study are presented as moment-rotation curves. In
these curves a positive rotation means that the floor was deforming downwards. The
positive moment was the moment needed to deform the floor downwards. The zero
rotation was defined at the start of each loading phase. The start of each loading level
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  was defined at the point when the load level 0.5, 1.0, 1.5 or 2.0 MPa was reached and
stabilised on the wall. This was done so that the rotations would start from the same
value even if there could have been a positive or negative rotation at the start of the
test. The moments displayed are the moments needed to rotate one meter of floor i.e.
the results have been normalised to moment/rotation/meter.

5.2.1 Pre-test series

For the evaluation of the different loading procedures only data from the MTS
pistons were used. The pre-tests were performed on test series G i.e. floor thickness
120 mm and wall thickness 100 mm. To determine what loading procedure to use in
the main series, the results from each load level was compared between the two
procedures mentioned in Section 3.4.2.1. The results from the pre-tests for the four
different load levels i.e. 0.5, 1.0, 1.5 and 2.0 MPa, can be seen in Figure 24–27.

As seen in Figure 24, the results from the two different procedures are very similar.
Here the load level on the wall was 0.5 MPa. The curve for the second procedure
stops earlier than the first procedure because the displacement at the floor position
was 5 and 20 mm, respectively. The behavior of the curves were similar because the
procedure was exactly the same until the displacement of 5 mm at the floor piston
was reached.

Figure 24: Moment-rotation curve from pre-test at load level 0.5 MPa.

The same results for both the loading procedures at the first load level of 0.5 MPa was
expected. This was since all the elements were unused before this loading and
therefore had the same starting point for this load level. If a large difference would
have occurred at this load stage, there would have been something wrong with either
the measurement or the loading speed of the pistons. Smaller differences could have
been derived to the local defects of irregularities but this should be within the
variation of the specimen. Therefore, the results from the upcoming load levels gave
a good indication on how the procedure influence the behavior.
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  In Figure 25 the results from the two loading procedures at load level 1.0 MPa and
the plastic loading in the second procedure are compared. The plastic loading in the
second procedure was the last part of the procedure at a load level of 1.0 MPa. The
results from the different procedures and plastic loading are very similar and only
small difference can be seen. The curve for the second procedure with plastic
deformation follows the behavior of the other curves which shows no sign of damage
from previous loading.

Figure 25: Moment-rotation curve from pre-test at load level 1.0 MPa.

The reason that the higher deformation on load level 0.5 MPa in the first procedure
does not cause any lost stiffness was thought to be that it was more of a geometrical
non-linearity that occurs. This means that the non-linearity in Figure 24 most likely
comes from the lack of pressure on the wall. When the pressure on the wall was low
the system would behave more like a mechanism than a rigid structure. Due to this
geometrical plasticity the difference between the two procedures continues to be
negligible in Figure 25. The result that the plastic part of the second procedure show
the same behavior as the first procedure also indicates that no plastic deformations or
any damages like cracks have occurred in the second procedure for the higher load
levels.

In Figure 26 the result from the first and second procedure at load level 1.5 MPa can
be seen. The inclination of the curves from the first and second procedure deviates a
little when compared, where procedure 2 shows higher stiffness. The indentations of
the curve from the first procedure at rotations between 0.012 and 0.03 occurred due to
friction between the steel plate for the floor piston and the surface. The indentations
occurred when the friction force became high enough to move the steel plate.
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Figure 26: Moment-rotation curve from pre-test at load level 1.5 MPa.

The reason for changed inclination can be because of damage from previous loads.
Here is the first tendency to that there is damage to the specimen from previous load
levels that would influence the stiffness. The difference is very small and could be
within the variation of the specimen, therefore, it can not be determined if there is
any large influence from the previous loading at this stage in the procedure.

In Figure 27 the result from the first and second procedure at load level 2.0 MPa,
which was the highest load level, can be seen. The difference in inclination of the
curves are more distinct for this load level than for the previous results, see
Figure 26. Procedure 2 shows higher stiffness for this load level as well as it did for
the previous load level.

Figure 27: Moment-rotation curve from pre-test at load level 2.0 MPa.

The reason for the difference between the procedures is most likely due to plastic
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  deformations from the load level of 1.0 and 1.5 MPa in the first procedure. This
difference means that the loading procedure have an influence on the result from the
test due to previous loading.

Based on the results from these tests the first procedure was chosen for the main test
series. The motivation for this was that the difference between the two procedures
was small compared to the expected variation of the experimental results. It is also
motivated to load the structure with an increasing load on the wall i.e. with the
different load levels, because this is how a structure would be influenced during
construction. It is also likely for a real structure to be influenced by cyclic loading
before a larger load occurs.

The difference between the two procedures can most likely only be seen in the elastic
rotational stiffness. This means that only one part of the result would be effected
from the choice of procedure. Both procedures would most likely display more or
less the same moment capacity at larger rotations as can be seen in Figure 25 where
the plastic part of loading procedure 2 is displayed. Here no difference can be seen
between the procedures even if the plastic deformation was the last stage in the
second procedure and only the second stage for the first procedure.

5.2.2 Main test series

In this section the results are presented as the mean values for the different load levels
and as the interval of the results. The lines in the middle of the shaded areas are the
mean values from the tests in the specific series. The shaded areas above and below
the mean values are the maximum and minimum values from all of the tests within
the series.

5.2.2.1 Series A
In Figure 28 the moment-rotation curve for test series A can be seen. Test series A
was the test setup with 80 mm wall thickness and 120 mm floor thickness. The
inclination of the curves change depending on the load level applied on the wall. A
higher load level resulted in a higher inclination of the curve, as can be seen in
Figure 28.
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Figure 28: Moment-rotation curve for the four load levels in test series A. The shaded area
behind the mean curve represents the interval between the minimum and maximum values.

The very flat curve from the load level of 0.5 MPa would suggest a large plastic
deformation in the material. This was not the case for the lower load level in this
series, this means that this plasticity was more likely a geometrical plasticity. In
Figure 29 the local strain of test A06 can be seen. The blue parts show local plastic
deformations in the floor specimen. Here it is also clear that there was no big plastic
strains in the material but instead very local strains where the floor specimen rested
on the bottom wall.

Figure 29: Local strain of the connection area in test A06.
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  To show that local strain did not effect the behavior of the connection substantially,
the deformation of the floor element can be seen in Figure 30. Here it can be seen
that no bending occurred in the floor specimen since it was straight over the entire
length. The geometrical plasticity occurred when the maximum moment that the
pressure from the wall could take had been reached. This moment is the same that
was calculated in the hand calculations and presented in Table 11. This occurred due
to how the pistons were set to work during the test. The piston on the wall was set to
hold a constant force and not a constant displacement. This means that when the
moment from the floor started to lift the wall the piston was moving upwards to keep
the constant pressure on the wall.

Figure 30: Deformation of the floor at the load level of 0.5 and 2.0 MPa from test A06.

In Table 12 and 13 the calculated mean moment capacity, rotational stiffness and the
coefficient of variation (CV) for the different load levels in series A can be seen. In
Table 12 the method with 0.01 rad offset was used and in Table 13 the absolute value
at 0.02 rad was used. When comparing the results in the two tables, the values from
the calculations based on the 0.01 rad offset and the absolute value of 0.02 rad are
similar to each other. If only looking at the 0.01 rad offset calculation the capacity
between load level 0.5 and 1.0 MPa increased with almost 70 % and the stiffness with
just below 30 %. Between these two loads is the largest jump in percentage between
two load levels. The increase from the lowest to the highest load level is for the
capacity 175 % and for the stiffness 62 %.

Table 12: Moment capacity and rotational stiffness for the different load levels in series A. The
capacity calculated, based on the 0.01 rad offset.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 3.42 4.90 434.86 31.64
1.0 MPa 5.78 3.40 565.06 16.57
1.5 MPa 7.76 2.36 667.97 7.83
2.0 MPa 9.43 2.05 706.29 3.93
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  Table 13: Moment capacity and rotational stiffness for the different load levels in series A. The
capacity at the absolute value of 0.02 rad.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 3.53 4.79 430.00 30.94
1.0 MPa 5.86 3.64 560.26 15.47
1.5 MPa 7.70 2.75 669.87 7.59
2.0 MPa 9.10 2.32 714.80 3.70

The high variation in the rotational stiffness was thought to be because the graph
levels out to almost a horizontal curve and therefore the same capacity from two tests
can be found at very different rotations. This can also be seen as the variation is
almost 10 times lower for the rotational stiffness of the 2.0 MPa load level compared
to the 0.5 MPa load level. But at the same time the variation of the capacity only
differs by a factor of approximately 2.5 between the two load levels.

5.2.2.2 Series B
In Figure 31 the moment-rotation curve for test series B can be seen. Test series B
was the test setup with 80 mm wall thickness, 120 mm floor thickness and with
inclined screws. The inclination of the curves change depending on the load level
applied on the wall. A higher load level resulted in a higher inclination of the curve,
as can be seen for series A. What stands out in the graph is that the capacity increase
for the lowest load level after leveling out at an earlier stage.

Figure 31: Moment-rotation curve for the four load levels in test series B. The shaded area
behind the mean curve represents the interval between the minimum and maximum values.

In Table 14 and 15 the calculated mean moment capacity, rotational stiffness and the
CV for the different load levels in series B can be seen. In Table 14 the method with
0.01 rad offset was used and in Table 15 the absolute value at 0.02 rad was used. In
this series the increase of both capacity and stiffness between the 0.5 and 1.0 MPa
load level are just 42 % and 14 %, respectively, compared to 70 % and 30 % from
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  series A. The increase of capacity and stiffness from the 0.5 to 2.0 MPa are 85 % and
39 %, respectively.

Table 14: Moment capacity and rotational stiffness for the different load levels in series B. The
capacity calculated, based on the 0.01 rad offset.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 5.82 13.24 529.52 20.47
1.0 MPa 8.28 6.11 604.48 10.12
1.5 MPa 9.61 4.30 688.54 8.19
2.0 MPa 10.79 4.30 737.99 8.28

Table 15: Moment capacity and rotational stiffness for the different load levels in series B. The
capacity at the absolute value of 0.02 rad.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 5.72 7.48 529.14 17.95
1.0 MPa 7.95 2.92 614.03 9.69
1.5 MPa 9.17 2.07 699.51 8.14
2.0 MPa 10.25 2.93 750.73 8.29

Just like in series A the variation for both the rotational stiffness and the moment
capacity are higher for the lower load levels. This is once again thought to be because
of the flatter curves at these stages. An observation from the result is the comparably
high variation in the moment capacity for the 0.5 MPa load level. This is most likely
an effect of the increasing moment capacity that can be seen in Figure 31 at a rotation
of 0.015 rad.

The increasing capacity in Figure 31 after 0.015 rad for the load level 0.5 MPa is an
indication of the screws contribution to the capacity and stiffness. This can be
strenghten by the difference between the values in series A and B where the addition
of screws in series B is in the only difference. The reason that the curve is flattening
out and then increasing again is due to the way the screws is thought to work in the
connection. The screws most likely only add capacity and stiffness when exposed to
tensile forces and thereby holding the wall and floor specimen together. Therefore
the effect is only seen after larger deformation occur.

In Figure 32 the stress-strain curve for the compression test in test series B can be
seen. The values from the MTS data shows the displacement of the wall piston
expressed as strain and the values from ARAMIS shows the average relative
displacement expressed as strain. The calculated mean compression capacity is
5.73 MPa with a CV of 5.2% and the mean compression stiffness perpendicular to
grain is 483.5 MPa with a CV of 9.6%.
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Figure 32: Stress-strain curve for the compression test in test series B. The shaded area behind
the mean curve represents the interval between the minimum and maximum values.

The difference between the two measuring systems in Figure 32 was expected. This
is because the elastic deformation in the wall specimens, steel plates and deformation
in the contact zone between the steel parts and the CLT specimen that occurred
during the testing would decrease the modulus of elasticity for the floor. Therefore
the results from the MTS data should not be used directly to estimate the stiffness of
the CLT in compression perpendicular to grain. The difference in the results also
shows the importance of knowing what to measure during a test to get the correct
results. Using inappropriate measuring methods in a test can as seen in Figure 32
give an incorrect result.

5.2.2.3 Series C
In Figure 33 the moment-rotation curve for test series C can be seen. Test series C
was the setup with 140 mm wall thickness and 120 mm floor thickness. In this test
setup the thickest walls of this study were used. This means that higher moments
were needed to rotate the floor. Also in this test series the inclination of the curves
change depending on the load level applied on the wall. The curves in this test series
does not end at the same rotation because of the bending of the floor element. The
connection was in this case stiff enough to cause bending deformations in the floor
instead of rotation in the connection at load level 1.5 MPa and 2.0 MPa. This is also
why the curve ends at a smaller rotation on the higher load levels than on the lower
load levels i.e. because the connection is stiffer at higher loads.
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Figure 33: Moment-rotation curve for the four load levels in test series C. The shaded area
behind the mean curve represents the interval between the minimum and maximum values.

In Table 16 and 17 the calculated mean moment capacity, rotational stiffness and the
CV for the different load levels in series C can be seen. In Table 16 the method with
0.01 rad offset was used and in Table 17 the absolute value at 0.02 rad was used. Here
the increase of both capacity and stiffness between the first and second load level are
75 % and 38 %, respectively. The increase from load level 0.5 to 2.0 MPa are 147 %
and 62 % for the capacity and stiffness, respectively.

Table 16: Moment capacity and rotational stiffness for the different load levels in series C.
The capacity calculated, based on the 0.01 rad offset.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 10.71 5.19 1035.72 19.34
1.0 MPa 18.69 4.12 1426.30 12.52
1.5 MPa 23.69 4.81 1587.89 11.36
2.0 MPa 26.46 6.57 1678.46 9.98

Table 17: Moment capacity and rotational stiffness for the different load levels in series C.
The capacity at the absolute value of 0.02 rad.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 10.72 5.11 1036.30 19.10
1.0 MPa 18.27 3.55 1430.42 12.32
1.5 MPa 23.23 3.57 1593.78 11.62
2.0 MPa 26.09 5.90 1681.80 10.13

In Figure 33 it can be seen that just like for series A there is what looks like
geometrical plasticity on the load level of 0.5 MPa. A thicker wall means that a
greater moment was needed on the floor to lift the wall even if the same pressure was
applied as for the 80 mm wall in series A.
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  The variation of the rotational stiffness for the lower load levels are also fairly high
for this series. The difference here is that the variation is not decreasing as much as
for the previous series. The variation in the moment capacity is also larger in the last
load level compared to the first load level. The reason for this can be that with this
setup a maximum value for the moment capacity may not have been reached with the
loading procedure used for the tests. This means that the clamping effect at 2.0 MPa
generates more bending in the floor than at 0.5 or 1.0 MPa. This can also be seen in
Figure 34 where the floor at the load level 2.0 MPa is bending in the top right corner
(point of the connection).

Figure 34: Deformation of the floor at the load level of 0.5 and 2.0 MPa.

5.2.2.4 Series D
In Figure 35 the moment-rotation curve for test series D can be seen. Test series D
was the setup with 140 mm wall thickness, 120 mm floor thickness and with inclined
screws. Also in this test series the inclination of the curves change depending on the
load level applied on the wall. The increase in inclination is lower than for the
previous load levels. The curves in this test series does not either end at the same
rotation because of the bending of the floor element. The connection was in this case
stiff enough to cause bending in the floor instead of rotation in the connection as in
series C. This was also why the curve ends at a smaller rotation on the higher load
levels than on the lower load levels i.e. the deformation comes from bending instead
of rotation.

59



  

Figure 35: Moment-rotation curve for the four load levels in test series D. The shaded area
behind the mean curve represents the interval between the minimum and maximum values.

In Table 18 and 19 the calculated mean moment capacity, rotational stiffness and the
CV for the different load levels in series D can be seen. In Table 18 the method with
0.01 rad offset was used and in Table 19 the absolute value at 0.02 rad was used. Just
like in the series B, where there are screws, the increase of capacity and stiffness
between load level 0.5 and 1.0 MPa are lower than the same setup without screws. In
this series the differences in capacity and stiffness are 33 % and 24 %, respectively.

Table 18: Moment capacity and rotational stiffness for the different load levels in series D.
The capacity calculated, based on the 0.01 rad offset.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 16.05 8.22 1154.81 9.33
1.0 MPa 21.38 6.07 1431.72 9.79
1.5 MPa 24.62 7.73 1574.58 11.90
2.0 MPa 26.11 8.03 1638.66 12.06

Table 19: Moment capacity and rotational stiffness for the different load levels in series D.
The capacity at the absolute value of 0.02 rad.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 14.98 7.90 1162.18 9.26
1.0 MPa 20.62 5.21 1443.14 10.27
1.5 MPa 24.14 5.74 1581.03 12.35
2.0 MPa 26.17 7.97 1638.46 12.08

Just like in series C, the loading procedure used for the tests does not let this setup
reach a plastic behavior. This means that the true moment capacity is likely to be
higher than what is shown in Figure 35 and Table 18–19. To achieve full plastic
behavior for this connection a larger deformation on the floor would be needed. The
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  larger deformation may not add useful information since the rotation for a floor in the
SLS was calculated to be around 0.01 rad in Section 5.1.2.

In Figure 36 the stress-strain curve for the compression test in test series D can be
seen. The results from these tests may not show the full compression capacity in each
test since the load frame used during testing was limited to 300 kN and this limit was
reached during testing. This limitation meant that the highest pressure that could be
applied to the floor specimen was just over 6 MPa. The calculated mean compression
capacity is 4.90 MPa with a CV of 5.8% and the mean compression stiffness
perpendicular to grain is 382.0 MPa with a CV of 7.7% in this test series.

The indentations of the curves occurred since the limit of the load frame was reached
during the compression test. This means that the test could stop at 5 % strain for
example. This cause the average value to drop after the end of each test. The values
from the MTS data shows the strain of the wall piston and the values from ARAMIS
shows the average relative strain.

Figure 36: Stress-strain curve for the compression test in test series D. The shaded area behind
the mean curve represents the interval between the minimum and maximum values.

Even if the maximum value for the compression perpendicular to grain was not
reached during the testing the initial behavior of the material is well documented.
The maximum strength is most likely not that much larger than the results in the tests
since the plastic deformation has started to occur in large extend for some of the tests.

5.2.2.5 Series E
In Figure 37 the moment-rotation curve for test series E can be seen. Test series E
was the setup with 100 mm wall thickness and 140 mm floor thickness. The
inclination of the curves change depending on the load level applied on the wall for
this series as well. The graph shows a larger increase in the capacity between the load
level of 0.5 and 1.0 MPa than it does between the other load levels. This is the same
pattern that can be seen in the previous series. The geometrical plasticity on the load
level of 0.5 MPa can also be seen for this series.
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Figure 37: Moment-rotation curve for the four load levels in test series E. The shaded area
behind the mean curve represents the interval between the minimum and maximum values.

In Table 20 and 21 the calculated mean moment capacity, rotational stiffness and the
CV for the different load levels in series E can be seen. In Table 20 the method with
0.01 rad offset was used and in Table 21 the absolute value at 0.02 rad was used. In
this series the increase in capacity and stiffness between the load level of 0.5 and
2.0 MPa are 172 % and 47 %, respectively. These differences are similar to the ones
in series A and C where only timber-timber connections were used.

Table 20: Moment capacity and rotational stiffness for the different load levels in series E. The
capacity calculated, based on the 0.01 rad offset.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 5.69 5.29 756.63 11.68
1.0 MPa 9.63 4.86 1029.89 6.97
1.5 MPa 12.92 5.52 1104.38 7.51
2.0 MPa 15.49 5.91 1112.41 7.82

Table 21: Moment capacity and rotational stiffness for the different load levels in series E. The
capacity at the absolute value of 0.02 rad.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 5.87 4.47 751.79 11.48
1.0 MPa 9.78 4.81 1024.72 6.96
1.5 MPa 12.75 5.18 1107.80 7.26
2.0 MPa 14.84 5.32 1126.10 7.69

The increase in stiffness between the load levels in this series align with the results
from the previous mentioned one that only had timber-timber connection. In this
series the variations are in general lower than compared with previous mentioned
series. This could be because the bending stiffness in the specimen was higher than
the other series and therefore does not influence the moment rotation curve as much.
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  In Figure 38 the stress-strain curve for the compression test in test series E can be
seen. The values from the MTS data shows the strain of the wall piston and the values
from ARAMIS shows the average relative strain. The results from the compression in
series E only had four compression tests. This was because the same elements were
used for two tests and the compression test was only done during the second time of
testing the element i.e. four tests with and four tests without the compression test.
The calculated mean compression capacity is 5.35 MPa with a CV of 1.1% and the
mean compression stiffness perpendicular to grain is 365.2 MPa with a CV of 7.6%.

Figure 38: Stress-strain curve for the compression test in test series E. The shaded area behind
the mean curve represents the interval between the minimum and maximum values.

The reason that the interval was smaller than in the other test series could be because
only four tests were performed and not eight as in series B and D. This compression
test was also done without screws and this could indicate that the screws add a larger
variation to the results. This was expected since there was an element of human
interaction when the screws were added to the specimen and therefore errors could
occur that damage the capacity of the element.

5.2.2.6 Series F
In Figure 39 the moment-rotation curve for test series F can be seen. Test series F
was the setup with 100 mm wall thickness and 120 mm floor thickness. The floor
element was made out of pine. The graphs indicate that the variation between the
tests is low, this is also confirmed in Table 22–23. The inclination of the curves
change depending on the load level applied on the wall. A higher load level resulted
in a higher inclination of the curve.
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Figure 39: Moment-rotation curve for the four load levels in test series F. The shaded area
behind the mean curve represents the interval between the minimum and maximum values.

In Table 22 and 23 the calculated mean moment capacity, rotational stiffness and the
CV for the different load levels in series F can be seen. In Table 22 the method with
0.01 rad offset was used and in Table 23 the absolute value at 0.02 rad was used. The
difference in capacity and stiffness is in line with the previous series that only had
timber in the connection with 186 % and 41 %, respectively. These are the differences
between the load level of 0.5 and 2.0 MPa. This series also have low variations in the
results compared to the other series.

Table 22: Moment capacity and rotational stiffness for the different load levels in series F. The
capacity calculated, based on the 0.01 rad offset.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 5.21 2.40 788.54 6.97
1.0 MPa 8.98 2.31 1029.81 5.07
1.5 MPa 12.28 1.83 1106.20 4.91
2.0 MPa 14.92 2.36 1114.17 4.95

Table 23: Moment capacity and rotational stiffness for the different load levels in series F. The
capacity at the absolute value of 0.02 rad.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 5.38 1.28 777.27 6.27
1.0 MPa 9.15 1.69 1026.01 5.10
1.5 MPa 12.20 1.66 1108.63 4.76
2.0 MPa 14.40 1.55 1126.14 4.62

The low variation in the results from these tests could be due to the low variation in
the density of the material used in these tests with pine floor. The variation in density
seen in Table 10 with only 1.08 % for the floors used in this series compared with
3.01 % for the other series.
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  In Figure 40 the stress-strain curve for the compression test in test series F can be
seen. The values from the MTS data shows the strain of the wall piston and the
values from ARAMIS shows the average relative strain. Just like in series E only four
compression tests were done in this series due to the reuse of specimens. The
calculated mean compression capacity is 5.58 MPa with a CV of 0.2% and the mean
compression stiffness perpendicular to grain is 481.1 MPa with a CV of 4.5%.

Figure 40: Stress-strain curve for the compression test in test series F. The shaded area behind
the mean curve represents the interval between the minimum and maximum values.

One reason for the small variations in Table 22 and 23 could be connected to the
material used in the floor. This was the series were pine CLT was used as the floor
specimen. From Table 10 it can be seen that the variation in the density was low for
these specimens. This low variation can also be seen in Figure 40 for the result of the
compression test.

5.2.2.7 Series G
In Figure 41 the moment-rotation curve for test series G can be seen. Test series G
was the setup with 100 mm wall thickness and 120 mm floor thickness. In this series
only four tests were used in the main series. The reason for this is that only the tests
from procedure one was used here, this means that four tests were not included in this
result since they used procedure two. As noticed in previous tests the inclination is
dependent on the load level and will increase with higher load level. The indentation
on the curves for the higher load levels is because the teflon sheet was not included in
these test but added after the pre-test series.
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Figure 41: Moment-rotation curve for the four load levels in test series G. The shaded area
behind the mean curve represents the interval between the minimum and maximum values.

In Table 24 and 25 the calculated mean moment capacity, rotational stiffness and the
CV for the different load levels in series G can be seen. In Table 24 the method with
0.01 rad offset was used and in Table 25 the absolute value at 0.02 rad was used. The
increase in capacity and stiffness between the load level 0.5 and 1.0 MPa are in this
series 81 % and 21 %, respectively. The total increase from load level 0.5 and
2.0 MPa for the stiffness and capacity are 175 % and 32 %, respectively. In this test
the variation is also relatively low just like in series F.

Table 24: Moment capacity and rotational stiffness for the different load levels in series G.
The capacity calculated, based on the 0.01 rad offset.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 5.58 2.66 741.13 7.64
1.0 MPa 10.09 4.43 898.09 7.79
1.5 MPa 13.40 6.40 955.87 6.61
2.0 MPa 15.39 5.43 977.16 7.12

Table 25: Moment capacity and rotational stiffness for the different load levels in series G.
The capacity at the absolute value of 0.02 rad.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 5.79 1.52 736.65 7.28
1.0 MPa 10.02 4.30 901.52 7.52
1.5 MPa 13.12 6.31 965.38 6.93
2.0 MPa 14.95 7.36 986.71 6.86

In this series the variation of the capacity is increasing when the load level is
increasing. This is thought to be because of the friction that was built up during the
test which lead to uneven curves. The indentations in the curve means that the
capacity is increasing when there is a friction force building up. When the force is
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  released the capacity goes down and this could lead to more variation in the
calculation of the capacity.

5.2.2.8 Series H
In Figure 42 the moment-rotation curve for test series H can be seen. Test series H
was the setup with 80 mm wall thickness, 120 mm floor thickness and acoustic layers
between the floor element and wall elements. Just like in series G only four tests
were done with this setup. The inclination of the curves change depending on the
load level applied on the wall. As can be seen in all other tests.

Figure 42: Moment-rotation curve for the four load levels in test series H. The shaded area
behind the mean curve represents the interval between the minimum and maximum values.

In Table 26 and 27 the calculated mean moment capacity, rotational stiffness and the
CV for the different load levels in series H can be seen. In Table 26 the method with
0.01 rad offset is used and in Table 27 the absolute value at 0.02 rad is used. In this
series the increase in capacity between the load level of 0.5 and 2.0 MPa are 198 %
and 74 %, respectively. These values are the highest increase from any series in the
tests.

Table 26: Moment capacity and rotational stiffness for the different load levels in series H.
The capacity calculated, based on the 0.01 rad offset.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 2.64 1.70 338.77 8.76
1.0 MPa 4.81 4.83 389.56 30.98
1.5 MPa 6.55 3.88 536.38 3.44
2.0 MPa 7.87 3.37 589.20 9.96
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  Table 27: Moment capacity and rotational stiffness for the different load levels in series H.
The capacity at the absolute value of 0.02 rad.

Load level Capacity [kNm/m] CV [%] Stiffness [kNm/rad/m] CV [%]
0.5 MPa 2.77 4.28 330.51 5.65
1.0 MPa 4.85 4.08 390.13 31.00
1.5 MPa 6.50 3.84 536.78 3.34
2.0 MPa 7.68 4.31 593.09 9.17

The large variation in the stiffness in Figure 42 at the load level of 1.0 MPa is thought
to be because of the flatter curve like mentioned before. The reason for the high
variation of the stiffness for load level 1.0 MPa is unclear. In previous cases there has
also been over 30 % variation but they have been on the lowest load level with
decreasing variation when the load level increases.

The high increase in both capacity and stiffness in this series is most likely a result of
the acoustic layers. The reason that they make such a large difference could be that
when the higher load levels where reached the rubber material was stiffer. This
means that it would act more like the timber and therefore generates a stiffer
connection than in the lower load levels.

5.2.3 Comparison

In this section, the results have been compared between different parameters. These
parameters are the type of connection, wall thickness, floor variations and the results
from the compression tests.

5.2.3.1 Connection type
In Figure 43 the results from all the series with 80 mm walls can be seen. In
Figure 43, only load level 0.5 and 2.0 MPa are displayed. Here the differences
between the connection types are clear. The screws add both capacity and stiffness
for the two load levels. But have less influence on the capacity and stiffness at a
higher load level. The acoustic layer is reducing both the stiffness and the capacity at
both of the load levels.
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Figure 43: Comparison between different connection types with the wall thickness of 80 mm
at load level 0.5 and 2.0 MPa.

In Figure 44 the comparison between the results from series C and D can be seen.
Both of these series had the same geometry with 140 mm walls and 120 mm floors.
The difference between the series was that series D had inclined screws in the
connection. Just like for the 80 mm walls in Figure 43 the screws increase the
capacity and stiffness for the connection at the load level of 0.5 MPa. The difference
between the case with 80 and 140 mm wall thickness was that the effect from the
screws was negligible at load level 2.0 MPa.

Figure 44: Comparison between different connection types with the wall thickness of 140 mm
at all four load levels.

In the comparison between the connections with and without screws, the screws have
the largest impact at the lower load levels. The effect from the screws is also bigger
when the wall is thinner. The reason for this is thought to be because of larger forces
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  needed to achieve the same pressure on the floor, with a thicker wall compared to a
thinner wall. Some numbers that can be used for comparison is that the capacity and
stiffness increases with 70 % and 22 % for the 80 mm wall at load level 0.5 MPa
when the screws are added. This can be compared to an increase of the capacity and
stiffness of 50 % and 11 % for the 140 mm wall also at the load level of 0.5 MPa
when the screws are added. For the load level of 2.0 MPa the difference in capacity
and stiffness between the series with and without screws are 14.4 % and 4.5 % for the
80 mm wall, respectively. For the same load level with a wall thickness of 140 mm
the connection without screws have a 1.3 % and 2.4 % higher capacity and stiffness,
respectively. Here it is clear that the screws have a small or even negligible
contribution on higher load levels.

The screws most likely only contribute substantially to the stiffness and capacity
when exposed to tensile forces. The exposure to tensile forces was more common in
the lower load levels and on the thinner wall. The reason for this is that there was not
enough load on the wall to hold the upper wall down and therefore maintain contact
between the CLT specimens throughout the entire test.

The effect from the acoustic layer was expected since a softer material was added to
the connection area. The difference in the calculated capacity varies between an
18–30 % increase between the series with acoustic layer and the timber-timber
connection.

5.2.3.2 Wall thickness
In Figure 45–48 a comparison between the capacity and stiffness depending on the
thickness of the wall, calculated with the 0.01 rad offset method, can be seen. In the
graphs the blue line, line drawn between the boxplots, represent the mean value
between the different test series. The red line in each box is the median of that
specific series. Furthermore the values inside the boxes represent the values between
the 25 and 75 percentile. Finally the outer lines represent the maximum and
minimum values. Linear regression was used to create the equations based on the
results. A coefficient of determination (R2) was calculated for all the linear
regressions. The R2 show how strong the linear relationship between the variables is,
in this case the thickness of the wall and moment capacity or rotational stiffness. For
all the load levels the moment capacity can be considered more or less linear
depending on the thickness of the wall.

70



  

Figure 45: Box plot of the moment capacity and rotational stiffness depending on the thickness
of the walls for load level 0.5 MPa.

For load level 0.5 MPa both the moment capacity and rotational stiffness were given
equations to estimate the moment capacity and rotational stiffness based on the
thickness of the wall. The equations for the estimations can be seen in Eq. 28 and 29,
respectively.

MR,0.5 = 0.122 tw − 6.424 , (28)

KR,1.0 = 9.784 tw − 320.2 , (29)

where MR,0.5 is the moment capacity in kNm/m, KR,0.5 is the rotational stiffness in
kNm/rad/m and tw is the thickness of the walls in mm. For Eq. 28 and 29 the R2

values are 98.8 % and 75.5 %, respectively.

In Figure 46 the comparison between the different thicknesses of the wall at load
level 1.0 MPa can be seen. At this load level both the mean moment capacity and the
mean rotational stiffness are increasing linearly with the thickness of the wall. The
moment capacity for all the thicknesses have almost doubled compared to load level
0.5 MPa seen in Figure 45.
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Figure 46: Box plot of the moment capacity and rotational stiffness depending on the thickness
of the walls for load level 1.0 MPa.

For load level 1.0 MPa both the moment capacity and rotational stiffness were given
equations to estimate the moment capacity and rotational stiffness based on the
thickness of the wall. The equations for the estimations can be seen in Eq. 30 and 31,
respectively.

MR,1.0 = 0.215 tw − 11.427 , (30)

KR,1.0 = 14.190 tw − 550.435 , (31)

where MR,1.0 is the moment capacity in kNm/m, KR,1.0 is the rotational stiffness in
kNm/rad/m and tw is the thickness of the walls in mm. For Eq. 30 and 31 the R2

values are 99.3 % and 90.7 %, respectively.

In Figure 47 the comparison at load level 1.5 MPa can be seen. Just like on the
previous load levels the variation is increasing with the thicker walls. On this load
level both the moment capacity and rotational stiffness is assumed to be a linearly
increase with the thickness of the wall.
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Figure 47: Box plot of the moment capacity and rotational stiffness depending on the thickness
of the walls for load level 1.5 MPa.

For load level 1.5 MPa both the moment capacity and rotational stiffness were given
equations to estimate the moment capacity and rotational stiffness based on the
thickness of the wall. The equations for the estimation of the moment capacity and
rotational stiffness can be seen in Eq. 32 and 33, respectively.

MR,1.5 = 0.265 tw − 13.343 , (32)

KR,1.5 = 15.373 tw − 566.75 , (33)

where MR,1.5 is the moment capacity in kNm/m, KR,1.5 is the rotational stiffness in
kNm/rad/m and tw is the thickness of the walls in mm. For Eq. 32 and 33 the R2

values are 98.9 % and 93.0 %, respectively.

In Figure 48 the comparison for load level 2.0 MPa can be seen. Here the variation in
the moment capacity is low at the thinner wall and is increasing with the thickness of
the wall. The same thing can be said for the rotational stiffness with low variation for
the 80 mm wall and increasing with increasing thickness. Both the moment capacity
and rotational stiffness can be assumed to be linear at this load level even if there is a
slight bend to rotational stiffness curve.
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Figure 48: Box plot of the moment capacity and rotational stiffness depending on the thickness
of the walls for load level 2.0 MPa.

For the load level 2.0 MPa both the moment capacity and rotational stiffness were
given equations to estimate the moment capacity and rotational stiffness based on the
thickness of the wall. The equations for the estimation of the moment capacity and
rotational stiffness can be seen in Eq. 34 and 35, respectively.

MR,2.0 = 0.283 tw − 13.142 , (34)

KR,2.0 = 16.314 tw − 612.18 , (35)

where MR,2.0 is the moment capacity in kNm/m, KR,2.0 is the rotational stiffness in
kNm/rad/m and tw is the thickness of the walls in mm. For Eq. 34 and 35 the R2

values are 98.0 % and 94.6 %, respectively.

The almost perfect linearity with regards to the thickness of the walls for the moment
capacity means that prediction of capacity should be possible for other connections.
The same can also be said for the rotational stiffness even if the linearity is not as
clear for all the load levels. The R2 value also show that there is a good agreement
with the linear regression and the reality in general. All values for the capacity are
above 98 % which is almost a perfect match. The R2 values for the stiffness are not as
high as for the capacity but all of them are over 75 % with three of them even being
over 90 %. This means that all of the equations gives a good representation of the
behavior of the connections.

With the use of these equations, an easy way to implement the clamping effect that
occurs in the connection have been found. By taking this effect into account in the
design phase a higher utilization of the material is possible and thereby more material
efficient buildings can be constructed. It must be said that the behavior outside the
tested range is unknown and it is assumed to act more nonlinear when the thickness
is decreasing. As an example, the stiffness and capacity equations give a negative
value close to a thickness of zero millimeter. Therefore it is not recommended to use
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  the equations outside the tested range until more knowledge have been gained about
the behavior in these areas.

The increase in moment capacity when going from a 80 mm wall to a 100 mm wall is
between 63 % to 75 %. When looking at the same wall thicknesses the rotational
stiffness increase with 38 % to 70 %. For the stiffness the increase decreases at higher
load levels. This means that the 70 % difference is for the load level of 0.5 MPa and
the 38 % difference is for the load level of 2.0 MPa. When comparing the 100 mm
wall to the 140 mm wall there is an additional increase in moment capacity of 72 % to
92 % where the lowest percentage correspond to the highest load level. Regarding the
stiffness the increase is between 40 % and 72 % but here the lowest percent
correspond to the lowest load level. This is interesting since the difference in stiffness
was lower for higher load levels between 80 and 100 mm walls but the opposite for
the difference between 100 and 140 mm walls.

5.2.3.3 Floor variations
In Figure 49 a comparison between the test series E, F and G is presented. All of
these series had the same thickness of the wall i.e. 100 mm, but had different
thickness of the floor or different materials in the floor. The comparison was done
between a 140 mm thickness spruce floor, a 120 mm thickness pine floor and a
120 mm thickness spruce floor. The comparison was done to investigate how the floor
influence the behavior of the connection. In Figure 49 there are no major differences
between the three series. In general they give the similar results but the 120 mm pine
floor has a slightly lower capacity compared to the spruce floors. Between the 120
and 140 mm spruce floor the difference is also small but the 120 mm floor has a
slightly higher capacity than the 140 mm.

Figure 49: Comparison between different types of floor with the same wall thickness of 100 mm

The small difference between the different series in Figure 49 indicates that the type
of floor or thickness of the floor does not play a major role in the moment capacity of
the connections. The difference in moment capacity is between 3.2 % to 12.4 %
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  between the 120 mm spruce and pine floor, these two floors have the highest and
lowest capacity respectively. The difference in stiffness is between 6.4 % and 15.7 %
and once again it was the 120 mm spruce and pine floor but this time the pine had the
highest stiffness. One more observation that stands out is that the pine floor with the
higher density gives a result with lower capacity than the spruce floor. The difference
is small but the hypothesis was that a material with higher density would give higher
capacity and stiffness due to the in general higher stiffness [13].

5.2.3.4 Compression
In Figure 50 the mean values from the compression tests can be seen. The difference
between the series was that series B and D had inclined screws in the connection with
80 mm and 140 mm wall thickness, respectively. Series E and F only had timber in
the connection with 100 mm wall thickness in both series. The material in the floor
was also different in the series, where series B, D and E had CLT made from spruce
while series F had CLT made from pine. The last thing that was different between the
series was that series E had 140 mm floor thickness while the other floors had a
thickness of 120 mm.

The compression strength is influenced by the thickness of the wall where a thinner
wall show greater compression strength than a thicker wall. This aligns with the
results from Brandners tests [16] and the theory provided by van der Put [31]
regarding the rope effect.

Figure 50: Stress-strain curve from the compression tests in different series.

In Table 28 a summary of the calculated values from the compression test can be
seen. From these values it is also clear that the thinner wall give a higher strength and
stiffness to the connection.
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  Table 28: Calculated mean compressive strength fc.90 and mean modulus of elasticity Ec.90.
Series fc.90 [MPa] CV [%] Ec.90 [MPa] CV [%]

B 5.73 5.16 483.46 9.57
D 4.90 5.78 382.02 7.66
E 5.35 1.14 365.17 7.63
F 5.58 0.19 481.11 4.49

In general it is hard to make comparisons between the tests since more than one
parameter was changed between them. One thing that could be noticed is the higher
stiffness in Series F that used the pine floors with higher density. The increase in
stiffness when the density of the material is increased aligns with the theory [13].
The values calculated in Table 28 are in general also a little bit higher than the values
presented by Brandner [16]. The reason for this could be the addition of screws in
series B and D or the different material used in series F.

5.3 Numerical study

5.3.1 Model validation

For the validation of the model compared to the experimental tests two different input
values were used. To validate series E the results from the compression test of series
E and mean values from all tests were used. With the data from series E the springs
in the model were adjusted in the spring setup and amount of springs to make sure
that the model worked. For the validation of series A and C a mean value from all the
compression tests, i.e. series B, D, E and F, was be used as input.

In Figure 51 the comparison between the average value from the compression tests
used in the model and the values from series B, D and E can be seen. Series B and D
were the setup with screws, this means that they are not exact representation for the
strength of series A and C in compression since these two were only timber-timber
connections. Here it can be seen that the difference between Series E and the mean
value is small compared to the other series. Noted is also that both series D and E is
below the mean while series B is above the mean.

77



  

Figure 51: Comparison between the stress-strain curves from series B, D and the average of
all compression tests.

5.3.1.1 Compression test
In the validation of the model the compression values used as input were compared to
the result of the model. The stiffness of the springs were done in three different ways
to compare the different results. The result from this comparison can be seen in
Figure 52. The results from the experimental tests is the dashed line in the graph. The
three different values from the model differentiates in the stiffness of the springs on
the edge of the connection.

In all the models all of the springs except the outer most springs had an effective
width of 5 mm. For the model called ”Outer spring 2.5 mm” the stiffness of the outer
most springs has been modeled to have the same effective area over the thickness of
the wall i.e. in this case 2.5 mm effective width. For the model called ”Outer spring
5.0 mm” the stiffness of the outer most springs has been modeled to have the same
effective area as the other springs i.e. in this case 5.0 mm effective width. For the
model called ”Outer spring 2.5/5.0 mm” the stiffness of the outer most springs were
modeled to have different stiffness depending on what side of the wall the spring was
located. The spring on the outside of the wall i.e. the side with no continuous floor
beyond that side, had the effective width 2.5 mm. The spring on the inside of the wall
i.e. the side with a continuous floor beyond that side, had the effective width 5.0 mm.
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Figure 52: Compression values from test and model with different stiffness in the outermost
springs regulated with the effective width.

The model that have different spring stiffness on the inside and outside of the wall
can be said to mimic the rope effect in the CLT floor. This is thought to be the reason
why this model replicate the results from the compression tests the best. The results
showed that the model with 5.0 mm effective area of the outermost springs had a
higher strength than the input values. This was expected because this model
represents a thicker wall than what was used in the experimental tests.

5.3.1.2 Convergence study
To decide on the distance between the springs in the connection a convergence study
was done. This study was done with results from series E, i.e. 100 mm wall and
140 mm spruce without screws or acoustic layers, and load level of 1.5 MPa. The
result from the convergence study can be seen in Figure 53. The convergence study
was performed on the model that used the spring with larger influence area on the
inside. By the graph it is clear that the results starts to converge when the distance
between the springs is decreasing. For further modeling the distance of 5 mm
between the springs have been chosen. The reason for this is the small difference that
occurs when going down one more step was not worth the extra time of calculation.
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Figure 53: Convergence study on the distance between the springs in the connection.

5.3.1.3 Support conditions
The comparison of the different support conditions for the upper wall can be seen in
Figure 54. From Figure 54 the support condition with semi-clamped connection
shows similar behavior. This was the case for only load level 1.5 MPa and in general
the hinged one gave a good representation over all the load levels. The support
condition that was used in the comparison between the other test setups was the
hinged one. The reason for this was that the semi-clamped support needed calibration
depending the load level.

Figure 54: Comparison between different boundary conditions for the upper wall.

The results from the comparison between the different support conditions displays
the importance of choosing the right boundary conditions when designing in general.
This can especially be important when working with numerical models. If the
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  boundary conditions are defined in a wrong way the calculation might not give a
result due to instability. But when modelling a larger part of the structure, these
boundary conditions (on the upper wall) does not need to be considered. The reason
for this is that the wall will connect to the floor above and thereby get the correct
boundary conditions from the connection with the other element.

5.3.1.4 Series E
In Figure 55, the comparison between the results from the connection model 2 and
the test results from series E can be seen. In this series both exact values from the
compression test and generalized values were used for the springs. For all the load
levels except for 0.5 MPa the initial stiffness of the connection was lower for the
model than for the experimental test. The model with generalized springs give a
better representation of the result than the exact values.

Figure 55: Comparison between the mean value from the test series E and the results from the
model. Solid line is the experimental results, ME=Model Exact and MG=Model Generalized.

The result from series E is interesting since the general springs give a better
representation of the model connection than the exact values. That the general
springs give a higher value was expected since the stiffness in these springs was
higher than the ones in series E, see Figure 51.

5.3.1.5 Series A
In Figure 56 the comparison between the results from the advanced model and the
test results from series A, i.e. 80 mm wall and 120 mm spruce without screws or
acoustic layers, can be seen. In this series the spring value was chosen as the average
from all the compression tests from the experimental part. In this comparison the
initial rotational stiffness for all the load levels was more or less the same between
the model and the test results. The moment capacity and rotational stiffness for the
larger rotations have some variation.
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Figure 56: Comparison between the mean value from the test series A and the results from the
model.

5.3.1.6 Series C
In Figure 57 the comparison between the results from the advanced model and the
test results from series C, i.e. 140 mm wall and 120 mm spruce without screws or
acoustic layers, can be seen. In this series the spring value was chosen as the average
from all the compression tests from the experimental part. Here there was a larger
difference between the rotational stiffness and moment capacity of the model
compared to the other series that were modeled. The difference was largest on the
stiffness for the load level 0.5 MPa. The initial stiffness of the model was the same as
for the other load levels while the test results shows a much lower stiffness for the
load level 0.5 MPa.

Figure 57: Comparison between the mean value from the test series C and the results from the
model.
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  One thing that was interesting from the results in Figure 56, 57 and 51 was that the
average spring stiffness used in the model was below the results from series B. The
results from the model of the rotational stiffness in series A was also below the
results from the tests. The same thing can be seen but vice versa for series D and C
compared to the model. This means that the spring stiffness used in a model for the
rotational stiffness should take into consideration the thickness of the wall and
thereby use appropriate stress-strain curves.

Another thing that could have influenced the difference between the results from the
tests and the model was the way the CLT was modeled. In the model C24 CLT was
used, this was the same as in the tests. The difference was that the shell elements in
the model used the characteristic values for the strength of the CLT. This means that
the strength of the material in the model most likely was lower than the actual
material used in the tests. When the material have a higher bending strength the force
needed to achieve a deformation will be higher due to the stronger material. This
could be the reason that the difference between the model and the experimental
results gets larger for the higher load levels.

5.3.2 Parametric study

In the parametric study the different parameters investigated were number of stories,
different span i.e. distance between the supports, and different wall thicknesses. The
number of stories investigated were between 2–7 stories and the spans were 4, 6 and
8 meters. The wall thicknesses investigated were 80, 100, 120, 140 and 180 mm.

5.3.2.1 Number of stories
For the variation of number of stories the result from the extreme cases regarding the
boundary conditions can be seen in Table 29. These values are the upper and lower
limit for all the results being investigated.

Table 29: The deflection (u), bending moment (Mb), support moment (Ms) and eigenfre-
quency (f1) for the two outer cases of boundary conditions. Floor thickness of 160 mm, self
weight of 3.75 kN/m2 and an additional load of 2 kN/m2.

Boundary condition u [mm] Mb [kNm/m] Ms [kNm/m] f1 [Hz]
Hinged 34.2 26.02 0.0 3.74
Clamped 7.6 8.66 -17.34 8.01

The results from the upper and lower limit in the model can be compared to the
values presented in Section 5.1.2. The deformation in the model was higher than the
hand calculations while the eigenfrequency from the hand calculations were higher
than the model. The difference in the frequency between the hinged and clamped
model was a factor of 2.142. This can be compared to the value presented in Table 6
for the hand calculations that had the factor 2.268. Some of these differences could
be how the program calculates the stiffness of the elements. In the hand calculations
the equivalent stiffness method was used and the add-on to RFEM, RF-Laminate,
uses laminate theory. The way the stiffness of the element was calculated could
generate the difference between the model and hand calculations. The lower
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  deflection and higher eigenfrequency in the hand calculations compared to the model
both indicates a higher stiffness being used in the hand calculations.

In Table 30 the variation of the deflection, bending moment, support moment and
eigenfrequency of the floor structure depending on the number of stories above the
current floor can be seen. In Table 30 the results from both the models can be seen.
When the number of floors increase all the results goes towards the clamped values in
Table 29. The eigenfrequencies were not calculated using connection model 2 since
the added rigid surfaces in the connection changed the stiffness of the entire model
for the calculations. The rotational stiffness in the rotational springs for the
connection model 1 were linear and estimated based on the results from the
experimental tests and the known loads from the number of stories.

Table 30: The variation of the deflection (u), bending moment (Mb), support moment (Ms)
and eigenfrequency (f1) depending on the number of stories when using the connection model
1 and 2. Floor thickness of 160 mm, wall thickness of 140 mm, self weight of 3.75 kN/m2 and
an additional load of 2 kN/m2.

Model Stories u [mm] Mb [kNm/m] Ms [kNm/m] f1 [Hz]
1 2 26.8 21.22 -4.80 4.16
2 2 27.0 21.81 -4.06 -
1 3 24.4 19.61 -6.42 4.34
2 3 24.7 19.85 -6.04 -
1 4 22.1 18.10 -7.93 4.55
2 4 22.4 18.20 -7.68 -
1 5 20.3 16.95 -9.08 4.73
2 5 20.7 16.99 -8.90 -
1 6 19.6 16.47 -9.55 4.82
2 6 19.6 16.16 -9.73 -
1 7 18.9 16.05 -9.88 4.89
2 7 18.9 15.64 -10.25 -

From the comparison between connection model 1 and 2 the results are very similar.
This means that both the models are useful depending on the calculation performed.
To get reliable results from connection model 1 it is important to use the correct input
values. This is since the model is dependent on the rotational stiffness which is
dependent on the load level. Since the stiffness changes substantially with the
changing load level on the connection, the importance of correct input needs to be
highlighted.

In the connection model 1 where the eigenfrequency of the structure was calculated it
can be seen that it is increasing with increased number of stories. The difference in
percent between two and seven stories is an increase of 17.5 % of the eigenfrequency.
This also aligns with the results from Jarnerö, Brandt and Olsson [43] where they
saw an increase in the eigenfrequency when the number of stories increased. The
problem with the result from Jarnerö, Brandt and Olsson is that more weight was
added during the construction to the investigated floor. When the weight was added
the frequency was reduced and this is the same as presented in the CLT Handbook
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  [6]. With the added weight the eigenfrequency should have been reduced and this
was also noted. Therefore the results from when the weight was constant on the floor
can be compared. In this comparison the results from the modeling and in situ tests
by Jarnerö, Brandt and Olsson [43] are in good agreement.

5.3.2.2 Span
In Table 31 the results from the parametric study where the span varies can be seen.
For this structure a two story building was used in all cases. The outer limits of the
simply supported and clamped support conditions can also be seen in Table 31. The
influence of the clamping effect has a lower effect when the span increases. For this
parameter the connection model 1 was only used for the calculations on vibrations of
the structure. All the other values were calculated using the advanced model.

Table 31: The variation of the deflection (u), bending moment (Mb), support moment (Ms)
and eigenfrequency (f1) depending on the span. Floor thickness of 160 mm, wall thickness of
140 mm, self weight of 3.75 kN/m2 and an additional load of 2 kN/m2.

Span [m] BC u [mm] Mb [kNm/m] Ms [kNm/m] f1 [Hz]
4 Hinged 7.0 11.56 0 8.26
4 Model 5.4 9.14 -2.33 8.87
4 Clamped 1.8 3.86 -7.71 16.68
6 Hinged 34.2 26.02 0.0 3.74
6 Model 27.0 21.81 -4.06 4.16
6 Clamped 7.6 8.66 -17.34 8.01
8 Hinged 106.6 46.24 0 2.18
8 Model 89.1 39.76 -6.09 2.43
8 Clamped 22.5 15.20 -30.58 4.64

The effect of the clamping when looking at for example the eigenfrequency is
approximately the same. For the span of 4 m the increase in eigenfrequency is 7.4 %.
For span of 6 and 8 m the increases are 11.2 % and 11.5 %, respectively. This means
that the effect is more or less constant no matter how long the span of the floor is
when looking at the eigenfrequency of the floor structure.

5.3.2.3 Wall thickness
In Table 32 the results from the parametric study where the thickness of the wall
varies can be seen. The rotational stiffness used for the vibration calculations in the
simplified model for the thickness 120 and 160 mm have been estimated based on the
results from Figure 45. For this parameter the simple model was only used for the
calculations on of the vibrations structure. All the other values are calculated using
the advanced model.
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  Table 32: The variation of the deflection (u), bending moment (Mb), support moment (Ms)
and eigenfrequency (f1) depending on the thickness of the wall. Floor thickness 160 mm, self
weight of 3.75 kN/m2 and an additional load of 2 kN/m2 was used. Pressure on the wall was
0.5 MPa.

Thickness [mm] u [mm] Mb [kNm/m] Ms [kNm/m] f1 [Hz]
80 30.0 23.26 -2.65 4.23
100 27.5 21.68 -4.23 4.49
120 24.6 19.78 -6.14 4.61
140 21.1 17.83 -8.10 4.70
160 18.6 15.89 -10.03 4.82

Here the results indicates the same thing as the results from Section 5.2.3.2, this
means that a thicker wall will give a more clamped connection. For comparison the
increase in eigenfrequency from the hinged support that had a eigenfrequency of
3.74 Hz the 80 mm wall increased the eigenfrequency with 13.1 %. The 160 mm wall
on the other hand increased the eigenfrequency with 28.9 %.

5.4 General discussion

The parameters that influence the behavior of the connection is the thickness of the
wall and the load level on the wall. These are the parameters that influence both the
capacity and stiffness of the connection the most. This was observed in both the
experimental and the numerical part of the thesis. Another parameter that had
influence on the connection capacity and stiffness was the screws. The screws
influence the connection more at lower load levels than for the higher load levels.

Another parameter investigated that did not have any large influence was the floor
properties. Here both the material and thickness used were changed. From those
results the variation did not change either the stiffness or the capacity in any
significant way compared to the aforementioned parameters.

For the idea of being able to calculate the moment capacity in the connecting using
moment equilibrium it looks like it worked relatively good for lower load levels. This
could be confirmed when comparing the results in Table 11 with Table 12, 16 and 24.
The values for the load level of 0.5 and 1.0 MPa were similar in all the series. For the
load level of 1.5 and 2.0 MPa the hand calculations were overestimating the capacity
in all the series. The reason for this was most likely that the floor specimen could not
be seen as a rigid body at the higher load levels or that local plastic deformation in
the material occur. This was also confirmed by the deformations in the floor that can
be seen in Figure 34.

The ability to use moment equilibrium to predicate the results of the test setup is hard
to utilize in a real structure since most floors are supported on two or mode sides.
This means that the structure will not be unstable after a higher rotation occurs or the
maximum moment that can be taken by the wall has been reached.

In the comparison between the moments from the parametric study in Section 5.3.2
and hand calculated moments in 5.1.1 it aligns with the theory that the utilization of a
floor structure usually is below 50 % [6]. Since the deformations and vibrations are
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  not within the recommended values and the stresses are low in the material. One
thing to note is that rather high loads were used for the calculations of the
deformations compared to a normal design situation. This means that the gap from
this result is larger than it would be in a design situation.

From the numerical model it could be seen that the connection behaved as a
semi-rigid connection. This aligns with the statement from previous research [9]. The
previous research did not mention if the semi-rigid connection was closer to hinged
or clamped. From the results in the numerical model it shows that the semi-rigid
behavior in most cases is closer to a hinged connection than a clamped connection.
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  6 Conclusions

The study’s aim was to identify the behavior of a wall-floor-wall connection in a CLT
platform type building and suggesting a more accurate design method for these
connections. Furthermore, the influence of the connection properties on the structural
behavior was investigated. The behavior of these connections were identified in
experimental testing, and from numerical modeling a method to replicate the
behavior was created.

The parameters that influenced the connection most were the load level on the wall
and the thickness of the wall element. A higher load level and a thicker wall both
lead to higher moment capacity and rotational stiffness in the connection. This was
concluded both in the experimental and the numerical part of the study. As an
example, by increasing the thickness of the wall from 80 to 140 mm the moment
capacity and rotational stiffness were increased with around 200 % and 140 %,
respectively. When the load on a 80 mm wall was increased from 0.5 to 1.0 MPa the
moment capacity and rotational stiffness were increased with almost 70 % and just
below 30 %, respectively.

The behavior of the connection was not largely influenced by the material and
thickness of the CLT used for the floor specimen. This was concluded in the
experimental part of the thesis. Here the largest difference in moment capacity was
between the 120 mm spruce and pine floor where the spruce floor had around 10 %
higher moment capacity. The rotational stiffness was around 15 % higher when
comparing the spruce and pine floor but in this case the pine floor was stiffer.

The behavior of the wall-floor-wall connection showed ductile behavior. The
boundary conditions for this type of connection was semi-rigid and from the
numerical model it was concluded that the connection was closer to a hinged than a
rigid connection. It could also be concluded that there is a limited possibility to
calculate or predict the stiffness and capacity in a semi-rigid connections with
traditional methods such as EC and handbooks.

Numerical modeling with non-linear springs showed promising results in predicting
the behavior of the connection regarding both the moment capacity and the rotational
stiffness. The model however demands accurate input data to accurately reflect the
connection behavior. This input data can be hard to maintain in a general design
phase of a structure.

For further studies it is recommended to conduct more experimental tests in order to
gather a sufficient data set for development of calculation models for the specific
connection type. With this additional data a more advanced model that takes the
influence of screws into consideration could be created. This would be good since all
buildings will have some amount of screws in them for various reasons. Easier
implementation of the load dependent model into the software would also make for
easier utilization of this stiffness in the design phase of structures.
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  Appendix A: Reference point marker placement

Figure 58: Illustration of distance between markers for test setup with 100 mm wall and 140
mm floor.

Figure 59: Illustration of distance between markers for test setup with 140 mm wall and 120
mm floor.
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Figure 60: Illustration of distance between markers for test setup with 80 mm wall and 120
mm floor.
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  Appendix B: Specimen register
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  Appendix C: Hand calculations

Ultimate limit state calculations

The hand calculations were performed on a wall-floor-wall connection. The CLT
floor elements in the connections had a thickness of 120 and 160 mm both elements
with five layers. The walls used in the calculations had a thickness of 80 and 140 mm
with three and five layers respectively.

Bending moment

The first calculation step for the bending moment was to calculate the second moment
of inertia in the load bearing direction, in this case the x-direction. Eref , Ex,1, Ex,3
and Ex,5 were set to 11000 MPa. Ex,2 and Ex,4 were set to 370 MPa. bx and by were
assumed to be 1 m. The thickness of the individual layers were t1 = t5 = 30mm and
t2 = t3 = t4 = 20mm for the 120 mm floor. For the 120 mm floor the values of ai
was a1 = a5 = 105mm, a2 = a4 = 20mm and a3 = 0. For the 160 mm floor the
thickness was t1 = t3 = t5 = 40mm and t2 = t4 = 20mm. The values of ai for the
160 mm floor was a1 = a5 = 140mm, a2 = a4 = 30mm and a3 = 0.

Floor 120mm : Ix,net =
∑ Ex,i

Eref

bx t
3
i

12
+
∑ Ex,i

Eref
bx ti a

2
i = 6.827 · 108mm4

Floor 160mm : Ix,net =
∑ Ex,i

Eref

bx t
3
i

12
+
∑ Ex,i

Eref
bx ti a

2
i = 16.200 · 108mm4

The net moment of resistance was then calculated as following:

Floor 120mm :Wx,net =
2 Ix,net
hCLT

= 1.138 · 107mm3

Floor 160mm :Wx,net =
2 Ix,net
hCLT

= 2.025 · 107mm3

The bending capacity was then calculated with characteristic values of the material
were fmk = 24MPa.

Floor 120mm :Mk = fmkWx,net = 273.085 kNm

Floor 160mm :Mk = fmkWx,net = 486.013 kNm

Shear forces

To calculate the shear forces in the floor the static moment was calculated. kL was set
to 3 and tk was the thickness of the middle layer i.e 20 mm for the 120 mm floor and
40 mm for the 160 mm floor.

Floor 120mm : Sx,net =

kL∑
i=n

Ex,i
Eref

bx ti ai + bx

(
tk
2 − ak

)2
2

= 3.313 · 106mm3
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  Floor 160mm : Sx,net =

kL∑
i=n

Ex,i
Eref

bx ti ai + bx

(
tk
2 − ak

)2
2

= 6.220 · 106mm3

The characteristic shear capacity was then calculated as below.

Floor 120mm : Vk =
fvk Ix,net bx

Sxnet
= 824.169 kN

Floor 160mm : Vk =
fvk Ix,net bx

Sxnet
= 1041.799 kN

Then the rolling shear capacity and the static moment were calculated. mL was set to
be equal to 2.

Floor 120mm : SR,x,net =

mL∑
i=n

Ex,i
Eref

bx ti ai = 3.163 · 106mm3

Floor 160mm : SR,x,net =

mL∑
i=n

Ex,i
Eref

bx ti ai = 5.620 · 106mm3

The characteristic rolling shear capacity was then calculated as below.

Floor 120mm : Vroll.k =
fvk.roll Ix,net bx

SR.xnet
= 151.068 kN

Floor 160mm : Vroll.k =
fvk.roll Ix,net bx

SR.xnet
= 201.778 kN

Compression perpendicular to grain

Compression on the floor element i.e. compression perpendicular to grain, caused by
loading on the walls was then calculated. The value of kc,90 was set to 1.5 with
regards to Table 4.

Wall 80mm : Aef = by twall + 30mmby = 0.110m2

Wall 140mm : Aef = by twall + 30mmby = 0.170m2

Wall 80mm : Fc,90 = fc,90,k kc,90Aef = 412.500 kN

Wall 140mm : Fc,90 = fc,90,k kc,90Aef = 637.500 kN

Wall 80mm : σc,90 =
Fc,90
by twall

= 5.156MPa

Wall 140mm : σc,90 =
Fc,90
by twall

= 4.554MPa
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  Withdrawal capacity of the screws

The calculations of the characteristic withdrawal capacity in the screws were
performed on the screws used in the experimental part of the thesis. The diameter of
the screws was d = 8mm, the effective length for the 220 mm screw was
lef = 95mm and for the 300 mm screw it was lef = 135mm. For the angle of the
screws, see Figure 21. Since the calculations is dependent on the angle and that the
angle is different for the screws, the notation ”220mm screw (wall)” means that the
screw SWD 8x220 was used and the screw penetrates the wall first.

220mm screw (wall) : Fax,Rk =
31 d0.8 l0.9ef

1.5 cos2 α+ sin2 α
= 8.763 kN

220mm screw (floor) : Fax,Rk =
31 d0.8 l0.9ef

1.5 cos2 α+ sin2 α
= 7.169 kN

300mm screw (wall) : Fax,Rk =
31 d0.8 l0.9ef

1.5 cos2 α+ sin2 α
= 10.820 kN

300mm screw (floor) : Fax,Rk =
31 d0.8 l0.9ef

1.5 cos2 α+ sin2 α
= 9.836 kN

Embedment strength

Calculation of the embedment strength of the screws used in the experimental test
were performed. The diameter of the screws were d = 8mm and the density of the
wooden material was ρk = 350 kg/m3.

fh,k = 0.019 d−0.3 ρ1.24k = 14.537MPa

Serviceability limit state calculations

Vibration

The vibration calculations were performed on the 160 mm floor and only the lowest
eigenfrequency was calculated. To do this the self weight of the floor was needed,
this was equal to m = 385 kg/m. First the second moment of inertia for the two
different deck orientations were calculated. The floor was studied as a one meter
wide beam with b = 1000mm and a span of l = 6000mm.

IL = 3

(
b t31
12

)
2 b t1 (60mm)2 = 3.04 · 108mm4

IB = 2

(
b t32
12

)
2 b t2 (30mm)2 = 3.733 · 107mm4

Then the combined modulus of elasticity and second moment of inertia for the
stiffest direction was calculated.
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EIL = E0 IL = 3.344MPa

The final step was then to calculate the eigenfrequency using Eq. 21 from the theory
chapter.

f1 =
π

2 l2

√
EIL
m

= 4.066Hz

Deformation

The deformation of the floor was calculated on the same floor as the vibration
calculations. The only difference was that a 2 kN/m load was added as the
characteristic imposed load.

q = mg + 2 kN/m = 5.776 kN/m

Now the deformation for two different support conditions was calculated. Both
simply supported and clamped support conditions.

usimply =
5 q l4

384EIL
= 29.146mm

uclamped =
q l4

384EIL
= 5.829mm
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