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1 INTRODUCTION

1.1 Background

The timber construction sector today is increasingly moving towards prefabricated
buildings using room modules (see Figure 1), especially in urban areas. The rapidly
growing need for new and affordable living space is forcing producers to find responses
to this demand. Systemisation, simplification and the associated reduction have (again)
gained importance in today’s construction (Schickhofer & Ganster, 2018). Use of
repeated sections (modules) at the level of both building components (floors, walls) as
well of three-dimensional room units creates premises for optimised structure, lean
manufacturing, transportation, and on-site assembly.

Figure 1. Left: room module’s manufacturing; right: on-site assembly. Photos by Harmet.

Off-site production shortens the entire building process and minimises the structure’s
exposure to rain, wind, and snow, which is the main disadvantage of on-site building.
Thanks to BIM/CAD/CAM solutions and CNC machines, manufacturers’ planning,
preparation, production, and logistics are very advanced. In addition to the cutting of
structural components, the assembly of modular parts (walls, floors) and complete
modules is partially automated. Most finishing and service installations are done in a
factory, meaning that the amount of on-site work is limited to the preparation of the
ground, foundation and anchoring, and the closing of the interconnections between the
modules. The use of timber in modules is also supported by its low weight and,
consequently, by its more economical transport and assembly costs. One lift on the site
equals an entire space unit, compared to one surface (wall, floor) or beam element for
reinforced concrete.

Building construction and operations accounted for 36% of global end energy use and
nearly 40% of energy-related carbon dioxide (CO2) emissions in 2017 (International
Energy Agency and the United Nations Environment Programme, 2018). This fact forces
upon timber the responsibility to reduce CO2 emissions in the construction sector. Trees
bind carbon, which, through the use of wood, is removed from the carbon cycle for a
long time. Moreover, local use of regionally available resources avoids long transport
routes and strengthens rural areas, while also adding a positive sociological and political
dimension. Consequently, the main reasons for the entry of prefabricated modular
timber buildings into the urban construction market are the efficiency of the construction
process and stricter environmental requirements.

Solid timber was previously used as a primary supporting structure that set the
boundaries for the building. However, modern materials such as glued laminated timber
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(glulam), cross-laminated timber, and various hybrid and composite structures are
increasingly replacing or improving solid timber, creating new opportunities in building
heights and free spans. Furthermore, cross-laminated timber enables us to use timber as
a two-dimensional element with high in-plane strength and stiffness, allowing for greater
architectural freedom.

Timber connections serve the purpose of connecting individual structural elements
and building components effectively into one complete system. However, timber tends
to fail brittle when loaded in tension, and connections are also needed to ensure a
structure’s plastic behaviour. Alongside load-carrying capacity, the connection’s stiffness
and ductility (plastic deformation capacity) must be considered in design (Gehri, 1993).

In prefabricated modular multi-storey buildings, the load-deformation behaviour of
the connections affects the entire system, especially when calculating the lateral stiffness
of a structure. Due to the complexity of a modular system, complicated design and
ensuring structural integrity are the primary drawbacks and concerns in the modular
building value chain (Sharafi et al.,, 2018). Therefore, a clear and easy-to-interpret
stabilisation strategy would be an advantage. One possibility has been discussed in
literature by Vessby & Olsson (2006) and Ringhofer & Schickhofer (2014), where
continuous cross-laminated timber wall strips throughout the building’s height were
used. Such an approach ensures that horizontal loads are directly transmitted to the
foundation, thus also enabling a simplified design (Ringhofer & Schickhofer, 2014).
Expanding on this idea, an independent shear wall system for stabilisation can be
obtained, avoiding the vertical load from the adjacent structure (see Figure 2).
Independence is expressed both in the free placement of the wall and in the calculations,
where horizontal load only is applied, separated from vertical actions. A crucial part of
such a system is the shear wall connection to the foundation.

Figure 2. Independent shear wall system in modular building

Another important aspect of connection technique is related to the quick and accurate
assembly of the modules. Conventional fasteners and connectors for on-site building
may not be applicable for room modules, not only in terms of installation but also
in terms of automated manufacturing. In the same context, it would also be relevant
to introduce building recycling at the end of the lifecycle. An appropriate connection
system must ensure the possibility of replacing or reusing individual load-bearing and
non-load-bearing components or dismantling the entire structure to return the raw
material to the natural cycle.
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Prefabricated modules have great potential for highly standardised, automated, and
flexible solutions, not only at the level of construction components but also in design.
In essence, this must be strongly supported through the connection technique, considering
the abovementioned areas.

Slotted-in steel plate connected with dowels is an appropriate solution to centre the
connection, reduce local disturbances in the load transfer mechanism and increase the
load-carrying capacity and stiffness. When using self-perforating dowels instead of
smooth dowels, it is possible to overcome manufacturing-related issues of such a type of
connection and automate the production. Furthermore, threaded parts of self-perforating
dowels allow disassembling of the joint. For these reasons, a slotted-in steel plate
connected with self-perforating dowels would be an essential supplement in the modular
building value chain.

1.2 Aim and structure of the thesis

This thesis investigates the slotted-in steel plate connection with self-perforating dowels
in cross-laminated timber shear wall. The focus lies on the input parameters of the
connection design — embedment strength and properties of the dowel. The application
of the work is dedicated to the efficient use of the connection in the shear wall. In the
broadest sense, the subject is driven by bottlenecks in the construction and design of
modular houses.

Figure 3 presents the overall framework and structure of the thesis. In the parameter
study, embedment strength was researched in several unique laboratory experiments,
and the design model validated and revised using an extensive database provided by
Blass & Uibel (2007). The primary focus in this study was to find to what extent does the
range of neighbouring crossed layers influence each other.

The tests performed with slotted-in steel plate connection had two purposes:
to validate the results of embedment tests and to investigate the influence of the
properties of self-perforating dowels to the load-bearing capacity of the connection.
In addition to that, connections’ load-deformation behaviour was studied for practical
implementation. These results were used in the shear wall design.

To demonstrate the application and optimal use of slotted-in steel plate connection
in cross-laminated timber shear wall, a full-scale test was performed. Test results were
compared with the analytical method proposed by Flatscher (2017), to highlight the
importance of the design model.

‘ PREFABRICATED MODULAR TIMBER BUILDINGS SHEAR WALL SYSTEMS ‘

""""" e Hybridsster]
( * > Hybrid t
H\Timberframe Wallsystem\ mwallsystem‘i’ il Isys madl]
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Figure 3. Structure of the thesis and appended papers
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1.3 Research questions and objectives

The explicit objectives and research questions are as follows:
e How do the configuration and thickness of layers influence the embedment
strength of cross-laminated timber?
e To what extent does the range of neighbouring crossed layers influence each other?
e How do the properties of a self-perforating dowel influence the connection’s
load-carrying capacity in cross-laminated timber?
e How to utilise the connection in the cross-laminated timber shear wall maximally?

1.4 Outline of the thesis

The thesis is divided into six chapters. The second chapter discusses the requirements of
timber connections in prefabricated modular buildings and their shear-wall systems.
The primary purpose is to provide broader insight into the topic. The third chapter
focuses specifically on slotted-in steel plate connection with self-perforating dowels and
input parameters for the design. This chapter defines the main research questions.
The fourth chapter describes the methods to achieve the goals of the study. Important
information about the test specimens and embedment strength database provided by
Blass & Uibel (2007) is also summarised in chapter four. The fifth chapter presents the
results of the tests, data analysis, and proposals made based on them. Chapter six
concludes the outcome of the thesis.

1.5 New knowledge and practical applications

The thesis presents the following new knowledge:

e The factors affecting the embedment strength in cross-laminated timber for dowels
were re-analysed, and influence of the layer thickness has been found.

e New embedment strength model for cross-laminated timber with layer thicknesses
used in practice has been proposed.

e The influence of the drill tip and threaded part of the self-perforating dowel on the
connection’s load-carrying capacity has been found and explained.

e Application of slotted-in steel plate connection for the cross-laminated timber
shear wall has been proposed, and the benefits of this type of connection were
highlighted.
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2 CONNECTIONS IN PREFABRICATED MODULAR BUILDINGS

2.1 Framework

Timber connection techniques have several aspects, depending on the type of structure,
building method, and climatic conditions. In addition, feasibility, accessibility, or the
ability to dismantle building components can serve as a basis for the design. This chapter
discusses first the requirements of timber connections in general. Then, connections and
design criteria in prefabricated modular buildings are introduced to highlight the benefits
of slotted-in steel plate connected with self-perforating dowels and to provide a broader
picture and application of the research topic. Since the shear walls are an essential part
of the complete building system, some stabilisation strategies are shown in the context
of the connection technique. Finally, an alternative cross-laminated timber shear wall
system is introduced, opening the chapter for research questions.

2.2 Optimised connections

An engineer must carefully check timber connections, especially those that influence the
behaviour of building components and the complete structural system. Load-carrying
capacity, stiffness of the connection and ductility (plastic deformation capacity) are most
important to consider in design (Gehri, 1993). Figure 4 illustrates these three criteria.

[
=
w LOAD
Q
w
e} BRITTLE FAILURE
' f F_[load carrying capacity]
[ AV
Rl N\ T)DUCTILE FAILURE
Y v
\\ OPTIMAL CONNECTION | .~ p [ductilty]
\ :
{ \IDEAL CONNECTION
\ISW [stiffFess]
\\ ‘ DISPLACEMENT
—(%/ EVV V“
OPL'NMEALH = ®DUCTILE
CONNECTION " pLay  piasTic | PLASTIC

7 7% 7

Figure 4. Optimal connection criteria. Drawing is reproduced from (Schickhofer, 2009)

In overdetermined systems, the high ductility of the connections enables a
redistribution of internal forces between load-bearing structural components, reducing
the risk of brittle failure (Schickhofer, 2009; Thelandersson & Larsen, 2003). Plastic
deformation in the level of a single fastener contributes to the increase of the total
load-carrying capacity of the connection, meaning that the effective number of fasteners
ngr is equal to n as the total number of fasteners. In seismic regions, ductility is mostly
emphasised for structures exposed to dynamic loads, where energy dissipation is realised
through the joints. In that case, ductility is quantitative and is characterised by the ratio
of deformation at ultimate load F, and yielding load F,, (EN 12512(CEN, 2002)). Ultimate
load is defined as 80% of the maximum load F,,,, after reaching this value.
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Stiffness K., is mainly related to the serviceability limit state (SLS) and is characterised
by a linear part of the load-displacement curve of the connection. In a bolted connection,
additional play due to the borehole must be considered — expressed by the additional
axis in Figure 4. The consideration of stiffness is due to the need to limit the total vertical
displacement of long-span structures with multiple joints such as trusses, or horizontal
displacement (storey displacement) in shear wall systems. In ultimate limit state (ULS),
connections with high stiffness have the advantage in bracing systems, such as improving
structural performance. For more sophisticated non-linear analysis of statically
indeterminate structures, prediction of the complete load-slip curve instead of stiffness
may be required (Thelandersson & Larsen, 2003).

In design, a balance between load-carrying capacity, ductility, and stiffness must be
achieved, resulting in an optimised connection. When looking for similarities with steel
structures, a bilinear load-deformation relationship of low carbon steel would be
desirable for timber connections. High stiffness in the linear elastic part and pronounced
plastic behaviour are qualitative measures for optimal connection — see Figure 4. For
example, using a glued lap joint in a tension member, high stiffness and capacity without
any ductility can be reached. When replacing the lap joint with a glued-in rod connection,
ductile behaviour is possible but must be targeted at the steel rod to avoid possible
brittle failure modes (Tlustochowicz, 2011; Tlustochowicz et al., 2011). Commonly used
connections with dowel-type type fasteners loaded perpendicular to their axis can show
very high plastic deformation capacity, but with low stiffness and degree of utilisation of
the cross-section. For efficient use of the member loaded in tension, the load path in the
connection must be as undisturbed as possible. Holes in the connected members and
complicated load path through contact surface between dowel and timber will reduce
the load-carrying capacity by up to 50% compared to the member without connection
(Schickhofer, 2009). Furthermore, in the case of a connection with one shear plane,
additional stresses due to the high eccentricity must be considered (Rug & Ménck, 2015)
—see Figure 5 (left).

A slotted-in steel plate could be an appropriate solution to reduce local disturbances
in the load transfer mechanism and increase the stiffness —see Figure 5 (right). According
to EN 1995-1-1 (CEN, 2009a), the stiffness of the steel-to-timber connection is multiplied
by 2.0 compared to the timber-to-timber connection. When using smooth dowels
instead of bolts, the borehole play presented in Figure 4 can be ignored.

R I

Figure 5. Left: eccentric connection; right: centred connection with slotted-in steel plate
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2.3 Connection design criteria in prefabricated room modules

Three criteria (load-carrying capacity, stiffness of the connection and ductility) discussed
in Chapter 2.2 are crucial for timber trusses and frames, where brittle failure in tensile
members is somewhat likely, or stiffness of the connection plays a key role in structural
performance. The load-bearing components of a prefabricated room module — walls and
floors — are usually timber frame structures or cross-laminated timber plates. For
transportation, the reasonable dimensions of the modules are 5.3 x 14.5 m, with a height
of up to 4.5 m. In such constructions, the connections between the structural components
are generally accomplished through contact surfaces (beam-column; plate-wall), and
fasteners are used for fixing purposes. The typical timber frame and cross-laminated
timber room modules are presented in Figure 6, and relevant examples of connections
between components in Figure 7.

Figure 6. Left: timber frame module; right: cross-laminated timber module (Huf et al., 2018)
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Figure 7. Left: connections in timber frame wall element; right: cross-laminated timber room
module connections

In these connections, the requirements are more related to production speed and
automation. Trimming of timber frame parts or cross-laminated timber panel processing
in a computer numerical controlled (CNC) milling station is already part of the process
for many medium-sized companies. Automated framing stations and robot portals are
the next level of the assembly process — see Figure 8. Connections between module
components affect this in terms of process speed and cost-effectiveness. Fasteners that
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do not require pre-drilling or are quick to install — small nails, screws, and self-perforating
dowels —would be an advantage.

Completed modules are transported to the building site and assembled. At this stage
of construction, the requirements for joints between modules and connections to the
foundation are related to site erection speed, feasibility, and accessibility.

Figure 8. Left: production of a stud frame at a framing station (Kaufmann et al., 2018); right:
robotically controlled room module assembly (Huf et al., 2018)

Finally, the complete building must be able to withstand the loads assigned to it,
highlighting the need for optimally designed connections, which affects the behaviour of
the entire system. From an engineering perspective, this primarily concerns ensuring the
lateral stiffness and integrity of a structure. A modular system with its deceptive simplicity
— installation of room cells on top of each other — conceals several complications,
paradoxically related explicitly to modularity. These are explained in the paragraphs below.

The stabilising strategy of traditional buildings follows the principle where the floor
level forms a rigid diaphragm to transfer horizontal loads, i.e. wind and seismic loads,
to the shear walls. Adequate racking resistance at each floor level, down to the
foundation, must be provided to stabilise the building, schematically shown in Figure 9.
The diaphragm consists of the ceilings of adjacent modules, which are connected with a
wood-based board, such as OSB, plywood or LVL. See the principle of the room module
system and interconnections in Figure 10.

- e

_~ HORIZONTAL LOAD

! REACTION CAUSED
! BY HORIZONTAL LOAD

Figure 9. Building stabilisation principle (in one direction): floor diaphragm and shear walls
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The connection between diaphragm and shear wall depends on the shear wall type.
Determined by the height of the building and fire regulations, the use of reinforced
concrete staircase or elevator shaft is a relatively common strategy in use to ensure the
horizontal stiffness of the building. The main disadvantage of this system is the difference
in work character and tolerances, adding further operations to the construction and the
entire project. Concrete work is done on-site, while modules are produced in a factory
in a controlled environment with high precision. These tolerances must be considered
when detailing the connection between module and concrete structure. There is also a
difference in the long-term behaviour of the modules and the concrete wall. In practice,
long-term vertical displacement of around 5 mm per floor is taken into account when
designing the transition of a timber frame module to a more rigid structure. In cross-
laminated timber buildings, this issue is also investigated by Serrano et al. (2010, 2014).
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Figure 10. Principle of the interconnection between modules

Another way to stabilise the complete building is by using natural module walls. It
requires engaging the engineer in the early stages of process planning. Modules must
have a sufficient number of walls in two transverse directions placed on top of each other
throughout the building height, which sets the boundaries for architecture and restricts
the freedom in floor plans. However, the functionality of such a shear wall is questionable
for the following reason.

In the final stage, when the building is completed, inner floors and walls are doubled,
and there is free space between the room units. Modules within one storey are
connected using a wood-based board at the ceiling level, and vertical joints are found
only on the outer perimeter of the building, rather than in the modules’ intersections.
For connections between the room units on different storeys, the outer border is bound
with a wood-based board. In other places, the modules remain on one another, with a
resilient soundproofing profile between them, having no continuity in a vertical direction
against uplift — see Figure 10.

Missing structural integrity in the vertical direction against uplift sets limits for the
design of the shear wall for horizontal loads. The standard for timber structures,
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EN 1995-1-1 (CEN, 2009a) differentiates between two simplified methods for racking

resistance verification:

e Method A is most commonly used in Europe in domestic house calculations, and it
assumes the leading stud of the wall is anchored to avoid overturning.

e According to Method B, the destabilising effect is prevented by the length of the wall
base fixing (Porteous & Kermani, 2007). In the context of a multi-storey building, no
further information is given.

Kéllsner & Girhammar (2009) developed a plastic model based on Method B,
considering the real situation in common timber frame building practice. It also applies
to multi-storey buildings, presuming that walls at the floor level are continuously
anchored, and also that transverse walls can be considered. Since sufficiently large
ductility of the joints between sheathing and frame is assumed in this model, special
attention must be paid to this. The recommendations for detailing these connections are
given in (Girhammar & Kallsner, 2016).

An extended model, which considers the effect of the connections to the foundation
and between floors, when they are accomplished in a point-fixing manner (by using angle
brackets or hold-downs), was developed by Casagrande et al. (2016). The method is also
suitable for CLT shear walls. However, taking into account the principle of the modular
system in Figure 10, anchoring the leading studs or continuous sheathing in the internal
wall intersections may be complicated or infeasible. Furthermore, the anchors will affect
the reduction of flanking transmission provided by the rubber layer (Morandi et al., 2018).

One way to solve this is to avoid uplift forces in the shear wall corners by balancing
it with the module’s self-weight, which might lead to a very complex calculation.
Using finite element software, a compression-only connection between modules in
floor level requires a non-linear model. Especially complicated and time-consuming is
the modelling of timber frame with wood-based board sheathing because the shear
wall is an assemblage of one- or two-dimensional elements in the sense of finite
elements. Lateral stiffness of the wall is mainly affected by the sheathing to framing
connection (Colling, 2017). Depending on the level of detail, describing these relations in
the software will increase the file size of the model, which requires high-performance
hardware.

2.4 Cross-laminated timber for shear wall system

An alternative stabilisation strategy, which uses a continuous cross-laminated timber
wall strip through the building’s height, can be found in the literature by authors such as
Vessby & Olsson (2006) and Ringhofer & Schickhofer (2014). This type of approach to
stabilisation ensures that horizontal loads (wind and earthquake) are directly transmitted
to the foundation, also enabling a simplified design (Ringhofer & Schickhofer, 2014).

Cross-laminated timber is increasingly used as the main structure in conventional
multi-storey buildings, as well in three-dimensional modules (Huf8 et al., 2018; Kaufmann
et al.,, 2018). Its production is almost entirely automated, and building components
are prefabricated. Therefore, this product fits perfectly into the paradigm of modular
construction.

In the context of a prefabricated modular system, a continuous cross-laminated
timber shear wall could be implemented in different ways. The modules are naturally
placed as a pattern of boxes with some space between them, which allows the placement
of the shear wall without changing the main structure significantly. Avoiding any direct
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vertical load on the shear wall will make the system independent — the stabilising wall is
placed freely in a relevant position on the plan as required, also reducing architectural
planning restrictions. Moreover, the manufacturer can develop a system with repetitive
components and modules forming the main structure, and this will be combined with the
independent stabilising system. The only connection is the floor-to-wall joint to transfer
the horizontal load from the ceiling diaphragm to the shear wall. It may not be necessary
on every floor, and the connection may be omitted. Such an arrangement also minimises
the flanking transmission along with the structure. See the independent shear wall system
principle in Figure 11.
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Figure 11. Principle of independent shear wall system in modular building

One of the possible ideal outputs for such an approach is the nx[M] raster-based
standardisation and prefabrication system discussed by Schickhofer & Ganster (2018).
Raster not only simplifies the production of repetitive elements, but is also a prerequisite
for parametric design and simplified, or even tabulated calculation. It seems to be useful
to keep the module’s structure as simple as possible, preferably as a post-slab type.
Doing so makes it easier to separate non-load-bearing parts — internal walls and even
facades — from the load-bearing structure. Floors and columns of three-dimensional
room units care for the entire vertical load, while the additional part from the wind is
transferred to separate shear walls. As an example, System 369, Tallinn Pattern Building
(Project AURP, 2019) is presented in Figure 12.

The shear wall configuration may be merely a robust cross-laminated timber plate
connected to the foundation through the lower edge (see Figure 12 left) or combined
with steel columns at the side edges, presented in Figure 13. In the latter case,
the cross-laminated timber plate is loaded only in shear since the steel columns are
anchored to the foundation and will take the compression and tension caused by the
horizontal load. An additional benefit of such a system is that the shear wall may be part
of the three-dimensional room module and not separated from the main structure.
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The use of cross-laminated timber in shear walls depends significantly on the
connections (Brandner et al., 2016). In order to improve the structural performance of
the system, optimised connections, as discussed in Chapter 2.2, are crucial for exploiting
the full potential of cross-laminated timber. Studies concerning cross-laminated timber
shear walls are mostly related to the seismic behaviour of the building, and research and
developments of the connections focus on ductility and energy dissipation, while
cross-laminated timber plates are almost considered to be rigid bodies (Ceccotti et al.,
2013; Hristovski et al., 2013, 2018). Examples of commonly used angle brackets, nailing
plates and hold-downs presented in Figure 14 are investigated by Gavric et al. (2015),
Latour & Rizzano (2015); Pozza et al. (2018), for example. The majority of innovative
developments in improving energy dissipation are based on friction and steel plasticisation
in the connection. Hashemi et al. (2017) investigated Resilient Slip Friction (RSF) joints,
Polastri et al. (2017) X-rad system. A dissipative X-bracket concept was studied and
tested by Scotta et al. (2016) and Trutalli et al. (2019).

#Z""CLT SHEAR WALL-
~ LINE CONNECTION

Figure 12. Left: the principle of the System 3-6-9, Tallinn Pattern Building (Project AURP, 2019);
right: prototype of module M6 (photo taken by Egle Vogt)

7< STEEL COLUMN
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Figure 13. Left: the principle of the raster-based box system — shear walls are hatched; right:
an example of one module with steel columns
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Figure 14. Connection technique for timber building (Rothoblaas, 2019)

The main concern in non-seismic areas is wind load, and in calculations, the decisive
factor is wall stiffness rather than load-bearing capacity. Although EN 1995-1-1
(CEN, 2009a) sets no limits for horizontal displacement, a maximum permitted storey
drift of h/500 can be found in some countries on a national level, such as in the Finnish
Handbook (RIL205-1, 2017) and the German national standard DIN (DIN, 1994).
h indicates the height of the floor or building. When applying a horizontal force to
the top of the cross-laminated timber wall, four possible deflection types will occur —
(a) sliding, (b) rocking of the rigid body, (c) shear deflection of the wall, and (d) bending
(see Figure 15 ). In ordinary cases, deformation types (c) and (d) are neglected while
the contribution of the connections is determinative, except for walls with large
height-to-length ratios, see, e.g. (Casagrande et al., 2016). The most crucial part is the
connection to the foundations, as this determines the efficiency of the entire system.
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Figure 15. Deflection types of the cross-laminated timber shear wall

The angle brackets and hold-downs in Figure 14 are located outside the panel, and the
load transfer to the substructure is eccentric to the wall axis. Connections with high
eccentricity cause greater deformations and reduce the load-carrying capacity (Tomasi
& Smith, 2015). Furthermore, laboratory tests are the only reliable means for
determining design capacities for certain types of angle bracket connections. For
floor-to-wall connections, improved angle brackets for shear and tensile loads combined
with screws have been developed by (D’Arenzo et al., 2019) — see Figure 16 (left).
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However, the eccentricity at half of the wall thickness remains, and such a solution is not
suitable for connection to the foundation. Furthermore, angle brackets may be infeasible
in a modular system.

The connection should be applied to the wall centre to exploit cross-laminated
timber’s potential as much as possible. One example of a centred wall connection is
X-RAD (Polastrietal., 2017). The prefabricated system is designed to connect the
cross-laminated timber plates at corners using bolts on the building site. The corner piece
is a complex combination of steel and hardwood, screwed into the panel —see Figure 16
(right). Due to the accuracy and diverse range of joint configurations, it is a suitable
solution for building systems made entirely of planar cross-laminated timber elements.
While it is mainly intended for use in seismic areas, the failure of the connection is
targeted to the steel part to have sufficient ductility in the corner. On the other hand,
a high load concentration in the panel corner will increase the risk of unexpected brittle
failure modes. Polastri et al. (2018) registered six failure types due to the sophisticated
design of X-RAD.

Figure 16. Left: angle bracket Titan V; right: X-RAD fastening system (Rothoblaas, 2019)

Nakashima, Kitamori, Komatsu, et al. (2014) tested a cantilever cross-laminated timber
shear wall connected at the lower corners with a slotted-in steel plate using conventional
smooth dowels with a diameter of 16 mm. During the test, rolling shear, group shear,
and split failure in the corner joint with multiple dowels were observed. In the pure
tensile test with the same lamination configuration and dowel diameter of 12 mm in
multiple rows, split failure on the sides prevailed (Nakashima et al., 2016). No bolts were
used in the connection to prevent splitting. New types of failures in cross-laminated
timber connections due to the crossed layers are also noted by Zarnani & Quenneville
(2015), Blass & Uibel (2007) and Ottenhaus et al. (2016).

Another aspect of using smooth dowels is manufacturing effort. Slotted-in steel plate
connection needs precise drilling separate for steel plate as well as for cross-laminated
timber plate. Installation of the dowels is entirely feasible under factory conditions,
although, in the case of multiple steel plates, it is particularly problematic (Mischler, 2001).
For on-site assembly, somewhat greater tolerances are foreseen, which reduces the
load-carrying capacity and stiffness of the connection.

A different concept and case studies were provided by Bernasconi (2016a, 2016b).
The connections between the foundation and the shear wall, as well as between the
floors, were realised as continuous lines, not a punctual manner. T-shape steel and
self-perforating dowels were part of the connection, presented in Figure 17. According
to the author’s claims, this configuration would be the only way to avoid the
concentration of the forces in the wall panel, assure regular force flow, and maximise the
potential of cross-laminated timber.
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The second reason for avoiding commonly used angle brackets in those projects was
their low stiffness, and load resistance (also discussed previously). In addition to that,
a self-perforating dowel was considered to be the simplest solution due to the building
tolerances. Based on experience, it could be argued that installation of the self-perforating
dowel needs a considerable amount of pressure by drilling, which can be challenging to
achieve from a horizontal position on the building site. Therefore, a prefabricated solution
or semi-automatic pre-installation on the building site would be more appropriate.
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Figure 17. Shear wall connection with a T-shape steel. Left: Connection to the foundation; right:
connection in the floor level. Drawing is reproduced from (Bernasconi, 2016a, 2016b)

In addition to choosing the proper connection type for shear wall, an appropriate
calculation model can help to maximise the result obtained. Design of cross-laminated
timber shear wall includes an assessment of load-carrying capacity and stiffness.
Considering the deflection types presented in Figure 15, wall geometry and connection
properties are the input data for the equilibrium equation to resist external loading.
A comprehensive overview of the available strength assessment methods is given in
(Lukacs et al., 2019). Most of the available approaches treat connections resisting
sliding and rocking (overturning) separately, i.e., vertical and horizontal forces in the
connections do not interact and are taken by hold-downs and angle brackets accordingly.
A more sophisticated iterative method is proposed by Gavric & Popovski (2014) where
both shear and tension are considered in angle brackets, but not in hold-downs. In this
case, the corresponding properties of the connections must be defined, and as stated in
(Tomasi & Smith, 2015), laboratory tests may be the only reliable means.

In a complete building, when assuming the floor diaphragm to be rigid or semi-rigid,
the distribution of the horizontal load between the walls depends on the stiffness of
the walls (Chen et al., 2014). Five available stiffness assessment methods are also
summarised in (Lukacs et al., 2019). Four of these analytical approaches allow the
calculation of different type of deflections presented in Figure 15 when the maximum
load is acting on the shear wall. Stiffness is calculated based on total wall displacement,
which is the sum of all contributions (a)-(d).

A fundamentally different, displacement-based method proposed by Flatscher (2017)
predicts the load-displacement behaviour of the cross-laminated timber shear wall.
The most important difference for force-based models is that the outcome of the
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iterative calculation process is the maximum permissible lateral load. The model takes
into account the non-linear behaviour of the connection, and in advance, permits the
consideration of the post-maximum softening branch, if it exists. As sliding and
overturning behaviour are not analysed separately, the percentage of use of the
connection as well as contributing connections under the wall can be maximised. Elastic
deformation from panel shear and bending are added separately.

The most critical input of this calculation model is the displacement-based function to
describe the behaviour of the connection in two directions: rocking and shear. It may be
any linear, multi-linear or polynomial function; some analytical methods are discussed
and proposed by Flatscher (2017). Therefore, the connection’s precise, and clearly
predictable load-displacement behaviour is preferable. Here, slotted-in steel plate
connection with dowels may have the advantage due to its simplicity over the
conventional angle brackets and hold-downs. Steps required to implement the method
by Flatscher (2017) are described in Chapter 4.
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3 SLOTTED-IN STEEL PLATE CONNECTION WITH DOWELS

3.1 Framework

A slotted-in steel plate connection is advantageous in the load transfer mechanism,
as highlighted in the previous chapter. Therefore, this type of solution is also favoured in
building component extension joints (Gehri, 2000; Schickhofer, 2009). As they are usually
visible, smooth dowels with a round cross-section are often preferred to bolts for their
visual appearance (Blass & Sandhaas, 2017), allowing for a concealed connection.
Furthermore, in a concealed connection, exposure of steel parts to fire is diminished.
Steel elements heat up quickly under fire conditions, and the cross-sectional temperature
increase reduces the fire resistance of the connection (Erchinger, 2009).

Self-perforating dowels have been developed to overcome the issues in manufacturing,
especially in the case of multiple steel plates (Mischler, 2001). Inevitable fabrication
tolerances may reduce the load-carrying capacity due to the uneven load distribution in
the connection (Rossi et al., 2016). A special drill-tip allows for accurate semi- or fully
automated installation without pre-boring holes in timber and steel — see the example in
Figure 18 (left). The shaft of the dowel fits perfectly in the timber as well as in the steel
plate. The connection will activate without initial slip as soon as the load is applied
(cf. Figure 4), also providing a stiffer joint.

Due to the dowel’s geometry, it is naturally concealed on one side, and the cylindrical
head is easy to hide and cover with caps, see Figure 18 (right). For these reasons,
a self-perforating dowel would be an essential supplement in the modular building value
chain.

TIMBER MEMBER

CAP

ELF-PERFORATING DOWELS

SLOTTED-IN STEEL PLATE

Figure 18. Left: Semi-automated installation of self-perforating dowel (SFS-Intec, 2019); right:
concealed self-perforating dowel in the connection

This chapter briefly summarises the studies performed with slotted-in steel plate
connections and introduces design rules. Then, two types of self-perforating dowels are
presented to highlight their geometric characteristics compared to smooth dowels.
The most relevant aspects of embedment strength as one of the main input parameters
for design are outlined and then discussed from a cross-laminated timber perspective,
which raises the main research questions of this thesis.
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3.2 Previous studies on slotted-in steel plate connections

Slotted-in steel plate connections with smooth dowels are prevailingly used in trusses
and frames; therefore, the primary research is related to solid timber and glulam.
Mischler (1998) has investigated the significance of the ductility in steel-to timber
connections. Sawata et al. (2006) has estimated the shear strength of the dowel type
connection with multiple slotted-in steel plates according to the European Yield Theory,
focusing on the spacing and numbers of the steel plates, and the timber thickness.
Dorn et al. (2013) studied the load-carrying behaviour of the slotted-in steel plate
connection in detail, changing the wood density and thickness. All loading stages from
the initial contact between dowel and wood up to the ultimate load and failure were
included. Additionally, the effects of lateral reinforcement and dowel roughness were
assessed. A parametric study aimed at preventing a brittle failure in connections with
multiple steel plates was conducted by Rossi et al. (2016).

Brittle failure modes in steel-to-timber connections loaded parallel to the grain are
reviewed and assessed by Cabrero & Yurrita (2018); some approaches for the load
direction perpendicular to the grain are discussed in (Jockwer & Dietsch, 2018). In her
thesis, Sandhaas (2012) developed a three-dimensional material model for timber to
consider anisotropy, different failure modes and the combination of brittle and ductile
behaviour within one single model. In the tests made for validation purposes, dowels
made of high strength (HSS) and ultra-high-strength steel (UHSS) steel were used
(Sandhaas, 2012).

When considering the use of slotted-in connections in planar building components,
such as a shear wall, cross-laminated timber seems to be a predominant choice as a base
material. An example by Nakashima, Kitamori, Komatsu, et al. (2014) has already been
mentioned. Kanazawa et al. (2018) used this connection type in cross-laminated timber
plate corners infilled in steel frames. Application in cross-laminated timber frame
extension joints was studied and demonstrated by Kitamori et al. (2014). More detailed,
connection-specific investigations with cross-laminated timber made of Japanese cedar
(Cryptomeria japonica) have been conducted by the same authors (Nakashima et al.,
2012, 2016). A study about the effects of an arrangement of multiple steel plates in the
cross-laminated timber connection can be found in (Sawata et al., 2016). Ottenhaus et al.
(2016) and Ottenhaus et al. (2018) investigated structural performance, ductility and
overstrength of large-scale dowelled cross-laminated timber connections under monotonic
and cyclic loading. However, there is also an example of the use of slotted-in steel plate
connection in the timber frame shear wall made of mechanically joined light-weight
I-beams, I-studs and plyboard (Daerga et al., 2012).

There is very little research on self-perforating dowels, especially in cross-laminated
timber. Mischler (2001) performed tests in glulam and concluded that, thanks to the
slender dowels and not oversized holes in a steel plate, a ductile connection with high
load-carrying capacity and stiffness could be attained. Schreyer et al. (2004) compared
slender dowel-type fasteners, including self-perforating dowels under monotonic and
cyclic loading in solid timber. They concluded that the advantages of a self-perforating
dowel lie in the easier manufacturing process as well as slightly improved monotonic
stiffness and strength.

The use of slotted-in steel plate connected with self-perforating dowels in cross-
laminated timber was presented and discussed at both the conceptual and practical
(case study) levels by Bernasconi (2016a, 2016b).
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3.3 Design of slotted-in steel plate connection with two shear planes

In a slotted-in steel plate connection, the fastener is subjected to shear. The European
Yield Model (EYM) first proposed by Johansen (1949) is based on the limit state approach
and assumes that timber under embedding stress and the dowel under bending action
behave as a rigid plastic material (Thelandersson & Larsen, 2003). The load-carrying
capacity F, p for one shear plane is derived from the equilibrium condition of forces and
dowel bending moments in the connection, and is expressed as the minimum of Eq. (1).
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, Where the designations in formulas and failure mode markings (f), (g) and (h)
correspond to those given in EN 1995-1-1 (CEN, 2009a): t, - timber thickness on one side
of the steel plate, or the extent of the length of the dowel in the side timber [mm];
frn [N/mm?] - embedment strength of the timber; M, r [Nmm] - yield moment of the
fastener; d [mm] - fastener diameter. Three corresponding failure modes are presented
in Figure 19.
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Figure 19. Failure modes of a slotted-in steel plate connection

Besides the joint and dowel geometry, the strength properties of the wood or
wood-based material and the fastener must be dealt with independently. It must be
noted that in EN 1995-1-1 (CEN, 2009a), the strength values in Eq. (1) are calculated for
the characteristic instead of the mean. Therefore, additional partial safety coefficients
are used in mode (h) for steel and timber (Blass & Sandhaas, 2017).

As shown in Figure 19, in failure mechanisms (g) and (h), the fastener is inclined over
half of the length. The resulting tensile force in the inclined section pulls the fastener out
of the timber. In the event of sufficient withdrawal resistance, an increase of the
load-carrying capacity by a component parallel to the joint line may apply. The component
perpendicular to the joint line may cause friction between the steel and the timber,
which further increases connection capacity (Thelandersson & Larsen, 2003). This
phenomenon, the rope effect, is expressed in EN 1995-1-1 (CEN, 2009a) by an additional
member Y4 - Fy, gy in formulas (g) and (h), where F,, r is the characteristic withdrawal
capacity of the fastener. The rope effect does not apply to smooth shank fasteners such
as dowels, which can withstand very low pull-out forces (Blass & Sandhaas, 2017).

30



3.4 Self-perforating dowels

The most common types of self-perforating dowels in Europe are WS provided by
SFS Intec (2013) and SBD by Rothoblaas (2017) — see Figure 20 (left). According to the
Declaration of Performance (DoP) of the dowels (Rothoblaas, 2017; SFS Intec, 2013),
EN 1995-1-1 (CEN, 2009a) will apply in the design. The only exception is the yield moment
of the fastener (M,, ), which is declared in DoP.

WS is a smooth dowel 7 mm in diameter with a separate welded drill-tip and
underhead thread, which makes for quick and precise closure with the possibility to
remove the dowel. SBD’s nominal diameter is slightly larger — 7.5 mm — and it is made of
hardened steel with a drill-tip. It also has a second thread against the tip, which facilitates
screwing. Therefore, one can assume the activation of the rope effect due to the threads,
which is excluded from smooth dowels.

The concealed cylindrical head of both dowels ensures optimal appearance and fire
protection, but also determines the symmetry of the connection. Type WS has a thin,
sharp drill-tip that cannot be incorporated into the calculations. For the unconcealed
dowel, the extent of the bearing length t; is not equal in connection with two shear
planes.

The drill-tip of the SBD is part of the same alloy (see Figure 20 (right)), and there are
no indications in the product documents that this part should not be taken into account.
However, due to the complicated half-flat shape, its full contribution is questionable.
Depending on the position of the flat side of the tip in relation to the load direction in
the joint, in the most unfavourable case, 40% of the area may need to be considered in
calculations. The simplified re-calculation gives a 10mm equivalent length to be used
instead of the full extent of the tip. For example, the length of 85 mm applies for dowel
SBD-7.5x95 instead of the actual length of 95 mm.

Thread
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Figure 20. Left: dowels WS (SFS-Intec, 2013) and SBD (Rothoblaas, 2019); right: SBD tip dimensions

3.5 Yield moment of the dowel

EN 1995-1-1 (CEN, 2009a) specifies the analytical expression for the characteristic yield
moment M, gy :

MY,R =03 'fu,k -d*® (2)

, where d [mm] - fastener diameter; f,, [N/mm?] - characteristic tensile strength of the
fastener.

Eqg. (2) was derived by (BlaR et al., 2001) with the assumption that dowels with a large
diameter do not reach the full plastic hinge because of the low bending angle when the
connection is tested up to 15 mm deformation, as stated in EN 26891 (CEN, 1999).
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In general, the bending angle increases as the fastener diameter decreases, in which case
it might be reasonable to use an equation from mechanics theory (Meyer, 1957):

1

Myp =5 fy & 3)

In doing so, the yield strength f, = 0.8 f,, needs to be used to consider strain
hardening at large bending angles (Thelandersson & Larsen, 2003). As such, steel grades
with a yield-to-ultimate strength ratio of about 0.65 are considered (BlaR et al., 2001).
However, this is not the case for dowels made of HSS and UHSS as found in (Sandhaas &
van de Kuilen, 2017): the yield-to-ultimate strength ratio was 0.94 for both HSS and UHSS
dowels. As mentioned previously, M, for self-perforating dowels is declared in DoP.
Corresponding values are M,, g ;. = 31.93 Nm for WS, and M,, g, = 42.0 Nm for SBD.

3.6 Embedment strength in solid timber

In EN 383 (CEN, 2007), embedment strength is defined as the average compressive stress
at ultimate load in a piece of timber under the action of a stiff linear fastener. By testing,
the axis of the fastener must be perpendicular to the timber surface and the fastener
loaded perpendicular to its axis. Embedment strength is a system’s property, characterising
the interaction between fastener and wood (Blass & Sandhaas, 2017; Ehlbeck & Werner,
1992). Therefore, the testing method and conditions have a great influence on the
results.

Three available testing standards are the European EN 383 (CEN, 2007), American
ASTM D5764-97a (ASTM International, 2018) and the international 1ISO 10984-2 (ISO,
2009). Detailed information about these documents is provided in (Franke et al., 2018),
but the fundamental choice stands for the full-hole or half-hole testing method. The first
one presents the conditions around the fastener more accurately, similar to the real
connection. However, the result may be affected by dowel bending in the case of slender
dowels — it is possible that the full plastic capacity of the timber will not develop before
failure occurs (Pope & Hilson, 1995). If the fastener bends, the stress distribution is not
uniform, which may trigger the splitting (Mischler, 1998). The slenderness A — the ratio
of specimen thickness to fastener diameter — is limited to four in EN 383 (CEN, 2007).

In order to achieve comparable results, the specimens must be conditioned at
ambient conditions (20°C/65% RH) to constant moisture content before testing. It is
known that increasing moisture content will decrease the embedment strength
(Koponen, 1991; Rammer & Winistorfer, 2001). Gehri (1982) claims, based on tensile
tests with bolts in slotted-in steel plate connection, that a 3% change in load-carrying
capacity for every percentage point difference in moisture content will apply. The same
relation, but for compression strength parallel to the grain, is given in EN 384 (CEN, 2016).
In the case of hardwood, Hiibner (2013) found that the embedment strength changed
3% when loaded perpendicular to the grain; the corresponding value for parallel to the
grain was 4%.

The surface of the dowel will also have a considerable influence. Schmid (2002) found
that a rough surface may increase the embedment strength of up to 13.8%. In the case
of very smooth dowels, the value decreased by 8.2% compared to the reference series.
FEA and tests measured with contact-free measurement system conducted by Sjodin
et al. (2008) will confirm this. They also show the effect of friction between the timber
and dowel on the failure mode and result variability. However, the exact roughness is
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usually not declared by the scientists, only the steel grade and description of the coating
(smooth/galvanised dowel; strength class S235, e.g.).

In general, the circumstances that the designer cannot influence are not declared or
mentioned but may be relevant to the interpretation of the test results. For example,
the annual ring orientation does not directly affect embedment strength value (Hibner,
2013). Still, it may help to avoid splitting in a direction parallel to the grain when they are
oriented about 45 degrees to the dowel’s axis (Sandhaas et al., 2010). The poor quality
of the drill hole with torn fibres may reduce the embedment strength compared to the
precisely made holes (Spork, 2007). In contrast, an oversized hole up to 2mm does not
show a significant influence on the embedment strength (Koponen, 1991).

The much more significant impact has the evaluation method, which may lead to
incompatibility in results between studies. Franke & Magniére (2014) found a difference
of embedment strength up to 76% and stiffness up to 200% by taking the load value
corresponding to an absolute displacement of 5 mm as recommended by EN 383 (CEN,
2007) and by offsetting the elastic-linear part of 5% of the fastener’s diameter as
suggested in American ASTM D5764-97a (ASTM International, 2018). This topic is still
under discussion (Franke & Magniére, 2014).

In EN 1995-1-1 (CEN, 2009a), embedment strength for dowels loaded parallel to the
grain is expressed by the empirical Eqg. (4), which is based on an extensive number of
tests by (Ehlbeck & Werner, 1992; Whale et al., 1987) and was proposed for design code
in (Ehlbeck & Werner, 1992):

fuo = 0.082(1 — 0.01d)p (4)

where fp, [N/mm?] - embedment strength parallel to the grain; d [mm] - diameter of
dowel-type fastener; p [kg/m?] - density of wood. There is an assumption that the same
relationship will apply for characteristic values (Whale, Smith, & Larsen, 1987), as it is
presented in EN 1995-1-1 (CEN, 2009a).

It turns out, from the designers perspective, dowel diameter and wood density are
the only properties to determine for the Eq. (4). It has been agreed on the embedment
strength increases linearly with density (Thelandersson & Larsen, 2003). However,
Hibner (2013) proposed the model for embedment strength in hardwood where the
influence is exponential, namely p*-7 for characteristic value. The same applies to dowel
diameter — Hiibner (2013) showed that embedment strength does not increase linearly
with decreasing diameter, as it turns out from the Eq. (4). It is instead punishing for small
dowel diameters, and in the proposed model, the exponent d~%2 was used. Traetta &
Schickhofer (2007) tested pine (Pinus sylvestris) and spruce (Picea abies), and found the
ratio to the diameter d=%15,

According to (Hankinson, 1921), the crushing strength value in solid timber is highly
dependent on the load-to-grain angle. In EN 1995-1-1 (CEN, 2009a) the reduction of
embedment strength value for fasteners with pre-drilled holes by increasing load-to-
grain angle a [°] is expressed by Hankinson’s function and factor kq:

fra = Iug (5)

koo sin? a + cos? a

Depending on the type of timber and dowel diameter, embedment strength for dowels
loaded perpendicular to the grain is approximately 30-45% lower than parallel to the
grain.
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3.7 Embedment strength in cross-laminated timber

Dowels inserted on the plane side of cross-laminated timber are in a unique situation —
the fastener penetrates the panel layers, which are perpendicular to one another.
Load-to-grain angle changes within the timber and dowel contact area, and the
embedment strength is differentiated along the dowel. The formulas in Eq. (1) are derived
with an assumption that embedment value is constant within the bearing length t;.

Blass & Uibel (2007) showed that applying EYM for cross-laminated timber leads to
very complex equations even in the simplest case — they derived equations for steel to
three-layer cross-laminated timber connection with one shear plane. (Pirnbacher et al.,
2006) expanded Johansen’s theory in cross-laminated timber and performed a parameter
study for three-layer timber-to-timber connection with one shear plane. Both studies
conclude that in order to solve all possible failure modes, the use of electronic data
processing software would be appropriate. Sawata et al. (2016) tested connections with
five-layer cross-laminated timber and two slotted-in steel plates and compared the
results with the theoretical calculation. The application of Johansen’s theory ended up
with a thirty-nine yield mode, which is far from a practical solution. An alternative design
approach is proposed by Nakashima, Kitamori, Mori, et al. (2014), but this applies only
for a particular layer configuration.

Blass & Uibel (2007) proposed using a homogenised embedment strength in EYM
instead of differentiated value. They showed that depending on the load direction
relative to the outer layers of cross-laminated timber, load-carrying capacity might differ
from the exact solution by to 4-6%. Therefore, it is appropriate to maintain the original
form of the design model and treat the embedment strength as a constant value within
the connection, similar to solid timber.

Current standards do not provide an analytical formula for embedment strength in
cross-laminated timber. Blass & Uibel (2007) proposed two models based on extensive
testing according to EN 383 (CEN, 2007), although the standard is intended for a
homogenous embedment characteristic of solid timber. However, it is suitable for
laminated products such as glulam and cross-laminated timber when assuming similar,
uniform embedment behaviour. Model 1 considers the build-up ratio of the panel,
whereas Model 2 does not. These are expressed as follows:

fh,p‘red,l =
120 i=1 o,
= 0.032(1 = 0.015d)p [tCLT(1.6sin2a + cos?a) (6)
2iz1too ]
terr(1.6cos?a + sina

0.035(1 — 0.015d)p*16
1.1sin%a + cos?a

(7)

fh,p‘red,z =

where d [mm] - diameter of dowel-type fastener; p [kg/m3] - density of wood;
to,; [mm] - thickness of the layers parallel to the grain direction of the outer layers;
too,; [mm] - thickness of the layers perpendicular to the grain direction of the outer layers;

tcrr [mm] - thickness of cross-laminated timber panel; a [°] - loading angle to the outer

layers. Both models are applicable in the build-up range { = % =0.95...2.1.
90,j

The correlation coefficients of Eq. (6) and Eq. (7) arer =0.77 and r = 0.75, respectively.
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Kennedy et al. (2014) developed a design equation for embedment strength in
cross-laminated timber for threaded fasteners — lag screws and self-tapping screws.
There, tests on unthreaded portions of the lag screw were included. A new model is
independent of the panel layup and the fastener diameter and considers density and the
loading angle as the only variables.

Dong et al. (2020) investigated the influence of the four factors on embedment
strength in cross-laminated timber — density, loading angle, fastener’s diameter, and
thickness ratio of a transverse layer (TRTL) to the total thickness — tests were based only
on the three-layer specimen. Contrary to the findings of Kennedy et al. (2014), diameter
as influencing parameter is represented in the model. Since the formula also includes
TRTL value, according to the author’s conclusion, it can be used for glulam as well. In the
case of TRTL =0, all layers are parallel to the load direction, while where TRTL = 1, layers
are perpendicular.

It must be emphasised that the last two approaches were derived according to the
half-hole test and 5% evaluation, while the full hole test and 5mm evaluation was the
base of Eq. (6) and Eq. (7). Therefore, as mentioned previously, the comparison of models
on different bases may be questionable. However, laterally loaded fasteners inserted via
side face of cross-laminated timber behave in a mostly ductile manner. Thanks to the
orthogonal layup, where transverse layers act as a natural reinforcement, early failures
in tension perpendicular to the grain are prevented (Ringhofer et al., 2018). It is clear
that adjacent layers are affected by each other — having a locking effect — and this fact
should give an advantage to the full-hole test, which describes the situation in the
connection more realistically.

Eg. (6) and (7) were developed based on experiments with three- and five-layer
specimens (Blass & Uibel, 2007). It seems reasonable given the conditions in the real
connection. Although there are seven- or even nine- and eleven-layer cross-laminated
timber panels in the market, it is unlikely that more than five layers will be affected if
EYM is applied in the connection design.

The complete overview of specimen configurations tested by Blass & Uibel (2007) is
presented in Chapter 4, but highlighting here the specificities of the database, mostly
thin layers from 3.5 to 17 mm have been used to produce specimens. It was probably
grounded due to the dowel slenderness limit set in EN 383 (CEN, 2007). For example,
maximum specimen thickness 64 mm for dowel diameter 16 mm does not leave
much room to configure the five-layer panel with thicker layers. For a 12 mm dowel,
the corresponding value is 48 mm. The most common panel thicknesses in the market
start from 90 mm and layer thicknesses from 20 mm. This is the drawback of the full-hole
test — the possibility to test common configurations in practice is limited.

The applicable build-up range { = 0.95 ... 2.1 in Blass & Uibel model means that 33 to
51 % of layers in the panel are transverse — TRTL as mentioned above. Dong et al. (2020)
tested specimens with TRTL values of 0, 0.2, 0.33, 0.4, 0.5, 0.6, and 1.0. They concluded
there were significant differences between embedment strength of these groups.
However, two extreme values at each end are not relevant in practice, two of which are
glulam. It is also important to notice that the conclusion was based on absolute strength
values; the effect of the density was not considered.

Although TRTL may seem appropriate from a testing point of view, it could be
irrelevant in the connection. Figure 21 (left) presents a cross-laminated timber
connection with one shear plane. Both connected members have the same TRTL value,
but obviously, the adjacent layers in both panels will interact differently. A middle layer
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ina 60 mm member is more likely to be affected than the middle layer in the 120 mm panel,
which raises the question of the importance of the thickness of the layers. In other words,
to what extent does the range of neighbouring crossed layers influence each other?

This query is also relevant for a slotted-in steel plate connection, especially with
self-perforating dowels. In Figure 21 (middle and right), a slotted-in steel plate connection
in cross-laminated timber is presented. In both cases, the load is applied parallel to the
grain direction of the outer layers. In the middle figure, the load-bearing conditions for
the smooth dowel on both sides of the steel plate are equal. Furthermore, due to the
relative thick middle layer compared to the thickness of a steel plate, a parallel layer is
likely next to the shear plane.

In contrast, in the right figure, the middle layer is almost entirely missing due to the
slot. Taking into account even the slightest manufacturing tolerance or misplaced slot,
embedment conditions on either side of the steel plate may be completely different.
Moreover, as already described in Chapter 3.1, self-perforating dowels are naturally
concealed on one side, and this will lead to a situation where not every layer is
penetrated. In the particular case in Figure 21 (right), the locking effect on the left side
of the steel plate is more likely; the worst scenario is on the right: the crossed layer is the
only bearing layer.

‘ F RN 20 20 20
40 4040 20 20 0 40 40 40 40 20 20
T T |
7//7 7} /SMOOTH DOWEL / /S%WQFLERFORAT'NG
9 14 A
| L 20 20 6 6 20 20
Savimns iomiEs TS T
T W]
N N R BN 1 i BN\\RWE
STEELPLATE  DRILLTIP

LAl {%STEEL PLATE

Figure 21. Left: cross-laminated timber connection with one shear plane; middle: symmetrical
connection with slotted-in steel plate and smooth dowel; right: unsymmetrical connection with
slotted-in steel plate and self-perforating dowel

The previous discussion was motivated mainly by the geometrical nature of the
cross-laminated timber connection. However, when estimating the embedment strength
in cross-laminated timber with a model proposed by (Blass & Uibel, 2007), both studies
— (Kennedy et al., 2014) and (Dong et al., 2020) — found that the mean value is
overestimated. But once again, it must be emphasised that these experiments were
carried out on different bases.

This thesis investigates the embedment strength in cross-laminated timber based on
the database provided by Blass & Uibel (2007) and several unique experiments.
The primary focus is on the effect of the thickness of adjacent layers.

The tests performed with slotted-in steel plate connection had two purposes:
to validate the results of embedment tests and to investigate the influence of the
properties of self-perforating dowels (especially geometrical) to the load-bearing
capacity of the connection. Full-scale cross-laminated timber shear wall tests were done
to highlight the benefits of this type of connection.
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4 METHODS

4.1 General
The following experiments were performed to achieve the objectives of this thesis:

e Connection tests
e Embedment strength tests
e  Full-size shear wall test

The corresponding sub-chapters first describe the test methods and evaluation of the
results. Then, the detailed description of test specimens is given. Lastly, the basis of the
data processing, description of selected validation models and methods to develop the
model (if relevant) is presented.

It is essential to note that the same type of wood — European spruce (Picea abies) —
has been used in all of these experiments.

As the primary input parameter in connection design, the embedment strength was
studied together with the existing database compiled by Blass & Uibel (2007). A summary
of relevant information on these tests and specimens is also provided here.

4.2 Connection tests

4.2.1 Test methods and evaluation of the results
The standard for the determination of connection strength and deformation
characteristics is EN 26891 (CEN, 1999). All specimens were loaded on a Zwick/Roell Z250
testing machine, while displacements were measured with LVDTs and recorded with an
HBM Quantum MX840B universal amplifier and Catman DAQ Software (HMB, 2019).
Loading followed the protocol set out in the test standard and was continued up to
the failure point — see Figure 22. The standard states that loading must be adjusted so
that the maximum load is reached within (480 + 150) s after the preloading phase —
point No. 21 in Figure 22. The estimated maximum load was found in preliminary
experiments. The machine was controlled by force for up to 70 % of the estimated load.
The displacement-controlled regime was applied starting from that point (No. 27).
Connection strength is defined as the maximum load before deformation of 15 mm.
For specimens loaded over this limit, the load-carrying capacity was taken at 15 mm.
After completing the tests, clear wood samples were taken to determine moisture
content by performing an oven-dry method and the density by measuring the specimen
dimensions. If the moisture content differed from the reference value u,.; =12%,
density was corrected according to EN 384 (CEN, 2016) by the following:

Peorr = P[1 = 0,005(u — Upef )] (8)

, where p [kg/m?®] - measured density of the specimen; u [%] - moisture content at
testing ; u,.; [%] - reference moisture content.

Apart from connection tests, the yield moment of fastener M,, and tensile strength f,
were determined experimentally based on standards (EN 409, 2009) and (EN 1383, 2016)
accordingly. Bending tests were carried out at the Karlsruhe Institute of Technology.
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4.2.2 Description of the tested specimens

The connection under study was the 6 mm slotted-in steel plate (S235), connected in a
100 mm cross-laminated timber with self-perforating dowels SBD-7.5x95 (Rothoblaas,
2017) — see Figure 23 (left). The test specimen had five layers of 20 mm each. Due to the
7 mm slot in the middle, in the ideal case, the lamella configuration on one side of the
steel plate (one shear plane) was 6.5+20+20 = 46.5 mm.

Additional tests with longer dowels SBD-7.5x195 and the same specimen thickness
were carried out to identify the influence of the drill tip and possible rope effect.
Also, dowel types WS-7x95 and WS-7x153 or WS-7x233 (SFS-Intec, 2013) were used to
see the impact of the yield moment of the fastener. The positioning of all tested dowels
with respect to the specimen thickness is presented in Figure 24.

All connections were loaded in tension and therefore anchored to the base plate with
threaded bars and bolts. Loading angles were varied parallel, perpendicular and at an
angle of 45 degrees to the grain of the outer layers. Fixing of the specimen, measuring
points and an example of a 45-degree sample is presented in Figure 23 (middle and
right, respectively). In order to reduce the risk of splitting, the area around the
connection was held together with full threaded screws or clamping crews. However,
this measure was only necessary for specimens with long dowels (without threaded part
inside the timber).
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Figure 22. Left: loading procedure, according to EN 26891 (CEN, 1999) and EN 383 (CEN, 2007).
Note: time axis represents a condition for EN 383, the corresponding value after preloading phase
in EN 26891 is 480 + 150 [s]; right: idealised load-deformation curve and measurement
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Figure 23. Left: tested connection type; middle: the principle of the specimen; right: an example of
45-degree specimen (reinforced)
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Figure 24. Positioning of longer dowels to avoid possible rope effect

Different setups with one, four and five dowels in one row (together with two rows)
were tested for specimens 0 and 90 degrees. For 45-degree samples, dowel placement
followed the shape of the corner in some cases. In addition to the initial test, pieces
around the connections and anchorage area were cut out for embedment tests. These
are specified in Chapter 4.3.2.1.

Figure 25 presents the steps for loading and cutting the specimens. Table 1 summarises
all connection tests, including the number of samples, loading angles and densities.
It must be noted that density values were calculated as mean values based on all samples

cut from the upper part of the specimen, including the density of embedment test
samples next to the connection.
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Table 1. Configurations and densities of connection test specimens. « is loading angle to the grain
direction of the outer layers

Density p [%]

Dowel All dowels | Number Group’s All All cv
type in one row of tests mean, mean, 0.05, [012]1%
u=12% u=12% u=12%
SBD
7.5%x95 2 11 4 467
8 |4 3
105 1
0° SBD
7.5x195 2 11 4 460
8 |4 1
WS
7x153 8 |4 2 460
SBD 10 | p!aced
7 5x95 according to 2 460
’ Figure 25
>BD azc‘clz)rpcll?r?e(:o 1 453
7.5x195 o 2gs
45° g 465 444 2.8
WS 3 | placed
7x233 according to 4 455
Figure 25
WS
7x233 6 |3 2 458
WS 7x95 6 |3 2 469
>BD 2 |1 4
7.5%x95 472
8 |4 4
105 1
90° SBD
7.5x195 2 11 3 470
8 |4 1
WS
7x153 8 |4 1 483
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Figure 25. Steps taken for loading and cutting of specimens

4.2.3 Methods for data validation and comparison

EYM, expressed by Eq. (1) presented in Chapter 3.3, was used to validate the test results.
The corresponding input parameters are given in the results chapter. For comparison of
the results of different groups, test values were referenced to mean density by following:

pmean>c
p

, where F [N] - test value; p [kg/m3] - measured density of the specimen;
Pmean Lk8/M3] - mean density of specimen groups; ¢ - exponent found by experiments.

F:F( (9)
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4.3 Embedment strength tests and databases

4.3.1 Test method and evaluation of the results

All the uniqgue embedment test series were done on a Zwick/Roell Z250 testing machine,
according to EN 383 (CEN, 2007) (full-hole test, loaded in compression). Displacements
were measured with LVDTs and recorded with an HBM Quantum MX840B universal
amplifier and Catman DAQ Software (HMB, 2019). The steel apparatus for specimens of
different thickness is presented in Figure 26. Thick side blocks were used to avoid elastic
deformations and keep the dowel as straight as possible.

L L A

© 144 F
— ‘ ]
DOWEL |+ 1 & 2LOADING [ | |
e0,129 |1 T , : ( T
MEASUREMENT ﬁ © % % '\PACE),/:,ST%REMENT .
POINTS DOWEL@Z10 | | |
N L] | (@12),12.9
100 |
N0 15 40P 10 qgp 10 0 49 4740 30
i T’ ek A AT

Figure 26. Steel apparatus for tested specimens. Left and middle: for up to 100 mm specimen; right:
for up to 45 mm specimen

The standard states that loading must be adjusted to ensure the maximum load is
reached within (300 * 120) s after the preloading phase — point No. 21 in Figure 22. For
up to 70 % of the estimated load, the machine was controlled by force. The displacement-
controlled regime was applied starting from that point (No. 27).

The parametric study TMS (described in Chapter 4.3.2.2) had to be approached
somewhat differently, as there were tests on both glulam and cross-laminated timber for
comparison reasons. Due to the different maximum load level that defines the estimated
load Fpqyx est, displacement-controlled loading of 0.8 mm/min was applied directly after
the preloading phase. Therefore, glulam always achieved maximum load slightly before,
and cross-laminated timber after the timeframe set in the standard.

The embedment strength was calculated according to Eq. (10):

_ Fmax (10)
fa=1

where d [mm] - diameter of the dowel; t [mm)] - thickness of the test specimen.
Maximum load F,,,, [N] is defined as the highest value achieved at a deformation of
5 mm, load at 7 and 9 mm was also recorded.

After completing the tests, clear wood samples were taken to determine moisture
content by performing an oven-dry method and the density by measuring the specimen
dimensions. Unlike the connection tests, the density was strictly determined next to the
embedment area only. The test results, which were influenced by knots, were excluded
from the database. If the moisture content differed from the reference value u,.f = 12%,
density was corrected according to Eq. (8).
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As noted earlier, embedment strength value depends on the moisture content, and
therefore, all results were normalised before data processing and analysis. This was done
according to EN 384 (CEN, 2016), which states, “test values for compression parallel to
the grain of specimens not tested at the reference moisture content shall be adjusted by
the following”:

fc,o,corr = fc,O + fc,O ' [0-03(u - uref)] (11)

, Where f,, [N/mm?] - measured compression strength parallel to the grain of the
specimen; u [%] - moisture content at testing ; u,.r [%] - reference moisture content.
Note: here, measured embedment strength f;, instead of f, , was used.

4.3.2 Description of the tested specimens

Embedment strength in cross-laminated timber has been studied using the test specimen
groups listed below, from now on referred to as “databases”. The abbreviations of the
databases are explained in the corresponding sub-sections.

1. Database TO: samples cut from connection test specimens.

2. Database TMS: a parameter study.

3. Database 50/50: specimens with build-up factor { = 1

4. Database BU: the existing database provided by Blass & Uibel (2007).

4.3.2.1 Database TO: samples cut from connection test specimens

Since part of the results are published in (Tuhkanen & Ojamaa, 2019), the abbreviation
TO is used hereafter. The cutting of the samples was already presented in Figure 25.
The final dimensions are shown in Figure 27, which satisfy the minimum requirements
set out in EN 383 (CEN, 2007). Test pieces cut next to the joint had a total maximum
thickness of 45 mm instead of the original 46 mm. The thin layer thickness was around
6.5 mm, depending on the accuracy of the slot in the connection test specimen. The outer
layer was planed slightly to fit better in the steel apparatus; therefore, the thickness was
somewhat thinner than 20 mm. The test piece from residue had five layers of 20 mm,
for a total thickness of 100 mm — see Figure 27 (right).

For the 45 mm-thick specimens, dowel diameters 10 and 12 mm were used, while
100 mm specimens were loaded with a dowel of diameter 20 mm. According to
EN 383 (CEN, 2007), the recommended thickness should not be greater than four times
the diameter, which does not meet the requirements set by the standard. However,
to prevent plastic deformations in the dowel, all diameters with a strength class 12.9
according to 1SO 898-1:2013 (ISO, 2013) were used. Additionally, side blocks of steel
apparatus (see Figure 26) were made 40 mm thick to clamp the dowel ends and reduce
elastic bending. The measured tensile and yield strengths of 20 mm dowel according to
EN ISO 6892-1 (CEN, 2009b) were 1347 MPa and 1293 MPa, accordingly. A simple FEA
showed maximum elastic deformation of the 20 mm dowel in the middle of the
span should not exceed 0.3 mm. Being sufficient for the purposes, only one dowel of
each diameter was used for all tests and no residual deformation was measured.
The surface of the dowels was not measured but can be described as slick.

Table 2 summarises all tests in the database TO, including loading angle «, diameters,
build-up factors ¢ and the number of samples.
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Table 2. Test and specimen parameters of Database TO. a is loading angle to the grain direction of
the outer layers

Dowel Sp.eC|men Build-up ratio Number p [ﬁ] v
a @ thickness _ Yto, 0
[mm] [mm] { = Zt—goj of tests  mean, 0.05, [012]1%
’ u=12% u=12%
] 10 45 ~175 48 466 427 4.7
0 12 45 28 469 423 5.3
20 100 1.5 10 470 447 3.8
45° 20 100 1.5 12 459 432 4.1
. 10 45 ~175 53 476 435 6.2
90 12 45 28 475 434 4.8
20 100 1.5 11 471 453 2.5
ALL SPECIMENS 190 471 429 5.2
t=100mm DOWEL £20; 129
@10 @12 1 5
{} V,QI <[rrax 45 . @
2 LOADINGT-— {L ¥ 1 \/ ‘
g (=
!

| [{1
\ il
. | ]
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| ~65 185 L il
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= 2 4 + g 202 02
100 L0 ¢ : 430 L Lo100

Figure 27. Embedment strength specimen dimensions in the database TO

4.3.2.2 Database TMS: a parameter study

The aim of parameter study TMS (abbreviated from the names of the authors), published
in (Tuhkanen et al., 2018), was to analyse the failure pattern and embedment strength
and stiffness values of cross-laminated timber by increasing the number of layers and
decreasing layer thickness.

The full thickness of the specimen was 100 mm, and the build-up ratio { kept constant,
namely ¢ = 1.5. The number of layers varied between 3, 5 and 9 layers, with 20
repetitions for each type, for a total of 60 specimens. The base material, boards with a
cross-section of 50x100 mm, was distributed in 20 groups to obtain as equal density for
each group as possible. For this purpose, each board was measured, weighted and the
moisture content was found with electromagnetic moisture detector. Then, the density
of the board was calculated and referenced to the moisture content of u,.r =12%.
After that, the boards were ranked by corrected density and distributed to the groups.
As a result, the mean density of each group did not differ by more than 5%.

Every group contained five boards, and from each group, three cross-laminated
timber and three glulam specimens were produced. Every board in one group was
divided into four and flitched to the required thickness. Then, every individual fourth was
halved — one for cross-laminated and one for glulam specimen. The purpose of the
corresponding glulam specimens was to find the influence of the adhesive surface
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strength. A 160 g/m? Purbond adhesive film and the hydraulic press was used to glue the
pieces. Samples were conditioned (20 °C, 65% RH) until mass constancy was reached.
The cutting schema of the boards in one group and distribution between series by the
example of a 5-layer sample is presented in Figure 28, the configuration of all glulam and
cross-laminated timber specimens in Figure 29 and Table 3.

o, ar
I 3-SHEETS
| 5-SHEETS
‘ 9-SHEETS
[30mm 20mm T10mm "T0mm |
! ! | RN
[20mm "20mm "T0mm "T0mm ]

\\)

| | | %
mm 120mm 1 20mm 120mm

3| [40 20 ‘20 ‘20 |

4| [20mm 120mm [10mm | 10mm |
| w [ %

[30mm [20mm [10mm [10mm ]

Figure 28. Cutting schema for boards and distribution between series by example of five-layer
specimen (Tuhkanen et al., 2018)

GLULAM . CROSS-LAMINATED TIMBER ¢=1.5
_ 100 100 100 100 100 100
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I RN L TLTLT NI
304030 2020 20 4X104X10 304030 20 20 20 4X104X10
20 20 20 20 20 20

n=3 n=5 n=9 : n=3 n=5 n=9

Figure 29. Configuration of the specimens in the parameter study TMS

Table 3. Specimen parameters of the database TMS

Number Build-up
. ratio Build-up: thickness  Number Dowel
Group Series of
of lamellas of tests 0]
layers
¢
GLT 3 3 - 30-40-30 20
GLT 5 5 - 20-20-20-20-20 20
Glulam 10-10-10-10-20-10 20
GLT9 9 i 10-10-10 -
Cross CLT3 3 30-40-30 20
laminated CLT5 5 15 20-20-20-20-20 20
timber CLT 9 9 ' 10-10-10-10-20-10- 20
10-10-10
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An additional means of keeping the conditions for test pieces as equal as possible and
thereby minimizing influence parameters was by noting the knots. Segments of the
boards in Figure 28 were selected visually to obtain a knot-free testing zone for all
specimens — see Figure 30. All measurements of samples will satisfy the requirements in
EN 383 (CEN, 2007), except the thickness. However, the same high-strength dowel
diameter 20 mm described in Chapter 4.3.2.1 was used.

N | KNOT-FREE ZONE
@ MIN.2120mm
DOWEL g20mm
%.".y

Figure 30. Left: measurements of specimens and knot-free zone; right: visual selection of layers for
5-layer cross-laminated timber specimen

350

In Table 4, mean values, the 5 %-quantiles, and the CV of the density of tested specimens
are presented in consideration of layer number.

Table 4. Density values of the database TMS

Pmean Pos v
n u=12% u=12% [%]
(kg/m’] (kg/m’]

GLT CLT GLT CLT GLT CLT
3 457 451 439 434 3,0 2,5
5 456 452 438 438 2,2 2,4
9 465 464 453 456 1,9 1,6
ALL 459 456 439 438 2,6 2,5

One can recognize the remarkable increase of density in 5%-quantiles by 9-layer
samples, which is due to homogenisation, also known as the system effect. This
phenomenon has been well described by Brandner (2012) and Ringhofer et al. (2015),
e.g. However, the difference in mean value should not be so significant. Therefore,
the mass of the adhesive has been removed from the density calculation by the following
formula:

Meorr =M — Am(n—l) (12)

where M., [g] - corrected sample mass; m [g] - original sample mass; Am;,_1) [g] - mass
of all adhesive layers in the sample. Film mass was expected to be 160g/m? (Purbond,
2018).

A similar procedure for pull-out tests with self-tapping screws was applied by Ringhofer
et al. (2015).
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The corrected density related to the 3-layer specimen and series comparison in the
meaning of the boxplots are presented in Figure 31 and Figure 32, respectively. Since the
difference in the mean density value is up to 1.5 %, it can be concluded that it does not
differ between series. The somewhat higher difference is in 5 %-quantile, up to 3 %.

Mean 5%-quantile
1,05 1,05
b
1,04 1,04 7
/
— 1,03 1,03 2/
o _ ’ / --- LT
s 1,02 - 1,02 II
o z , / GLT
~ 1,01 < 10 / O CLT_corr
g 1 I 1 -==—— /7 GLT _corr
0,99 0,99 |
3 5 9 3 5 9
Number of layers n [-] Number of layers n [-]

Figure 31. Adhesive mass-corrected density values related to 3-layer specimen. GLT = glulam;
CLT = cross-laminated timber
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Figure 32. Comparison of mass-corrected densities of glulam and cross-laminated timber

4.3.2.3 Database 50/50: specimens with build-up factor { = 1

A particular campaign was conducted with test specimens with a build-up factor { =1,
meaning that by 3-layer specimens, the outer layers have the same thickness as the
inner layer, namely 20+20 mm and 40 mm, for a total of 80 mm. The aim was to find
the influence of the loading direction in a seemingly similar situation. A total of nine
specimens were prepared, and each test piece was loaded four times, one on each side.
The configuration of the samples is presented in Figure 33, and density data in Table 5.
Test results that were influenced by knots were excluded from the database. Samples
were tested on the same steel apparatus as 100 mm thick specimens.
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Table 5. Density values of the database 50/50

40 kg
DOWEL 220, 129, 2020 ol
x a Number m cvV
¢ of tests mean, 0.05, p12[%]
- a u=12% u=12%

g 0’ 11 431 401 4.9

Al 90 16 419 385 7.1
ALL 27 424 387 6.2

Figure 33. Test specimen of
Database 50/50

4.3.2.4 Database BU (Blass & Uibel, 2007)
By far the most extensive full-hole test series to date has been conducted by Blass &
Uibel (2007). In this thesis, the abbreviation BU is used to refer to the database. It aimed
to develop, through multiple regression analysis, the design model for embedment
strength in cross-laminated timber. Although this study covers the embedment strength
of dowels, screws, and nails, positioned in the plane side and edges of the cross-laminated
timber plate, only the values for smooth dowels in the plane side were used in this thesis.
In total, 438 tests with seven different layup configurations, three loading angles, and
five dowel diameters were conducted. Additionally, the position of the fastener related
to the areas with or without gaps was considered. Figure 34 presents a schematic sketch
of the load directions and dowel positions. In Figure 35, the distribution of the samples
by configuration and dowel diameter, and in Figure 36 by loading angles are shown.
Tests followed the EN 383 standard (CEN, 2007). In all cases, specimen thickness met
the requirements set by the standard. The dowels were not clamped at the ends to
reduce bending but were made of heat-treated or hardened steel. No specific information
regarding the dowel surface was given. In order to prevent block shear in the samples
loaded at an angle of 45 degrees, the size of the test pieces was increased.

= == == <= = =
T el &) @l gn -
|| © D 1| Y¢ 0} _',r “5 |[] 6} ; U/ : (/
- - ] | | {\ Fys-

- i — F | !
- || — b | Fy
I E | o | P | | N | | e |y

I

Figure 34. Positions of fasteners and load direction in embedment tests—schematic sketch from
(Blass & Uibel, 2007)
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Figure 36. Specimens distribution by configuration and loading angles
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In the test report (Blass & Uibel, 2007), the density values were represented at
ambient conditions (20°C/65% RH). However, in order to assess the results equal to the
original tests described in previous chapters, both density and embedment strength
were corrected before data analysis, according to Eqg. (8) and Eqg. (11) respectively.
Specimen data with updated density values are presented in Table 6.

Table 6. Specimen data, dowel diameters and moisture corrected densities in BU database

. _ kg
Configu- Spgumen = ~ Dowel No. of p[ﬁ] cv
. thickness X to,i a 0
ration (mm] —Z Too @ [mm] tests mean, 0.05, [p12] %
J u=12% u=12%
0° 20 470
24 90° 20 167 433 43
;71%717 85 1.5 0°0 20 467
20 90 30 474 431 6.0
45° 20 491
0° 20 458
19-40-19 78 0.95 24 90" 20 453 408 7.9
45° 20 462
8.5-7.5- 24 0° 20 465 431 4.1
10-7.5- 42 1.8 0° 20 464
8.5 20 90° 20 467 434 45
0° 20 431
19-22-19 60 1.72 16 90° 30 132 389 5.9
5.3-6.4- 0° 20 455
5 3 17 1.66 16 90° 18 164 417 5.2
4.5-4.8- 0° 20 468
6.5-4.8- 25 1.6 16 90" 40 456 429 5.6
4.5 45° 20 468
3.5-5-3.5 12 1.4 12 0 20 481 448 5.4
3.5-5-3.5 12 1.4 8 0’ 20 473 424 6.7
ALL SPECIMENS 438 462 416 6.5

4.3.3 Methods for data comparison
The cross-laminated timber is not covered by the current standard EN 1995-1-1
(CEN, 2009a). Therefore, in Europe, analytical models for embedment strength provided
by Blass & Uibel (2007) are often referred to in European Technical Assessment (ETA)
documents. Since the Model 2 expressed by Eq. (7) has a more practicable form, and the
difference in results compared to Model 1 is not significant, it has been taken as the basis
of this thesis. The test data was first validated using Model 2.

The analysis of the influencing factors of the embedment strength included a
comparison between different specimen groups. Therefore, the effect of density was
excluded or referenced to the specific density by the following equations:

- _f

fn o (13)
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F _ . pref>c

o=t (2 14
, where f;, [N/mm?] - embedment strength test value; p [kg/m?] - density of the

specimen; pq¢ [kg/m?3] - reference density, ¢ - exponent, found by experiments.

The influence of the diameter was excluded by referencing the test value to the
specific diameter d,..; by the following:
Fo I
" (d/dyer)*

, where f, [N/mm?] - embedment strength test value; d [mm] - dowel diameter;
dyey [mm] - reference diameter of dowel ; ¢ - exponent, found by experiments.

(15)

4.3.4 Regression analysis for model prediction
The new model for embedment strength in cross-laminated timber is proposed in such a
format, to consider the effect of the diameter exponentially:

f, = ApPd° (16)

where f;, [N/mm?] - embedment strength; p [kg/m?®] - density of timber; d - dowel
diameter; A, B and C are model parameters.

The analysis is based on n simultaneous observation of embedment strength as the
dependent material property, and the density and the diameter of the dowel as
indicative properties. A linear relationship between the logarithms of the variables is
assumed to perform multiple linear regression:

log(fn) = log(A) +log(p) - B +log(d) - C (17)
Multiple linear regression was performed using MATLAB (The MathWorks Inc., 2019).

Ordinary least square regression and percentile value — referred (Kdhler, 2020)

The prediction of relevant variables based on information on other related variables is
based on a linear regression model. An ordinary least square regression model describes
the relation between realisations of a response variable y;, and the realisations of the [
explanatory variables x; ; as:

-1

Y =zxi,j'.3j+€i (18)

j=0
, Where B, B1, ... Bi—1 are the regression parameters and ¢; are the realisations of the
so-called error term. This relation can be written in matrix notation as:

y=XB+e (19)
With, for n realisations:
V1 X1,0 X117 X10-1 €1
V2 X20 X12 U Xg1-1 €2
y=|1X=] . : : €E=1":
) 20
Yn Xno Xn1 0 Xni-1 €n ( )

B=1Bo By - :31—1]T
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The variable x; , is fixed at one, so that Syx; o = f5, is constant for all i. For ordinary
linear regression, the conditional variances Var[y;|5, X] = o2 are assumed to be equal
for all i, and the realisations y; are conditionally independent given £, o, X.

If n simultaneous observation on $ and X are made, the corresponding best estimate
of the [ model parameters § can be obtained by minimisation of the sum of the squared

residuals, i.e., Y1, €7 = €Té:
B = argﬁmin[(f/ - 3BT - XP)] (21)

The estimated parameters 8 correspond to expected values, i.e., = E[f] and are
obtained by the solution of Eq. (22):

X'@-Xp'=0 (22)
Hence, S results in:

p=(R78)"'8"y (23)
The estimates of § are uncertain a given ¢ and y they follow a normal distribution, i.e.
Blo,y —~ N(B,Vza?), with:
oo -1
Vs =(XTX) (24)

o? is following an inverse-y? distribution with n —1 degrees of freedom, i.e.

x2|y < Inv — x2(n — L, s2).

The sample standard error of the model, s? is assessed from the residuals between the
model and the data:

o -2 5-2p) 25)
n—1

The distribution of future (unobserved) observations ¥ has an expectation of

E[71X,B8] = XB (26)
The corresponding variance is derived as:
var[y|X] = (I + XVpX")o? (27)

i.e. conditional on o2 the variance has two terms, ¢?I representing the sampling

variation, and )?VBXTJZ due to the uncertainty in the regression parameters (.
The uncertainty in o2 can be integrated our considering the inverse-y? distribution.

The percentile value indicates the non-exceedance probability of a realisation of a
random variable. If x,,_, o5 corresponds to the 5% percentile value of the random variable
X, a random realisation of X, x, has a non-exceedance probability of 0.05.

Percentile value is to be estimated based on a regression model (based on information
on X), and Monte Carlo Simulation is to be utilized. Thousand random values based on
mean values and covariation of parameters A, B and C will be generated, resulting in
3x1000 matrix. Normal distributed random values for €; will be generated based on the
mean value of one.
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The range of variables was selected as follows: d; =1,2,3...24 (vector d);
p; = 100,101, ...800 (vector p). Thousand values for every d; and p; will be calculated
using the following equation:

_ B; ;Ciexp(€;)
fi= exp(Ai)pL. ldil ' (28)
, Where A;, B;, C;and €; are (generated) random values. A three-dimensional matrix will
be generated according to the results and variable pairs d; and p;. For every pair,
5t percentile is to be found, resulting in vector length 27x701=16824. Multiple linear
regression will be performed with input values of d, p and f; ¢s.

4.4 Shear wall test

4.4.1 Test method and evaluation of the results

The standard EN 594 (CEN, 2011) specifies the test method to be used in determining the
racking strength and stiffness of timber frame wall panels. Therefore, for cross-laminated
timber shear wall, the standard was applied with some modifications.

The specimen was loaded horizontally with a manually operated Enerpac RC506
hydraulic cylinder (Enerpac, 2019). A constantly increasing load was applied to the wall
and racking strength F.; was reached when the panel collapsed, or the panel achieved
global lateral displacement of 100mm, whichever occurred first. The rate of loading
should ensure that 90% of the racking load is reached within (300 + 120)s. Loading was
done stepwise to monitor the residual deformations. The given time limit was applied to
the final loading up to the failure. The load was measured using a separate Zemic
BM24R - C3-28t-15G load cell (Zemic Europe B.V, 2019). The racking stiffness R of the
wall was calculated based on the deformations as 0.2 - F.; and 0.4 - F.4. LVDTs were
used to measure displacements, and the values were recorded with an HBM Quantum
MX840B universal amplifier and Catman DAQ Software (HMB, 2019).

4.4.2 Description of the tested specimen

Two types of shear walls were tested and analysed within the study — cross-laminated
timber plate with steel columns and a cantilever wall with a line connection. Only one of
the latter type — Setup L-1 —is presented in this thesis; the results of others are published
in (Tuhkanen & Rauk, 2019). Such a choice was made to show the importance of the
calculation model for the effective implementation of the connection.

A cantilever wall with dimensions 1.45 x 3.2 m was cut from a 100 mm thick
cross-laminated timber plate (5 layers of 20 mm, European spruce Picea abies). The wall
was connected continuously to the steel beam on the floor with a slotted-in steel plate
using self-perforating dowels SBD 7.5 x 95mm. The connection included 14 dowels in two
rows (altogether 28 dowels) in increments of 100mm. Between the cross-laminated
timber plate and steel beam, 10mm-thick oiled film-faced plywood was used to minimise
friction. Global lateral top displacement, vertical displacement on both walls’ bottom
ends, and the sliding was measured during the test. The measuring points are marked
with the letter [M|in the drawing. The test setup is presented in Figure 37.
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Figure 37. Line-connected cantilever shear wall

4.4.3 Selected models for test validation

4.4.3.1 General

Shear wall test results were compared with models proposed by Reynolds et al. (2017)
and Flatscher (2017). The first one is a linear method where the load-carrying capacity of
the connection unit (two dowels) is directly applied to the calculation, without
considering the stiffness. The second one is a displacement-based method, where the
racking strength is found through an iterative process and thereby maximises the
potential of the connection. The comparison of these two expresses the importance of
the design model in accomplishing the potential of the shear wall and connection.

4.4.3.2 Model by Reynolds et al. (2017)

The model proposed by Reynolds et al. (2017) considers cross-laminated timber as a rigid
body. The tensile capacity of the connections under the wall is distributed triangularly,
and compression zone at the wall end is also considered — see Figure 38.

Figure 38. Triangular distribution of tensile capacity and compression zone. Drawing is reproduced
from (Lukacs et al., 2019)
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Following steps are required to determine the lateral resistance of the shear wall F;
(referred to (Lukacs et al., 2019)):

1. Determine the tensile strength (T) of the connector furthest from the point of

rotation
2. Calculate the tensile capacity (T;) of remaining connectors based on a triangular
distribution
r=r. (29)
i = dn

, Where d,, [m] - distance from the panel edge to the furthest connector. T; should not
exceed the maximum capacity of the actual connector.
3. Calculate the compression zone (x) of the wall

X
fc ' teff

(30)
, where g [kN/m] - uniformly distributed load (if it exists); I [mm] - length of the wall;
f: [IN/mm?] - compressive strength of cross-laminated timber; terr [mm] - width of the

vertical lamellas of the panel.

Note: in this thesis, compression zone length was measured from the point of rotation
(PoR), not calculated.

4. Determine the lateral resistance (F.4)

1 [v xy q-l? x
Fo=3 | T (a-3)+ - @03 (31)
i=1

, Where h [m] - height of the wall.

4.4.3.3 Model by Flatscher (2017)

The model proposed by Flatscher (2017) predicts the total load-displacement behaviour
of cross-laminated timber shear wall based on connection behaviour. The influence of
the connections is calculated on the assumption that the wall plate acts as a rigid body.
In order to find a total top displacement of the wall, elastic deformation from panel shear
and bending must be added separately. In this thesis, the focus is on the connection, and
wall deformations were not considered. Figure 39 presents the elements and notations
of the model (referred to (Flatscher, 2017)).
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Figure 39. Elements and notations of the displacement-based model (Flatscher, 2017)

Since the rocking and sliding of the wall cannot be analysed separately, the calculation
process is iterative and divided into the following six steps:

1. Estimation of sliding and rocking contribution to the applied (connection-based)
lateral displacement (v,,,;) through the share parameter 0 <p < 1:

Vst =P " Veon (32)
Vg = (1 =p) " Veon (33)
2. Computation of lateral and vertical displacement for every connection considered
in the wall:
Vexm = Vst =P " Veon (34)
Vrg (1 - p) *Veon
Vezm = Xm * T =Xm- A (35)
, where vc,,, [mm] - lateral (horizontal) displacement of the connection;

V¢ zm [mm]- uplift (vertical) displacement of the connection; x,, [mm] - distance
between PoR and connection m.

3. Calculation of appearing load for each connection according to the respective
displacement. Any linear elastic, multilinear or other methods may apply for this
purpose:

FC,x,‘m = f(vC,x,‘m) (36)
FC,Z,m = f(VC,Z,m) (37)

Note: Flatscher (2017) proposed in his thesis a displacement-based analytical method,
where the resulting graph is forced to go through three points, A, M and B (see Figure
40), which also considers the post maximum softening of the connection.
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Figure 40. Proposed analytical model and corresponding parameters (Flatscher, 2017)

The simplified equation and its first derivation are expressed by the following:

v+ Cxvi+Cyxvi

F(v) = 1 2
C3+Co*xv+Csxv2+ Co*v3

(38)
dF 1+2%Cy*v+3%Cy*v?
KT(V)=_= > 3
d C3+Cu*v+Cs*xve+ Cy*v (39)
2 T 2xCs*v+3%xCexve)*x(Vv+0C; *xv°+ 0 *xV
(C,+2x*C 3%C HxWw+cC 2+c %)
(C3+Co*xv+Cs*xv2+ Coxv3)2

, Where C;-C,, - coefficients to be determined by boundary conditions (see Appendix).

Another simplification stands for defining the positions of points A and B in Figure 40
through maximum load:

(40)

4

F(v=vB)=§-F (41)

4. Calculation of the lateral load to the CLT wall based on the connection
displacements in the vertical and horizontal direction:

n n
Fg =ZFC,x,m+(ZFC,Z,m'i_q'l)':uf
i=1 i=1

n

(42)

Fy=

. l2
Z(FC,Z,m ) xm) + q_

; 2
i=1

: (43)
h

, where Fg; [kN] - load responsible for sliding, F.; [kN] - load responsible for rocking
The second part of the Eq. (42) is to consider friction between wall and foundation.
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5. Since only one lateral load F can act at the same time, the constraint in Eq. (44)
shall have complied. If the estimation in step 1 is not satisfied, steps 1 to 4 must be
repeated, until the maximum lateral load to the wall is derived.

F=Fsl=F;"g (44)

6. According to the maximum load found in step 5, the calculation of the final elastic
deformation of CLT wall (not handled in this thesis).

Note: the original formula for rocking load Eq. (43) does not consider the actual
compression zone. As suggested by Flatscher (2017), the reduction of rocking capacity
was taken into account assuming the compression (bearing) load to act on one third of
the compression zone (originally marked as [,,) — see Figure 41. In this thesis, compression
zone length was measured from the point of rotation (PoR), not calculated.

Figure 41. Consideration of compressional stress and indentations (Flatscher, 2017)
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5 RESULTS, ANALYSIS AND DISCUSSION

5.1 Embedment strength in cross-laminated timber

5.1.1 Results of database BU

The complete set of tables of the results of database BU are provided in (Blass & Uibel,
2007). Model 1 and Model 2 expressed by Eq. (6) and (7), respectively, were developed
based on this database. Figure 42 compares the original data of database BU with
predicted values, according to Eq. (7), which was selected as the basis for this thesis.
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Figure 42. Comparison of test results with predicted values according to Model 2 developed by
Blass & Uibel (2007)

5.1.2 Results of databases TO, TMS and 50|50

Embedment strength mean values, 5%-quantiles and CV of all unique databases — TO,
TMS and 50 |50 referenced to 12% moisture content are summarised in Table 7, Table 8
and Table 9 respectively.

Table 7. Embedment strength results of database TO

bowel Speci fn
on)ve tE.ecklmen ¢ = Yto; Number [N/mm?] cV
a o] E;;?ss =y too, of layers mean, 0.05, [%]
u=12% u=12%

10 45 31.6 25.2 12.2

o ~1.25 3
0 12 45 31.8 24.7 13.8
20 100 1.5 5 24.3 21.3 7.8
45° 20 100 1.5 5 23.1 20.4 8.3
10 45 30.8 25.2 13.9

o ~1.25 3
90 12 45 30.7 26.5 9.8
20 100 1.5 5 23.1 21.1 5.6
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Table 8. Embedment strength results of database TMS (only cross-laminated timber)

Dowel Specimen Numb I 2
a @ thickness = & umf o (N/mm’] v
[mm] [mm] Z t90,j | o mean, 005, [%]
ayers  =12% u=12%
3 24.1 22.3 6.4
0° 20 100 1.5 5 23.9 22.2 6.4
9 25.4 23.7 4.8

Table 9. Embedment strength results of database 5050

Dowel Specimen fn X
a ) thickness (¢ = ﬁ Number [N/mm?] cv
[mm]  [mm] Ytoo,; OF1Yers mean, 005, (%]
u=12% u=12%
o 207 184 87
900" 20 80 1.0 3

19.1 17.6 6.2

These results were compared with the Model 2 provided by Blass & Uibel (2007) — see
Eq. (7). The mean value is overestimated up to 30 % in the case of database 50|50, and
up to 20% in the case of the others. It is also visible in Figure 43, where the majority of
the data points stay below the correlation line. Therefore, several influence parameters

were analysed separately to find possible causes.

60

50

40

30

fh, test [N/mmz]

20

10

0 10 20 30 40 50 60
fh, pred [N/mmz]

Figure 43. Comparison of test results of databases TMS, TO and 50/50 and Model 2 by Blass & Uibel

(2007)
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5.1.3 Influence of the moisture content

As previously stated, models proposed by Blass & Uibel (2007) were developed without
moisture-corrected values. Figure 44 (left and middle) presents the moisture content
distribution by specimen configuration and dowel diameter. The actual, declared moisture
content of specimens differed from the 12% reference value, especially for thinner
samples. Figure 44 (right) presents the deviation of the correlation line once the
corresponding procedure has been performed. Most affected are the higher embedment
strength values of thinner specimens and small dowel diameters. Overall, the total mean
value of embedment strength decreased by 3.7% due to the correction.

o Model fitting data

S E T B ] n O Moisture corrected data (u=12%)
S0 0B e
S -5 R : Correlation line of  °
Il 50 | model fitting data\d“
29 T B N (0 ‘
2o . €
DH =3 £ 30
o)) < i =
=T §20
o i B S
e ——————— Correlation line o
N Qo Mminn N 8 12 16 20 24 .
OB ) moisture corrected data
S sw ﬁ : Diameter [mm] 0
NaagPnTn
H,aam_mgg 0 10 20 30 40 50 60
R T 2
D 2 E fh,pred[N/mm ]
<

Figure 44. Left and middle: distribution of moisture content by specimen configuration and by dowel
diameter; right: Model 2 with moisture corrected embedment values

5.1.4 Influence of the density

Density, as one independent variable in Model 2, is powered by 1.16, unlike Eq. (4) for
solid wood, where the relation is linear. The same applies to moisture corrected data,
as can be seen in Figure 45. When considering all the databases, the exponent is 1.46.
Since database BU covers a wide range of densities, diameters, and configurations,
in further comparisons, the influence of the density is excluded by dividing the embedment
strength by p116,

E50 0TO °BU OTMS x50|50 ° o Blap/Uibel
£ 10 o y=0.0231x116
Z 30 R? = 0.2369
£20

70 Alldata
Z o0 y = 0.0035x146
= 360 400 440 480 520 560 R?*=0.2894

P (u=12%) Lkg/m?3]

Figure 45. Embedment strength vs density of database BU and all databases
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5.1.5 Influence of the diameter

The diameter was the second variable in regression analysis, developing the design
model of Blass & Uibel (2007). Therefore, results by diameter groups fit very well with
the regression line — see Figure 48. Dowels with smaller diameters — eight and twelve
millimetres — have more substantial deviation, but this is caused by the moisture
correction emphasised before.

However, in analysing the original Model 2 without moisture correction in Figure 42,
it must be noted that results of the samples with a smaller diameter are dominantly
above the regression line, i.e. underestimated. The ratio of embedment strength to the
diameter, according to Eq. (7), is linear, similar to the solid wood — see Eq. (4). Figure 46
presents a normalised embedment strength dependence on diameter. Since the
database BU covers a wide range of densities, diameters, and configurations, only these
values were considered. There is an exponential increase of embedment strength at
smaller dowel diameters, which leads to a conclusion that the model should consider
this, similarly proposed for hardwood by Hiibner (2013).

For further comparison of different layup configurations, the influence of the
diameter was excluded by referencing it to the diameter of 20 mm, i.e., dividing the
embedment strength by (d/20)~%%8, Figure 47 compares all databases by diameter,
and it is evident that most values from other databases are not in line with the BU
database. Loading angle was not considered in this comparison.

— 0,04
T y = 0.0533x0286
@& R2=0.9766
< 0,03 ...

E 4 Tt

IS e . ARALITE PP [ _EEXTTPR A [ ]
E Qe TR, °
Z 002 o S, o  ®Mean_values
Q © 5%-quantile
\;\; 0,01 T y = 0,0542x°0363

'E' R?2=0,9976
< 0

8 12 16 20 24

Diameter [mm]

Figure 46. Normalised embedment strength vs dowel diameter based on BU database
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0.00 {1 | |
X8 12 16 20
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Figure 47. Comparison of the results by diameter groups of all databases
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5.1.6 Influence of the loading angle

In Eq. (7), the influence of the loading angle is expressed analytically by the Hankinson
formula—1.1 - sina + cos?a. Figure 49 compares the normalised embedment strength
values referenced to the dowel diameter of 20 mm of databases BU and TO, since both
include the loading angles 0, 45 and 90 degrees. It turns out that the reduction of the
embedment strength remains in the range of 10%, but the lowest value has a loading
angle of 45 degrees. The difference between mean values of loading angles of 0 and
90 degrees is 6%. A similar phenomenon has been identified by (Nakashima et al., 2012).
When considering the result in the multi-regression analysis, the slightly better correlation
coefficient of Eq. (7) can be achieved.

The manner of embedment failure can explain this appearance. Figure 50 presents the
load-displacement curves of specimens loaded at an angle of 45 and 90 degrees. Their
nature is somewhat different. Although in both cases, a clearly visible plateau shaped
out, at 90 degrees, the graph continues to grow after reaching the plastic state, which is
due to the densification of crossed layers, also called as hardening effect. A cut-out and
front view of the 90-degree sample is shown in Figure 51, left and middle, the
corresponding failure art of the 45-degree specimen is on the right. At 45 degrees,
the dowel is not able to compress the wood fibres in either layer entirely and seemingly
cuts into the test piece. Furthermore, in crossed layers of 90-degree specimens,
additional tensile forces will occur when they have locked between longitudinal layers.
This phenomenon, the rope effect, as well as the densification of the crossed layers,
is also described in (Schweigler et al., 2016) in the context of LVL.

The influence of the densification is also expressed in Table 10. The increase of the
embedment strength of 0- and 90-degree samples at higher deformation levels is up to
5.7%. 45-degree specimens do not follow the same pattern - the value decreases by 2.7%.

BU TO

=

0
Di}

12%) / (d/20)0-2%¢ / p1-26 [N/mm?/mm/kg/m?]

0.000 0.005 0.010 0.015 0.020 0.025 0.030
0.000 0.005 0.010 0.015 0.020 0.025 0.030

fi(u

0° 45° 90° 0° 45° 90°
ao

Figure 49. Comparison of the results by loading angle of databases BU and TO
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Figure 50. Typical embedment test curves loaded at an angle 45 and 90 degrees

Table 10. Embedment strength at different deformation levels in TO database

f h,mean,5mm f h,mean,7 mm f h,mean,9 mm

a [N/mm?] [N/mm?] [N /mm?]

0 314 32.1 (+2.1%) 33.0 (+5.1%)
45° 23.3 22.6 (-2.7%) 22.6 (-2.7%)
90° 30.7 31.2 (+1.7%) 32.5 (+5.7%)

Figure 51. Left and middle: densification in crossed layers; right: embedment by sample loaded at
an angle of 45 degree

5.1.7 Influence of the layer thickness and layup

The first indication of the effect of the layer thickness and layup to embedment strength
revealed from the parameter study with a database TMS (Tuhkanen et al., 2018).
The results of the embedment test are presented in Table 11 and Figure 52 (right) as
a diagram. In the table, 3-layer samples as reference are highlighted in grey and 4
expresses the difference from this value. Figure 52 (left) compares the results of 3-, 5-
and 9-layer glulam and cross-laminated timber specimens by the meaning of box-plot.
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Table 11. Mean values, 5%-quantiles and CV for embedment strength referenced to 12% MC. A
expresses the difference from 3-layer specimen

fh,‘mean fh,05 cv

n [N /mm?] [N /mm?] (%]
GLT A CLT A GLT A CLT A GLT CLT
3 291 24.1 27.3 223 5.1 6.4
5 285 -21% 239 -08% 263 -3.6% 222 -0.4% 5.0 6.4

9 294 +1.0% 254 +54% 270 -11% 23.7 +63% 49 A8

1.08 ,O
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ey /
(=L - - 1.06 !
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88 - T 1.04 /
- : ™ [
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« 1.02
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Figure 52. Comparison of the embedment strength of identical samples with different number and
thickness of layers. Left: boxplot; right: mean values and 5%-quantile related to 3-layer specimen

The differences between the mean values of the glulam groups are small, going up to
3.1%. In contrast, the cross-laminated timber tends to show a clear trend toward higher
values for embedment strength by thinner layers. Mean values between 5 and 9- layer
samples reach 6.7%; even the difference between the mean density values is up to 1.5%.
The analysis was performed to test the statistical significance of the results. When
comparing the results of the 3- and 5-layer specimens with 9-layer specimens,
the difference is significant, with p =0.0513 and p = 0.0059, respectively (Anova/ Tukey’s
HSD). The glulam results do not show a similar tendency; therefore, the size effect and
the higher number of adhesive layers can be excluded as a possible cause of this
difference in cross-laminated timber group.
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One possible explanation is the locking effect which can be recognised in Figure 53.
Adjacent surfaces prevent splitting of the individual layers and are more effective in
thinner layers. Crossed layers will try to recover the initial shape after loading, and it is
strongly pronounced in thicker layers. It is important to note that the bowed shape is not
caused by plastic or elastic bending of the dowels. The partly split areas in the longitudinal
outer layers and the internal layer of 3-layer specimen permits determine the locking
range. The maximum measured crack depths were 10-15 mm, which means that the
effective locking area is up to 15 mm.

The additional increase of the embedment strength comes from the previously
described rope-effect. Figure 54 presents the shear failure in crossed layers due to the
tensile forces. More internal crossed layers will increase the area that works in shear,
while thin layers will reduce the horizontal crack propagation under the dowel, which
would otherwise reduce the shear area.

CiT3 CRACK UP TO aTs RECOVERED SHAPE
THE OUTER SURFACE OF CROSSED LAYER

CLT9

PARTIALLY SPLIT AREAS I NO SPLITTING OBSERVED I

Figure 53. Locking effect between adjacent layers

Figure 54. Shear failure in crossed layer due to the rope effect

Figure 55 compares the specimen groups by configuration in database BU, referenced
to the diameter of 20 mm. All loading angles are included in these groups; therefore,
no definitive conclusions can be drawn. However, the configuration 19-40-19 has
significantly lower values, which probably reflects the lowest build-up ratio { = 0.95.
The highest values can be found in the groups with five layers, except the configuration
4.5-4.8-6.5-4.8-4.5. When comparing groups by the number of layers, three-layer
specimens have a 7% lower mean value compared to five-layer samples in total.
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Figure 55. Comparison of the groups by configuration in database BU

In Figure 56, the same groups are split in two according to the loading angles 0 and
90 degrees. The ratio of the mean embedment strength perpendicular to the grain to
embedment strength parallel to the grain is shown above the graphic. In all cases,
the value is higher in the predominant layer direction. What is out of the ordinary is
sample configuration 19-40-19, which should be almost equal when loaded at 0 and 90
degrees (highlighted in the drawing). Contrary to expectations, though, the mean value
in the transverse directions differs 13%. Furthermore, at 0 degrees, the embedment
strength is far lower than at 90 degrees in most of the other configurations, despite the
higher percentage of layers in the loading direction. One possible explanation could be
that when the internal layer is in the loading direction, splitting is prevented on both
sides — compare Figure 53 (left)). In outer layers, densification and a rope effect still exist.

Contrary to that fact, a particular test campaign with database 50|50 did not confirm
this phenomenon. The embedment strength values in both directions were in principle
equal. It must be emphasised that the specimens were produced from one small plate,
and no special monitoring of knots or other defects was done during manufacturing.
This issue needs further investigation.

Concerning Model 2, Figure 57 presents the distribution of the results by configuration.
The most significant deviations from the correlation line occur in the group 19-40-19 and
3.5-5-3.5, the latter again, reflects the moisture correction discussed previously.
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Figure 56. Comparison of the groups by configuration and loading angle in database BU

5.1.8 Remarks on influencing factors

In previous chapters, several factors influencing embedment strength in cross-laminated
timber were analysed and discussed. Since the broadest selection of parameters was
present in the BU database, mostly this data was used. Parameter studies TMS and 50|50
covered a very narrow range of configurations and only one dowel diameter, which was
also the purpose. It is difficult to express the factor that will influence the result most,
as there were many combinations of variables. However, what can be highlighted is the
low moisture content of part of the specimen groups and the fact that samples with thin
layers were used prevailingly to develop the model. It was not clearly expressed in
comparison among three and five-layer configurations, but the effect of the thickness
of the layers was indicated by both the parameter study TMS, and the sample with
40mm-thick layer in BU database. Other factors such as the surface of the dowel and
exceeded limits of specimen thickness (dowel slenderness) in databases TMS, TO and
50|50 was not measured or considered.

Since the database TO is the second largest and covers three different angles and
three dowel diameters, an additional comparison of normalised values was made. That
means all results were moisture and density corrected and referenced to the diameter
of 20 mm. By all angles, 0, 45 and 90 degrees, values of database BU were ~11% higher
than database TO. This is much lower than compared to developed Model 2, where the
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difference was 17%, 25% and 12% accordingly. This will also confirm that the model will

overestimate the results in the practical range.
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Figure 57. Distribution of the results by dowel diameter
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5.1.9 Embedment strength model analysis and proposal

Figure 58 presents the result of multiple regression analysis, where all databases were
included. First, the format of the equation was kept the same as Eq. (7) resulted in
Eq. (45):

0.016(1 — 0.015d)p"28

(45)
1.1sin%a + cos?a

fh,pred =

where f}, oreq [N/mm?] - predicted embedment strength; d [mm] - diameter of dowel-type
fastener; p [kg/m3] - density of wood; « [°] - loading angle to the outer layers.

The correlation coefficient R decreased to 0.69 compared to the original 0.75. The slope
and the ordinate intersection point of the correlation line changed without a significant
shift.

60
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Figure 58. Comparison of the test data with the prediction model with an old format, all data
included.

The data correlated slightly better when a new equation format was used. Here, the
embedment strength dependence on the diameter is exponential:

002 . p1.29 . d—0.23

(46)
1.1sin%a + cos?a

fh,pred =

This model, in turn, can be improved if the influence of the loading angle is considered
according to Figure 49, and the following equation expresses the model:

0.014 - p1.34 . d—0.22
2 . in2 @
cos?(2a) + 1.075 - sin?(2a) + 0.05 (900)

fh,pred = (47)

Both models are presented in Figure 59. In both cases, the model still overestimates
the embedment strength in the samples, where the layer thickness is in practical range.
Therefore, multiple linear regression analysis with relevant specimen groups has
proceeded:
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Figure 59. Left: comparison of all test results with the prediction model Eq. (46); right: the same
model considering the real influence of the loading angle

- TO: complete database (layer thickness 20 mm)

- TMS: three- and five-layer samples (layer thicknesses 20, 30 and 40 mm)
- 50|50: complete database (layer thickness 20 and 40 mm)

- BU:sample groups 19-40-19 and 19-22-19

This selection contains 367 tests, dowel diameters of 10, 12, 20 and 24 mm are
presented. The mean density value, 5%-quantiles and CV of the selected group are shown
in Table 12. CV of embedment strength of the group is 18.8%.

Table 12 Density values of selected specimens (u = 12%)

Number kg kg
of tests Pmean [ﬁ Pos [ﬁ] CVI%]
367 457 405 6.7

The result of multiple linear regression analysis for the embedment strength mean
value is expressed by the following:

008 . p1.09 . d—0.32
2 . in2 @
cos?(2a) + 1.075 - sin?(2a) + 0.05 (900>

fh,pred = (48)

Figure 60 (left) compares the test results with predicted values; a good correlation of
r =0.79 can be found.
The corresponding model for characteristic value can be expressed by the following:

0.057 - 2 - 4032
cos?(2a) + 1.075 - sin?(2a) + 0.05 (%)

fax = (49)

where f}, [N/mm?] - characteristic embedment strength; d [mm] - diameter of dowel-type
fastener; p, [kg/m?3] - characteristic density; « [°] - loading angle to the outer layers.
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Figure 60. Left: comparison of the test results of specimens with a layer thickness of 19 to 40 mm
with a new prediction model Eq. (48); right: comparison of test results of dowel groups by diameter
and predicted characteristic values. The dashed line presents the characteristic value

5.2 Connection test results

5.2.1 Yield moment of the dowel

The dowels were bent up to 45 degrees, type SBD up to 30 degrees. It must be mentioned
that only one SBD dowel was tested. Due to the high steel strength, the machine worked
near the limit, and no more tests were made for safety reasons. Despite this, the measured
value was used in theoretical calculations to validate the test results. All results, including
moment values at 15 degrees as required based on (EN 409, 2009), are shown in
Table 13. Tensile strength f,, values based on four tests for both types were 1243 MPa
[CV 4.7%)] for SBD and 574 MPa [CV 3.3%] for WS.

When using tested tensile strength in Eq. (2), values 25% and 30% lower emerge in
comparison with the measured yield moment for type WS and SBD accordingly.
When using Eq. (3) and assuming f, = 0,94- f,, differences are -8% and -18%
respectively. A significant discrepancy compared to the DoP appears in the case of dowel
type SBD, where 58% lower value compared to the test is declared in the document
(Rothoblaas, 2017).

Although visible cracks appeared on the tensile side of the bent SBD dowel (see Figure
61), there was sufficient plastic deformation without braking for bending angles up to
40° for both dowel types, which permits the assumption of the use of the plastic bending
capacity, including strain hardening of the dowel.

Table 13. Yield moment of tested dowels

Dowel type Number M5 mean M5 o5 cv M5 mean M5 o5
of tests [Nm] [Nm] | (%) [Nm] [Nm]
SFS-7x153 10 35.4 34.7 1.26 33,5 32,8
102
SBD-7.5x95 1 (stop at 30°) - - 100 -
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Figure 61. Cracks in the tensile zone of bent SBD dowel

5.2.2 The load-carrying capacity of the dowel and the rope effect

Connection test results are summarised in Table 14. As a reminder, the values of some
groups are based on one or two experiments only (cf. Table 1). Due to the asymmetry of
the short dowel placement and the possible impact of the drill tip, the load-carrying
capacity per dowel (two shear planes) is presented. Since the values in the table are
absolute, normalisation by density was performed before further comparison of the
relevant groups.

Table 14. Load-carrying capacity per dowel based on connection tests

Fv,R,mean Fv,R,OS cv

a Dowel type kN [kN] %]
\ SBD-7.5x95 14.0 13.0 4.2
0 SBD-7.5x195 14.8 - -
WS-7x153 10.6 - -
SBD-7.5x95 13.0 - -
A5° SBD-7.5x195 13.4 - -
WS-7x95 9.9 - -
WS-7x233 9.6 9.3 6.7
SBD-7.5x95 14.0 12.7 6.6
90° SBD-7.5x195 14.9 - -
WS-7x153 12.5 - -

It was assumed that the rope effect occurs during the test due to the threads on both
ends of the dowel. Visual observations confirm that the threaded parts of short dowels
activated against pull-out: tests using long dowels needed additional screws on either
side of the steel plate to prevent splitting the whole specimen (see Figure 62). Samples
with short dowels (threaded parts were inside the timber) did not need any additional
measures — all of them failed in the embedding and yielding of the dowel, while no other
failure types (specimen splitting, row shear, block shear) occurred. The cutouts of the
failed connections are presented in Figure 63 and Figure 64. In the case of type SBD,
failure mode (g), according to Eq. (1) was decisive. Still, due to the smaller diameter and
lower steel strength, type WS was near to the mode (h), confirming that the dowel was
slightly bent on both side of the steel plate, and the embedded area next to the outer
surface was shorter than on the long SBD dowels.

74



Figure 62. Left: splitting of the whole connection; right: reinforcement to avoid splitting

Figure 64. Left: dowel failures in connection; right: embedded area under the drill tip SBD

In order to compare the expected difference of the load-carrying capacity of the long
and short dowel (both calculated without rope effect) and the real difference from test
results, the following calculation was made. Specimens were divided into three groups,
where both dowels (long and short) were represented:

e Loading angle 0°- SBD-7.5x95 versus SBD-7.5x195

e Loading angle 90°- SBD-7.5x95 versus SBD-7.5x195

e Loading angle 45°- WS-7x93 versus WS-7x233
For every group, the mean density was found. This value was taken as a reference to
normalise the embedment strength, according to Eq. (50):

ot (pmean)1'16

— (50)
p
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, Where fh [N/mm?] - normalised embedment strength, f}, [N/mm?] - embedment strength
test value, ppean [kg/m3] - mean density of the connection group, p [kg/m?] - density of
the embedment specimen.

Then, the density normalised embedment strength was referenced to the diameter of
the dowel of the corresponding connection group (7 or 7.5 mm) dividing the embedment
strength by (d/d,.s)~*2%°.

The estimated load-carrying capacity of the dowel was calculated according to Eq. (1)
using normalised mean embedment strength and yield moment obtained from the
bending test. The extent of the length of the dowel (t;) in the timber was 46.5 mm for
shear plane on the dowels head side. For the shear plane on the side of the drill tip,
corresponding values were 31.5 mm for type SBD and 27 mm for type WS —see Figure 65.

46.5 315
s Ak
T T [77] CROSS-LAMINATED
/7| TIMBER
ﬁ s> | SBD-7.5%95

@ = Ws-7xe3

STEEL PLATE

Figure 65. t, values for dowel type SBD and WS

According to Eq. (1), failure mode (g) was decisive for every shear plane. However,
the shear plane on the side of the drill tip of short SBD dowel was close to failure
mode (f), which is also recognised in Figure 64 (right). The same figure indicates that the
drill tip as a whole does not contribute to the bearing capacity and the stress under the
dowel was concentrated in the two inner layers. This might be the reason for the
premature brittle failure (before the 15 mm limit) of the connections with short dowels,
as can be seen in Figure 66.
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Figure 66. Typical load-displacement diagram of selected connection groups
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Numerical comparison of the test results did not confirm the influence of the rope
effect on the load-carrying capacity for SBD dowels. According to Eq. (1), the expected
difference in the load-carrying capacity between long and short dowels due to the drill
tip would be up to 3.7%. Figure 67 (left and middle) compares the load-carrying capacity
referenced to the mean density, and it turns out the difference is much higher, up to 9%.
In the case of the rope effect, it should be smaller. Still, despite the premature failure of
the shear plane on the side of the drill tip, the connection continuously carried the load,
confirming the activation on the threaded part of the dowel.

Due to the smaller diameter and lower steel strength, both shear planes (especially
the one on the head side) of short WS dowel were closer to failure mode (h), which is
independent of the penetration length t,. Therefore, the load-displacement diagram of
long and sort WS dowel look more similar — see Figure 66. The expected difference in
load-carrying capacity between them according to Eq. (1) was 11.8%, but test results did
not confirm that — see Figure 67 (right). This outcome makes it possible to conclude that
due to sufficient plastic behaviour, the rope effect was activated, which increased the
load-carrying capacity of the short dowel.

[) 0,
= 16 9% _ 16 +8% _ 16
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short long short long short long
SBD 0° SBD 90° WS 45°

Figure 67. Comparison of the normalised load-carrying capacity by dowel length

5.2.3 Comparison with EYM and the application of new embedment strength model
The load-carrying capacity per one dowel was calculated according to Eq. (1) using
corresponding mean embedment strength of each sample. Since the embedment tests
were done with dowel diameters of 10, 12 and 20 mm, values were referenced to the
dowel diameter used in the connections (7 and 7.5 mm). A good agreement between the
test (Fy r test) and predicted value (F, g req) Was found — see Figure 68.
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Figure 68. Comparison of test results and predicted load-carrying capacity of one dowel (calculation
based on real, normalised embedment values)

Figure 69 compares the test results and predicted load-carrying capacity per dowel,
which were calculated using the embedment strength model proposed by Blass & Uibel
(2007) (see Eq. (7)) and a new model according to Eq. (48). A significantly better correlation
was achieved using the second one. When applying Blass & Uibel Model 2, the mean
value of all samples was overestimated 14%, while the corresponding value for the new,
improved model was only 4.5%. A possible reason for this overestimation is that short
SBD dowels did not exploit their full potential due to the premature failure of the shear
plane on the side of the drill tip.
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Figure 69. Comparison of test results and predicted load-carrying capacity of one dowel (calculation
based on different embedment strength models)
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5.3 Racking strength and stiffness of the wall

5.3.1 Test result

Racking strength and stiffness value of the tested shear wall is given in Table 15.
Figure 70 presents measured sliding, uplift and global top displacement. Deformations in
the compressed edge were measured and based thereon, the approximate rotation point
of the wall was derived (see Figure 71, left). The measure from this point to the compressed
edge of the wall was also taken as the length of the compression zone.

Figure 71 (right) presents contributions of the different deformation mechanisms
to the global top displacement at maximum load. It must be noted that the outer layers
of the panel were horizontal, leading to lower bending stiffness in the plane. However,
the contribution of rocking has the highest value and sliding negligible. It can also be
seen in Figure 72, where the load path follows the direction of the panel corner
uplift. The first dowel broke at around 65kN (by hearing a noise). After opening the
connection, altogether seven dowels near the edge had failed. It is probable that failure
was caused by a combination of dowel bending, shear and tension (caused by the
thread).

5.3.2 Comparison of the result with selected design models

Estimated racking strength according to the model proposed by Reynolds et al. (2017)
was calculated using the mean load-carrying capacity of the dowel from Table 14.
The tensile strength of the connection unit (two dowels) furthest from the point of
rotation was taken as T = 2 -14 = 28kN. When considering the compression zone
length from Figure 71 (left), the calculated strength of the wall is 52.6kN, which is 70%
of the tested value. The result corresponds to the level where the wall behaves linearly
—see Figure 70.

Table 15. Racking strength ., and stiffness R according to EN 594 (CEN, 2011)

E Vg R
Wall type max g
P [kN] [mm] [kN/mm]
Setup L-I 74.4 (failed in connection) 60.0 2.2
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Figure 71. Left: rotation point of the shear wall; right: contributions of the different deformation
mechanisms to the global top displacement at maximum load

Figure 72. Contributions of rocking to the top displacement in Setup L-/

The second model proposed by Flatscher (2017) required as input the function
which describes the load-displacement relationship of the connection unit in two
directions. Figure 73 presents the test curves for a two-dowel connection in the
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direction of uplift and shear. Corresponding loading angles respect to the outer layers
were 90 and O degrees. Approximation curve for one direction based on the method
suggested by (Flatscher, 2017) is presented on the same figure (left). Coefficients C; - C¢
required for the first method were calculated in MATLAB (The MathWorks Inc., 2019) —
see Appendix. Corresponding input parameters are listed in Table 16.

Table 16. Input parameters to calculate coefficients Cy - Cg

P Fmax Vimax Kini FA Vp FB
arameter
[kN] [mm] [kN/mm] [kN] [mm] [kN/mm]
29.7 11.6 2.6 27.3 16.5 -5.7

A slightly better fit can be achieved using fifth-degree polynomials which are
expressed by the following:

F(V)rocking = 0,0004v° — 0,0226v* + 0,4341v3 — 3,8911v% +

+16,7568v — 0,8288 (51)
F(V)snear = 0,0002v° — 0,0127v* + 0,2881v3 — 2,9727v? +
+14,1618v — 0,0290 (52)

Test data

Fifth-degree polynomial
Tuhkanen & Rauk 2019
Analytical (Flatscher)

0 2 4 6 8 1012 14 16 18 20 0 2 4 6 8 1012 14 16 18 20

Displacement [mm)]

Figure 73. Approximation curves for load-displacement diagrams of the connection with two dowels
loaded perpendicular and parallel to the outer layers

It must be noted that consideration of the post maximum softening of the connection
is fictive. It is unreasonable, or even impossible to describe such a drop in the load-
displacement curve. Furthermore, it is not allowed, since it indicates brittle failure.
However, in this case, brittle failure was assumed to be in one of two shear planes of the
dowel (on the drill tip side). Part of the connection still carried the load, and the post
maximum was considered.

When calculating the maximum racking strength for Setup L-I, agreement with the test
result can be found: the predicted value is 82.5kN, which is 11% higher than the test
result. As noted previously, brittle failure in one shear plane and breaking of the dowel
(steel failure) might be the reason for that. However, using slender dowels might be more
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reasonable to propagate failure mode (h) and thereby activate the post maximum
capacity of the connection.

Table 17 summarises the comparison of two selected models. Racking strength
calculation based on both models was done in detail with the help of MATLAB
(The MathWorks Inc., 2019) in (Rauk, 2019) [in Estonian].

Table 17. Comparison of the tested racking strength with selected design models

Fmax Frg,REYNOLDS Frg,FLATSCHER
Wall type [kN] [kN] [kN]
Setup L-I 74.4 52.6 (-30%) 82.5 (+11%)

In practice, it is more appropriate to use only one approximation curve for both
directions as long as they are very similar. This fact could be highlighted as an advantage
for slotted-in steel plate connection with dowels — the load-displacement behaviour
in both directions is predictable and does not differ significant. It would also be a
prerequisite for optimised and systematised design. Upon knowing the performance of
individual connection unit and determining the deformation limit of the building, shear
wall system components carrying the corresponding wind load can be selected. Here,
the simplification in the calculation was not expressed with this rather complicated
model, but with the result, which could be a table of CLT shear wall products, for
example.
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6 CONCLUSION

In this thesis, first, the importance of connections in timber structures is emphasised,
and then the focus is set on the connection requirements in prefabricated modular
buildings. The bottlenecks and drawbacks of the modular construction and design are
addressed and discussed more deeply, especially issues related to ensuring horizontal
stiffness of the building and continuity in the vertical direction. An independent cross-
laminated timber shear wall system as a possible solution is introduced, the purpose of
which was to separate calculations for vertical and horizontal loads and thereby simplify
the design process.

In the second part, slotted-in steel plate connection is introduced and discussed
for two reasons: first, to emphasize the ability to maximise the potential of cross-
laminated timber shear wall; and secondly, to highlight the connection’s requirements in
modules manufacturing and erection. Therefore, self-perforating dowels are introduced.
The layered structure of cross-laminated timber and specific geometrical properties of
self-perforating dowels determine the main research questions.

The third part introduces the methods, laboratory experiments and embedment
strength databases used to achieve the set goals of the thesis.

The final section presents the results, discussion and proposals made based on them.
The main results are briefly summarised here again.

Embedment strength in cross-laminated timber

e The available model for embedment strength proposed by Blass & Uibel (2007) will
overestimate the values for cross-laminated timber with layer thicknesses in a
practical range (from 20 to 40 mm).

e The influence of the layer thickness of cross-laminated timber to the embedment
strength was found in the parameter study.

e The exponential relation between dowel diameter and embedment strength was
found.

e Hankinson’s formula does not describe the influence of the loading angle (respect to
the outer layers) to embedment strength correct. A new formula was proposed.

e Anew embedment strength model for cross-laminated timber with layer thicknesses
from 20 to 40 mm and layup factor { =0.95...1.72 was proposed.

Slotted-in steel plate connection with self-perforating dowels

e  For self-perforating dowels, the equation for yield moment of the dowel M, in
EN 1995-1-1 (CEN, 2009a) underestimates the values obtained from experiments.

e A significant difference was found in DoP for SBD dowel where declared yield
moment of the fastener was 58% lower than test value.

e Threaded parts of the self-perforating dowels activated during the test against
pull-out. However, no increase in load-carrying capacity was found for SBD dowels
since premature failure on the side of the drill tip occurred first.

e Due to sufficient plastic behaviour and activation of the rope effect, an increase of
11.8% of the load-carrying capacity of dowel type WS was found.

e Good agreement between test results and EYM was found.

e A new embedment strength model proposed in this thesis was validated with
connection tests, and good agreement was found.

83



Line-connected cross-laminated timber shear wall

e The studied connection was applied to the full-scale shear wall and loaded up to the
failure. Comparison of the test result with two models with a different character
showed good agreement.

e Use of displacement-based method proposed by Flatscher (2017) permits to utilise
the connection maximally.

e The benefits of slotted-in steel plate connection with dowels were highlighted when
the model proposed by (Flatscher, 2017) was applied: load-displacement behaviour
of the connection in both directions (uplift and shear) is very similar and well
predictable.

Cross-laminated timber is an essential supplement in the modular building value
chain. Due to automated production, this product fits perfectly into the paradigm of
modular construction. High in-plane stiffness allows the use of cross-laminated timber in
shear wall systems, especially.

Slotted-in steel plate connection with self-perforating dowels meets the criteria
required for shear walls, particularly. Centred load transfer to the foundation and
optimal and well predictable load-displacement behaviour are the main benefits to
highlight. Uniform load transfer combined with proper design model allows the
maximisation of the connection’s potential and creates preconditions for simplified
design. Semi-automated installation of the dowels adds value in terms of modular
construction. The ability to dismantle the building components serves a sustainable
way of thinking.
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Abstract
Slotted-in steel plate connections with dowels in
cross-laminated timber shear walls

The use of prefabricated room modules in multi-storey buildings has several significant
advantages over conventional construction methods. Modularity at the level of both the
room element components and the finished modules allows optimisation of the material,
production process, transportation and assembly, which results in a shorter construction
time. A critical bottleneck in the design is the calculation of horizontal stiffness of
structures and ensuring the integrity of the entire building.

One possible strategy to provide a building's lateral strength and stiffness is to use
independent cross-laminated timber walls between the modules, which allows vertical
and horizontal loads to the structure to be dealt with separately, simplifying the design
process. Given the high in-plane strength and stiffness of cross-laminated timber, the
most critical point for such a solution is the wall connecting to the foundation. In addition
to the strength and stiffness criteria, the connection must fit the automated manufacturing
process and be feasible during assembly.

This doctoral thesis investigates the slotted-in steel plate connection with dowels in
cross-laminated timber shear wall at the connection level as well in the entire wall. One
of the most important input parameters for the calculation of the load-carrying capacity
of the connection, embedment strength, has been studied based on the number and
thickness of the layers of cross-laminated timber. In addition to numerous laboratory
tests, available embedment strength data found in the literature have been used in the
analysis. As a result, the influence of layer thickness on the embedment strength was
determined. A new empirical calculation model for embedment strength was proposed,
which considers the thickness of the layers of cross-laminated timber panels used in
practice.

The primary purpose of the connection tests was to validate a new embedment
strength model. As a result, a good correlation between the model and the actual
experimental results was found. Since the semi-automatically installed self-perforating
dowels were used in the connection, the effect of the drill tip and threads on the dowel’s
shank was studied. Activation of the rope effect was observed, but due to the high
strength of the dowel and small penetration depth, no increase in the load-carrying
capacity of the connection was found. In the case of dowels with a smaller diameter and
lower steel strength, there was no premature brittle fracture, and the rope effect
resulted in an 11.8% higher load-bearing capacity than smooth dowels.

The purpose of the line-connected full-scale shear wall test was to validate the results
of the connection tests and highlight the importance of the design model. A full-length
connection was chosen to provide uniform load transfer to the sub-structure, prevent
brittle failure and maximise the potential of the wall and connection. The test results
were compared with two different design models, one of which took into account the
plastic behaviour of the connection as well as the post-maximum softening. An equation
was derived to describe the full load-displacement diagram of the connection when
loaded in a vertical and horizontal direction to apply the selected model. The non-linear
model predicts more accurately the real load-carrying capacity of the wall and thereby
exploiting the potential of the wall and joint. It was also concluded that the behaviour of
a slotted-in steel plate connection with dowels in a cross-laminated timber wall is easily
predictable when loaded in any direction, which simplifies the design process.
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Liihikokkuvote
Sissefreesitud terasplaadiga naagelliited ristkihtliimpuidust
jaikusseintes

Tehases toodetud puidust ruumelementide kasutamine korruselamute ehituses omab
vorreldes konventsionaalsete ehitusviisidega mitmeid olulisi eeliseid. Modulaarsus nii
ruumelemendi komponentide kui ka valmis moodulite tasemel véimaldab optimeerida
materjali, tootmisprotsessi, transporti ning montaazi, mistGttu saavutatakse kokkuvottes
[ihem ehitusaeg. Hoone kavandamise ja ehitusprotsessi oluliseks kitsaskohaks on
konstruktsioonide horisontaalsuunalise jaikuse arvutus ning hoone kui moodulite kogumi
terviklikkuse tagamine.

Uks v8imalik strateegia hoone horisontaalsuunaliseks jdigastamiseks on eraldiseisvate
ristkihtliimpuidust seinte kasutamine moodulite vahel. See vGimaldab kasitleda hoonele
mdjuvaid vertikaal- ja horisontaalsuunaslisi koormuseid teineteisest lahus ning lihtsustada
seeldbi projekteerimisprotsessi. Arvestades ristkihtliimpuidu suurt tugevust ja jaikust
tasapinnalisel koormamisel, on sellise lahenduse kdige kriitilisemaks kohaks seina
kinnitus vundamenti. Seejuures on oluline silmas pidada ka kasutatava liite sobivust
modulaarehituse automatiseeritud t66voogu ning teostatavust moodulite monteerimisel.

Kaesolev doktorit6o uurib sissefreesitud terasplaadiga naagelliiteid ristkihtliimpuidust
jaikusseintes nii liite kui ka seina kui terviku tasemel. Liite kandevéime arvutamise {ht
olulisimat sisendparameetrit, muljumistugevust, on kasitletud ldhtudes ristkihtliimpuidu
kihtide arvust ja paksusest. Lisaks paljudele laborikatsetele kasutati analiiisis
kirjanduses saadaolevaid muljumistugevuse andmeid. Tulemusena leiti kihi paksuse
mdju muljumistugevusele ning pakuti vdlja uus empiiriline arvutusmudel, mis arvestab
praktikas kasutatavate ristkihtpuidust paneelide kihtide paksusega.

Liitekatsete esmane eesmark oli valideerida uut muljumistugevuse arvutusmudelit.
Tulemusena leiti hea korrelatsioon mudeli ja tegelike katsetulemuste vahel. Kuna liites
kasutati tehase tingimustes poolautomaatselt paigaldatavaid puurnaagleid, siis uuriti
naagli puurotsa ja keermete mdju liite kandevGimele. Taheldati kdieefekti aktiveerumist,
kuid naagli suure voolupiirile vastava momendi ja vaikese siivistusiigavuse koosmajul
tekkiva rabeda purunemise tottu ei valjendud see liite kandevdime kasvus. Vaiksema
diameetriga ning madalama terase tugevusega puurnaaglite korral enneaegset rabedat
purunemist ei esinenud ning koieefekti kaudu saavutati 11.8% suurem kandevdime
vorreldes siledate naaglitega.

TaismG6dus, alumisest servast kinnitatud jaikusseina katsetamise eesmargiks oli
valideerida liitekatsete tulemusi ning naidata arvutusmudeli valiku tdhtsust projek-
teerimisprotsessis. Uhtlane, kogu seina pikkune liide valiti pShjusel, et vdimaldada
koormuse Uhtlasemat tlekannet aluskonstruktsioonile, valtida rabedat purunemist ning
selle kaudu maksimeerida seina ja liite potentsiaali. Katsetulemusi vorreldi kahe erineva
arvutusmudeliga, millest {iks arvestas liite plastset kaitumist ning piirkoormuse jargset
pehmenemist. Arvutusmudeli rakendamiseks tuletati vorrandid, mis kirjeldavad liite
kogu jou-deformatsiooni diagrammi koormamisel vertikaal- ja horisontaalsuunas.
Mittelineaarse arvutusmudeli kasutamine vdimaldas tdpsemalt prognoosida seina
tegelikku kandevéimet ning kasutada ara liite kogu potentsiaal. Lisaks sellele jareldati, et
sissefreesitud terasplaadiga naagelliite kditumine ristkihtliimpuidust seinas erinevas
suunas koormamisel on hdasti prognoositav, mis omakorda lihtsustab projekteerimis-
protsessi.
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Appendix

Boundary conditions to determine the coefficients C; — C4 and simplified coefficients.

dF(
dv v

0) = Kini

dF
_(V = Vmax) = Kmax =0
dv

F(V = Vmax) = Enax

F(V=VA)=FA
F(v=vp) =Fp
dF

E(V =vp) = Kp

Cl=(Fmax*(vB-vmax)*vmax*(16*Fmax"2*(vB-vmax)~3+8*Fmax*Kini*vB~2* (4*vB-
vmax)*vmax+25*KB*Kini*vBA2* (4*vB~3-4*vB"2*vmax-vB*vmax,2+vmax”3)) -
FA*(25*%KB*Kini*vB~2* (vB-vmax)~2*vmax* (4*vB"2-vmax"2)+4*Fmax~2*vmax* (9*vBr4-
24*vBA3*vmax+27*vB/2*vmax"2-16*vB*vmax”3+4*vmax~4)+Fmax*vBA2* (25*%KB*vB* (vB-
vmax)~2*(2*vB-vmax)+2*Kini*vmax~2* (16*vB~2-
21*vB*vmax+4*vmax”2))) )/ (Kini*vBA2*vmax~2* (-Fmax* (vB-vmax)* (4*Fmax*(3*vB-
vmax ) *vmax+25*KB*vB* (2*vBA2-3*vB*vmax+vmax~2) )+FA* (25*KB*vB* (vB-
vmax)"2*(2*vB-vmax)+Fmax*vmax*(11*vB~2-16*vB*vmax+4*vmax~2))))
C2=(-2*Fmax*(vB-vmax)*(16*Fmax"2*(vB-
vmax)~3+8*Fmax*Kini*vB~3*vmax+25*KB*Kini*vBA2*vmax* (2*vBr2-
3*vB*vmax+vmax”~2))+FA* (50*KB*Kini*vB"2*(vB-vmax)~2*(2*vB-

vmax ) *vmax+8*Fmax"2* (5*vBA4-16*vB~3*vmax+22*vBr2*vmax~2-
15*vB*vmax”3+4*vmax~4)+Fmax*vBA2* (25*%KB* (vB-vmax)~2* (2*vB-vmax) -Kini*vmax* (-
16*vB~2+16*vB*vmax+vmax”~2))))/(Kini*vB"2*vmax"2* (-Fmax* (vB-

vmax)* (4*Fmax* (3*vB-vmax)*vmax+25*KB*vB* (2*vB 2-

3*yB*vmax+vmax”~2) )+FA* (25*KB*vB* (vB-vmax)~2*(2*vB-vmax)+Fmax*vmax* (11*vB"2-
16*vB*vmax+4*vmax~2))))

C3=1/Kini

C4=(Fmax*(25*KB*Kini*vB"2*(vB-vmax)~2*(2*vB-vmax)*vmax-

8*Fmax”2* (2*vB~3*vmax-3*vB*vmax”3+vmax~4)+Fmax*vB* (-25*KB* (vB-
vmax)"2*(4*vBA2-vmax”2)+Kini*vmax~2* (16*vBA2-20*vB*vmax+5*vmax~2)) )+FA* (-
25*KB*Kini*vB~2*(vB-vmax)~2*(2*vB-vmax)*vmax+4*Fmax 2* (3*vB~3*vmax-
6*vB*vmax"3+2*vmax”4)+5*Fmax*vB* (vB-vmax)* (Kini*vmax~2* (-

3*vB+vmax)+5*KB* (4*vB~3-4*vBr2*vmax-
vB*vmax~2+vmax”~3))) )/ (Fmax*Kini*vB*vmax*(FA*(-25*KB*vB* (vB-vmax)~2*(2*vB-
vmax)+Fmax*vmax*(-11*vB~2+16*vB*vmax-4*vmax~2) )+Fmax*(vB-

vmax)*(4*Fmax* (3*vB-vmax)*vmax+25*KB*vB* (2*vB~2-3*vB*vmax+vmax"2))))
C5=(-25*FA*KB*Kini*vB~2*(vB-vmax)~2*vmax* (4*vB"2-

vmax”2)+4*Fmax~3*vmax* (5*vB~4-28*vBA3*vmax+39*vB~r2*vmax~2-
20*vB*vmax”~3+4*vmax~4)+5*Fmax*vB~2* (vB-vmax)*vmax* (5*KB*Kini* (4*vB~3-
4*yBA2*vmax-vB*vmax"2+vmax”3)+2*¥FA* (Kini*vmax* (-4*vB+vmax)+5*KB* (2*vB"2-
3*vB*vmax+vmax”~2)))+Fmax”2* (-25*KB*vBA2* (vB-vmax)A2* (2*vB~2+3*vB*vmax-
2*vmax~2)+vmax* (2*Kini*vBA2*vmax* (20*vB 2-24*vB*vmax+5*vmax"2)+FA* (-
45*vBr4+144*vBA3*vmax-168*vBA2*vmax”2+80*vB*vmax”3-

16*vmax~4))))/ (Fmax*Kini*vB~2*vmax~2*(-Fmax*(vB-vmax)* (4*Fmax*(3*vB-
vmax)*vmax+25*KB*vB* (2*vB"2-3*vB*vmax+vmax~2) )+FA* (25*KB*vB* (vB-
vmax)~2*(2*vB-vmax)+Fmax*vmax*(11*vBA2-16*vB*vmax+4*vmax~2))))
C6=(-2*FA*(10*Fmax*Kini*vB~3*(vB-vmax)*vmax+25*KB*Kini*vB~2*(vB-
vmax)"2*(2*vB-vmax)*vmax+Fmax"2* (5*vBA2-

8*vB*vmax+4*vmax"2)~2)+Fmax* (50*KB*Kini*vB~2* (vB-vmax)"2* (2*vB-
vmax)*vmax+8*Fmax~2* (5*vB~4-20*vB~3*vmax+28*vB"2*vmax~2-
17*vB*vmax”3+4*vmax~4)+Fmax*vBA2* (-25*KB* (vB-vmax)~2*(2*vB-
vmax)+Kini*vmax*(20*vB~2-20*vB*vmax+vmax”2))))/(Fmax*Kini*vB~2*vmax"2* (FA* (-
25*KB*vB* (vB-vmax)"2*(2*vB-vmax)+Fmax*vmax*(-11*vBA2+16*vB*vmax-

4*ymax”~2) )+Fmax* (vB-vmax)* (4*Fmax* (3*vB-vmax)*vmax+25*KB*vB* (2*vB"2-
3*vB*vmax+vmax”~2))))

97



Curriculum vitae

Personal data

Name:

Date of birth:
Place of birth:
Citizenship:

Contact data

E-mail:
Education

2008 — ...

2004 - 2007

1998 — 2003

1995 - 1998

Language competence
Estonian
English
German

Eero Tuhkanen
24.11.1979
Viljandi
Estonia

eero.tuhkanen@taltech.ee

Tallinn University of Technology, PhD

Tallinn University of Technology, MSc

Tallinn University of Technology, diploma

Carl Robert Jakobson Gymnasium, secondary education

Native
Fluent
Fluent

Professional employment

2016 - ...
2011-2016
2011 -..
2001 -2011

Tallinna Tehnikaulikool, lecturer

Tallinna Tehnikatlikool, assistant
Cad-siuisteemide OU, software consultant
TA-Konsult OU, structural designer
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Elulookirjeldus

Isikuandmed
Nimi: Eero Tuhkanen
Slinniaeg: 24.11.1979
Sinnikoht: Viljandi
Kodakondsus: Eesti
Kontaktandmed
E-post: eero.tuhkanen@taltech.ee
Hariduskaik
2008 — ... Tallinna Tehnikaulikool, PhD
2004 - 2007 Tallinna Tehnikatlikool, MSc
1998 — 2003 Tallinna Tehnikadlikool, diplomidpe
1995 - 1998 Carl Robert Jakobsoni nimeline glimnaasium, keskharidus

Keelteoskus

Eesti keel Emakeel
Inglise keel Kesktase
Saksa keel Kesktase

Teenistuskaik

2016 - ... Tallinna Tehnikatlikool, lektor

2011 -2016 Tallinna Tehnikatlikool, assistent

2011 -.. Cad-suisteemide OU, tarkvara konsultant
2001 - 2011 TA-Konsult OU, konstruktor
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