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Abstract

Timber-concrete composite structures were originally developed for upgrading exi-
sting timber floors, but during last decades, they have new applications in multi-
storey buildings. Most of the research performed on these structures has focused
on systems in which “wet” concrete is cast on top of timber beams with mounted
connectors. Recently investigations on composite systems were performed at Lulea
University of Technology in Sweden, in which the concrete slab is prefabricated off-
site with the connectors already embedded and then connected on-site to the timber
joists. Similar studies have been carried out also on timber-concrete composite struc-
tures with prefabricated FRC slabs at Lund University in Sweden. Two kinds of
shear connectors were incorporated in the prefabricated FRC concrete slabs. These
last systems can be considered globally as “partially prefabricated structures” because
only the slabs were cast off-site with already inserted shear connectors and then the
connection with the timber beams is done on the building site. An innovative com-
posite system for floor applications is presented in this thesis. The entire structure is
prefabricated off-side, transported and direct mounted to the building on site, that
can be seen as “full prefabricated structures”.

Noticeable benefits of a full prefabricated structure are that the moving work from
the building site to the workshop reduces construction costs, is more simple and fast
of manufacture and erect, and of sure, has better quality, that means more durability.

Self-tapping full-threaded screws to connect concrete slabs to timber beam were used.
Dimensions of the composite beams and the spacing between the screws has been
chosen by discussing different FE model in order to reach the optimal solution.

The experimental campaign included: (i) two short-time bending tests carried out
on two different full-scale specimens, (ii) dynamic tests conducted on one full-scale
specimen, (iii) long-time bending test carried out on one full-scale specimen, (iv)
compression tests on three cubes of concrete, (v) nine withdrawal tests of the screws
with different depth in the concrete. The results of the experimental tests show that
the composite beams have a very high level of resistance and stiffness and also allow
to reach a high degree of efficiency.

Last, comparisons between FE results, analytical calculations and experimental va-
lues have been performed and from them it can be concluded that FE model and

il



theoretical calculations well interpret the behavior of the composite structure and
provide reliable results.
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Chapter 1

Introduction

This chapter presents a general introduction to timber-concrete composite systems
and their applications, the advantages and drawbacks of the “cast-in-situ” systems.
It also present the advantages of only prefabricated concrete slabs connected to the
timber beams and the possibility to develop full-prefabricated composite systems.
Aims and outlines of the thesis have also been described.

1.1 Background

Timber-concrete composite systems are being increasingly used for upgrading of exi-
sting timber floors in residential or office buildings as well as for new buildings and
bridges. These kinds of structures consist of timber joists or beams effectively inter-
connected to a concrete slab cast on top of the timber members. Timber-concrete
composite structures have been investigated for nearly 80 years. Floors of composite
timber and concrete have been used successfully in highway bridges, hangar aprons,
wharves, piers, buildings and platforms since early 1940’s (Richart and Williams).
One of the first projects carried out on timber-concrete composite structures was
described by McCullough (1943) who performed experimental tests (knows as the
Oregon tests) on timber-concrete composite beams, prompted by a desire of the
Oregon State Highway Department (USA) to develop a cost-effective short-span hi-
ghway bridge. In many FEuropean countries timber-concrete composite constructions
are being increasingly used in upgrading and post-strengthening of existing timber
floors in residential or office buildings as well as new constructions for buildings and
bridges (Ceccotti 1995). In the 80’s and 90’s special attention was paid to timber
multi-storey buildings. For example, Natterer et al. (1996) proposed a composite
system with a timber layer made of vertical nailed planks for the floors of new resi-
dential multi-storey building. Most research on wood-concrete composite structures
has been performed on various types of shear connectors, used together with standard
concrete and timber/glued laminated glulam beams or wooden decks. However, a few
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researchers have also explored the possibilities of using different type of concrete or
other wood-based engineering materials. Most of the research performed to date and
currently in progress on wood-concrete composite systems is focused on systems in
which “wet” concrete is cast on top of timber beams with mounted shear connector
systems (traditional or “wet” timber concrete composite systems). An example of a
“wet” timber-concrete composite system with mounted shear connectors is reported
in Figure [1.1

Concrete Shear

Timber/glulam beam slab connector
-.:—I—"'\ .:"‘ ‘: ‘! :'\‘ _:_L‘- ‘.‘\‘\,,"-—:E L] T‘::‘ i ?11‘1 “ i : “ :;“l;-
IRCAARLE | RARCEN ENPEhAL I MBI L] | EEAACE IKR AR
\
Cross section Llevation

Figure 1.1: Example of “wet” timber-concrete composite system.

In timber-concrete composite structures, the concrete slab mainly resists compres-
sion, while the timber joist resists tension and bending, and the connection system
transmits the shear forces between the two components. Advantages compared to
wooden floors which are listed below, include:

— increased load-carrying capacity;

— higher stiffness (which leads to reductions in deflections and susceptibility to
vibrations);

improved acoustic and thermal properties;
— higher fire resistance.

There are also some advantages relative to normal reinforced concrete floors. Notably
cracks in the tensile region of reinforced concrete slabs may promote penetration of
moisture and corrosion of the steel rebars. Further, the lower part of a concrete slab,
approximately 40-60% of the depth, is generally ineffective since it is cracked and thus
non-resistant. By replacing that part with a resistant solid wooden deck, the overall
depth of the concrete slab can be reduced by about 50% and, thus, the self-weight of
the structure can be markedly decreased (Gutkowski 2000).

In the structure, wood resisting tensile forces, concrete slab resisting compressive

forces and connectors carrying shear forces constructs. Timber-concrete system is
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more competitive than either wood or concrete alone. The first principle to achieve
strong, rigid and lightweight systems is to focus on the shear connector performance.
The connection system is a crucial part of any timber-concrete composite system,
which provide composite action in the cross-section. A range of mechanical connec-
tors is available on the market with an extensive variety of stiffness and strength pro-
perties, which are fundamental design parameters for the composite structure. The
connection needs to be stiff and strong to maximize the composite action, but its
number of components and installation time should be minimal, to make the system
cost effective. Evaluating the connection’s stiffness is important because the beha-
vior, both static and dynamic, of the composite concrete-wood structure is strongly
influenced by the slip between the beam and the slab. Thus, the design of timber-
concrete composite structures generally requires consideration of the slip occurring
in the joint between the timber and concrete.

Nevertheless, despite the many advantages of timber-concrete composite structu-
res abovementioned, the use of wet concrete has also disadvantages, notably:

— the introduction of a “wet” component in the typically “dry” construction pro-
cesses applied in timber buildings;

— the time needed for the concrete to set, which adds to the time required on-site
before the next scheduled action can be taken;

— low stiffness and high creep while the concrete cures, which is particularly unfa-
vourable for unpropped composite beams, hence propping of beams at mid-span
is crucial to minimize permanent deflection and enable the development of suf-
ficient initial composite stiffness to sustain the full self-weight of the concrete
slab;

— the high cost of cast-in-situ concrete slabs, mainly due to the cost of transpor-
ting fresh concrete and the use of props, formwork such as planks, particleboard
or plywood sheets as composite components, which further increases the self-
weight of the structure, and use of separating layer-foil between the concrete
and the timber to prevent the contact between wet concrete and wood;

— potential problems of quality control.

Moreover, excessive shrinkage of concrete causes additional deflection, hence low sh-
rinkage concrete is desirable in timber-concrete composite structures to minimize any
permanent deflection.

As previously said, satisfactory strength and stiffness properties are among the most
important prerequisites for timber-concrete composite structure. However, only these
properties are in general not enough to guarantee the success of the structure. In fact,
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besides strength and stiffness, also other aspects must be considered in the design of

timber-concrete composite structures such as:
— ductility
— simplicity
— rapidity of manufacture and erection;
— higher quality;
— better working environment;
— dry bridge deck surface;
— good durability.

A notably benefit of prefabricating the concrete slab is also that most of the concrete
shrinkage will occur before the slab is connected to the timber beam, markedly redu-
cing the correlated increases in deflection and flexural stresses in the composite beam.
Another advantage of the prefabrication is that moving work from the building site
to the workshop reduces constructions costs.

During the last decades, several research studies have been conducted, with fo-
cus on design methods of new timber-concrete composite floor and bridges. These
research works have provided a base of engineering data needed for practical appli-
cations. The competitive merit of such composite structures is borne out by several
examples of successful projects decks both in Europe but also overseas.

The major part of these studies is based on the use of cast-in-situ concrete slab.
Very few researches have investigated the possibility to using prefabricated concrete
slabs connected to timber beams. Experience has shown that steel-concrete com-
posite structures with prefabricated decks offer several advantages, abovementioned.
Recently, some investigations have been performed at the technical University of
Lulea, Sweden, focusing on the development of connector technologies for timber-
concrete composite structures that are suitable only to prefabricated slabs, see [I].
Besides, another recently research, see [1], shows that the improvement perspecti-
ves of such a technique are enormous, but new possible solutions need to be tested.
According to [I] and [4], the use of a prefabricated concrete slab implies several ad-
vantages such as a better material control, time saving and also, consequently money
saving. To improve further the industrial process, to make prefabrication more quic-
kly and even more cheaper, the full-prefabricated structures should be considered.
This means that concrete slabs and timber beam are completely performed off-side
and only mounted on-site.

4
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1.2 Aims and scope

The purpose of this research project is to explore the mechanical performance (static
short- and long-term, and dynamic) of screws as shear connectors for mounting in
a prefabricated timber-concrete structure, the performance of shear connections on
full-scale specimens and in such a way that the concrete slab and glulam beams can
be connected off-site in a full-prefabricated point of view. Thus, such a prefabricated
timber-concrete composite system can significantly reduce all the aforementioned
drawbacks of the “wet” systems. It is important to remember that concrete exhibits
creep and drying shrinkage. In case of only prefabricated slab these effects on the
timber beams can be reduced by increasing the curing time before the assembly of the
prefabricated concrete slab with the glulam beam. In such a way long-term deflection
can also be reduced in comparison to traditional composite floors. To reduce the
shrinkage phenomenon and reduce crack widths and control the crack widths tightly
in full composite structure, it is used a fibre reinforced concrete (FRC). Particular
focus was placed on the connection system, the slab and beam dimension choices, the
stiffness and the mid-span deflection of two identical full-scale specimens in order to
achieve the design requirements. Special attention has been paid to the development
and use of connection system that is easy to produce and mount in order to speed
up the construction process. Finally, the particular timber-concrete composite tested
beams are reflected for a practical application such as a stand for a Swedish stadium.

1.3 Outlines of the thesis

This master thesis can be ideally divide into: Part I summarizes the research projects
and the state of the art concerning the connections for prefabricated timber-concrete
composite systems developed. It reports some examples of these kinds of connections
that are studied and tested at Lulea University of Technology, see [I] and [2]. There
are also represented two types of shear connectors recently studied and tested at SP
Technical Research of Sweden [4]. Furthermore, Part I also presents the innovative
connection system adopted for this research and tests realized by mean of self-tapping
full-threaded screws. Part II reports the classical theory of composite beams with
deformable connection, which is bounded by two extreme stiffness limits. In Part
II is also described the numerical model realised for the slab and beam dimensions
choices and the choice of connectors spacing. Part IIl, on the other hand, presents the
experimental tests, in particular the test set up, the bending tests and the dynamic
tests on both systems carried out at Lunds Tekniska Hogskola. Besides, Part 111
reports also the conclusion of this research and the comparison between analytical,
numerical and experimental results. Finally, there is an Appendiz that presents a
real application of these timber-concrete composite prefabricated beams. This type
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of structure is adopted to renew the stands for a Swedish stadium, named Stréomvallen
at Gévle in Sweden.




Chapter 2

Connections for Prefabricated
Timber-Concrete Composite Systems

This chapter presents the state of the art of connectors systems for timber-concrete
composite systems and some “dry-dry” connectors, already embedded into a prefa-
bricated concrete slab, which have been recently investigated.

2.1 Types of connector systems

2.1.1 Efficiency of connector systems

Timber-concrete composite system and slabs require interlayer connectors, which
provide composite action in the cross-section. A range of mechanical connectors is
available on the market with an extensive variety of stiffness and strength properties,
which are fundamental design parameters for the composite structure. Another cru-
cial parameter is the cost of the connector, including the labour cost, that if too high
may prevent the use of the composite system. In order to reduce the construction
cost and to make timber-concrete structures more widespread on the market, it is
believed that a high degree of prefabrication should be achieved. For a simple and
cost effective construction process, the use of “dry” connections, which do not require
the pouring and curing of concrete on site, may represent a possible solution. Here it
is presented a number of different mechanical “dry-dry” connectors previously embed-
ded into a prefabricated concrete slab. On some tests that have been performed, it
was found that some of the developed connection systems for prefabricated concrete
slab can perform as satisfactorily as those for cast-in-situ slabs, with the additional
benefit of being relatively inexpensive.

The choice of an effective shear connection is the key to achieve strong and stiff
composite systems. The efficiency of the shear connection can be measured as sug-

7
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gested by Gutkowski, see [6]:

Dy —D
BN

Dy — D¢
where
E is the efficiency of the composite system;
Dy is the theoretical fully composite deflection (calculated by transformed

section);

Dy is the actual deflection of the timber-concrete composite beam;
D¢ is the theoretical fully non-composite deflection (calculated as a layered

beam without interlayer shear transfer).

The efficiency can vary between 0% in case of system considered without connection
and 100% in the case of fully rigid connection with no interlayer slip between concrete
and timber and fully composite action.
It may also be convenient to define the efficiency of a shear connection for a composite
beam, using the following equation, originally proposed by Piazza in 1983 and later
by Piazza and Ballerini in 2000, see [7]:

n = EJreal - EJO
EJ. — EJy
where
n is the efficiency of the interlayer connection;
EJy is the bending stiffness of the beam with a theoretical full composite
action;

EJy is the bending stiffness of the beam with no composite action;
EJrea is the actual bending stiffness of the beam.

When the shear connection is very stiff E.J,., tends to EJ,, and thus 7 tends to 1.
On the other hand, for a very flexible shear connection EJ,.,; would tend to E.J, and
thus n tends to 0.

In order to limit the deflections in composite structures relatively rigid shear con-
nectors should be used. However, rigidity is not the only desirable characteristic of
timber-concrete shear connectors. Notably, to prevent undesiderable brittle failure in
the composite structure, shear connectors should also be sufficiently ductile, see [§].
Many different connectors have been proposed thus far, notably:
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— steel meshes epoxy-glued into the timber;
— notched details cut into the timber part;
— steel fasteners such a nails, screws.

The last one kind of connectors are ductile and commonly used in many applications,
however they are generally more flexible, and a large number of fasteners is required
to achieve high efficiency. The prefabrication of concrete slab with already inserted
shear connectors, and the connection with the timber beams on the building site can
significantly reduce all the drawbacks of the wet systems. In this case, most of the
shrinkage will develop when the prefabricated concrete slab is not yet connected to
the timber beam, markedly reducing its effect in terms of increase in deflection and
flexural stresses. Prefabrication also permits an improvement in the construction
process achieving high quality, while saving resources and simplifying recycling of
waste.

Prefabricated modular wood-concrete composite elements with a glued-in metal
plate as shear connector developed in Germany resulted in a cost-effective system
which can compete with contemporary reinforced concrete and steel-concrete compo-
site systems, see [5]. The modular element can be utilized in floors, walls and roofs
in both residential and commercial buildings. An example is shown in Figure 2.1

concrete

wood _ _reinforcement

. HBV - shear connector

Figure 2.1: Example of a prefabricated wood-concrete composite floor panels, see [5].

The development of other mechanically effective connectors potentially leading to
high efficiency is meaningless if the system is too difficult to build and/or too time
consuming. This is why special attention has been paid to propose connection sy-
stems easy to produce and mount so as to speed up the construction process. The
prefabrication of the concrete slab with already embedded shear connectors is belie-
ved to be a possible way to reduce the cost by moving most of the work from the
building site to the factory. Here there have reported a range of connectors with
either strong and stiff mechanical properties but low ductility, and with less strength
and stiffness but high ductility, which were investigated by Lukaszewska, see [1] and
[2]. The description of the connectors is reported in Table [2.1]
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Type Drawing Description of the connection system

A 55 x 55 x 250 mm toothed metal plate. folded at

Sk an angle of 90°, moulded into the slab

A continuous steel mesh embedded 50 mm into the
slab and epoxy-glued into a 50 mm deep slot routed
in the glulam beam

SM

A O 20 X 47 mm long steel tube inserted into the
concrete slab with one @ 20 X 120 mm hexagon
head coach screw

SST+S

A @ 20 X 47 mm long steel tube inserted into the
concrete slab with one @ 20 X 160 mm hexagon
head coach screw

SSTHS’

Two folded steel plates embedded into the slab to a

SP+N . depth of 50 mm and nailed to both sides of the
0 glulam beam with eight @ 4.5 X 75 mm annular
P ,1/ ringed shank nails

U-shaped steel plates welded to a long punched
metal plate embedded into the slab to a depth of 30
mm and nailed to both sides of the glulam beam
with eight @ 4.5 X 75 mm annular ringed shank
nails

SP+N"

A 115 mm wide two-folded steel plate, embedded
into the slab at a depth of 50 mm and epoxy-glued

GSP into a 70 mm deep slot milled in the glulam beam

o
A @ 20 X 67 mm long steel tube inserted into the

concrete slab with one @ 20 X 160 mm hexagon

+S5+ \ /
SEEIEN head coach screw and one notch cut from the
\ / glulam beam

A @ 20 % 120 mm dowel with flanges embedded
GDF into the concrete slab to a depth of 50 mm and
epoxy-glued into a 70 mm deep hole drilled in the

glulam beam

Table 2.1: Descriptions of the shear connectors, which has been studied from Lukaszewska
at the technical University of Lulea, Sweden.
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2.1.2 Shear test

In order to investigate the performance for each type of connector shear tests were
carried out. The mechanical parameters checked for the following shear connector
types are: stiffness, strength and ductility. In addition to the investigation of mecha-
nical properties, the feasibility of the proposed prefabrication process was evaluated
during the manufacture of the shear test specimens.

Direct shear tests were performed on asymmetrical specimens to determine the con-
nectors’ load-slip relationships using the experimental set-up illustrated in Figure
2.2

This type of test was chosen because asymmetrical specimens are lighter, cheaper and
quicker to construct than symmetric (push-out) specimens, in which the timber beam
is connected to two concrete slabs, one on the left- and the other on the right-hand
side. A drawback of the asymmetrical shear test set-up is that it gives slightly higher
estimation of the shear strength and slip modulus than symmetric shear tests (Van
der Linden 1999). This follows the overturning moment due to the eccentricity of
the axial force results in a compression force at the interface between the concrete
and timber, which increase the friction and (thus) improves the apparent mechanical
properties of the connection, see [I].

Steel frome-HEA 7140

Steel! plfote 7
20x350 {50“ 5o + ¢

Swpport vLFf5

Timber beam

T75x135 mm -
Concrete sfiaob % —
400x400 o s [SY =)
Fal e =
~ H >
EO0XE0X400 %a -~

2OX200X240 - %%

,

“

g

ET
!

225

365 L
.

Figure 2.2: Shear test set-up.

2.1.2.1 SNP type connector

The SNP type connector is a common toothed metal plate previously investigated by
Van der Linden that is characterized to have a ductile behavior. The length of the
toothed plate was 250 mm and it was manufactured from common toothed plate with
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8 mm long nails. A flat toothed plate was bent at an angle of 90° and the teeth were
removed from the part inserted in the concrete slab to eliminate the occurrence of
air pockets around the nails. The pre-cast concrete slab with the toothed plate was
pressed into the glulam beam using a hydraulic jack. The pressing process created
compressive stress perpendicular to grain and several cracks appeared at the mid-
section of the glulam beam.

Figure 2.3: Toothed medal plate connector (Type SNP), in the moulding form on the left
and the prefabricated slab with inserted the metal plate on the right.

Two drawbacks can be recognized using this connector in full-scale structures: (i)
the complexity of moulding forms and concrete placement during the prefabrication
process, which must be done this way to ensure that no leaking will occur on the
teeth used for the connection with the timber beam, and (ii) the necessity of using
specific equipment to press the glulam beam in the pre-cast concrete slab.

2.1.2.2 SM, GSP and GDF type connectors

Glued connections have been tested in previous studies by Clouston, [9] and Bathon
et al. 2006, see [10], to provide almost full composite action. The following types of
glued connectors were investigated by Lukaszewska and here presented: a continuous
steel mesh (SM), Figure[2.4] a folded steel plate (GSP), Figure[2.5] and a ¢20x 120 mm
dowel with two welded flanges (GDF), Figure In Lukaszewska’s investigations,
a two component epoxy-resin StoBPE 465/464 available on the Swedish market was
used to bond the steel parts to the glulam members in all the SM, GSP and GDF
series. The connection was realized by leaving a 2 mm gap around the fastener and
filling the slots and holes up to 2/3 of the depth with the epoxy. A plastic foil was
placed between the concrete slab and the glulam beam to conservatively remove any
bond at the interface which could increase the slip moduli for lower levels of load.

12



Connections for Prefabricated Timber-Concrete Composite Systems

Figure 2.4: Epoxy-glued connections in the moulding forms continuous steel mesh (SM)
on the left. Prefabricated concrete slab with inserted shear connector on the
right, see [1].

Figure 2.5: Epoxy-glued folded steel plate (GSP) the moulding forms on the left. Prefa-
bricated slab with inserted shear connector on the right, see [1J.

Figure 2.6: Epoxy-glued steel dowel with flanges (GDF), the moulding form on the left.
Prefabricated slab with inserted shear connector on the right, see [I].
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The SM connector was characterized by both high stiffness and strength. The shear
failure was observed in the steel connector and load carrying capacity decreased once
the maximum strength was reached. High degree of composite action can be achieved
using this type of connection. The cost of the epoxy resin and the time needed for the
glue to cure, especially for commercial buildings involving large composite sections
and long beams, represent drawbacks of the system. Another shortcoming is the
concrete leaking during the concrete placement in the moulding forms through the
holes of the mesh used as a connector. Such a concrete leaking on the lower part of
the mesh to be glued in the timber beam should be avoided and this is difficult to
avoid during the construction process.

The GSP and GDF type connectors have a similar problem of the previous one as
regards concrete leaking. Another drawback is the accuracy required during the
prefabrication of the slab. The connectors need to be placed exactly in the right
position in the moulding forms to eliminate problems during the assembling process
with the timber beams on the building site. The cost of the glue and the additional
time needed for the curing make these systems less attractive if compared to the other

mechanical shear connectors.

2.1.2.3 SST + S and SST + S* type connectors

The SST + S connector consisted of a 47 mm long steel tube characterized by an
inner diameter of 20 mm, with a welded flange embedded in the concrete slab, Figure
[2.7 The connection between the concrete slab and the glulam beam was obtained
with a ¢20 x 120 mm hexagon head coach screw for the SST + S series. A plastic cap
was screwed on top of the steel tube to create space for the screw head during the
placement of the concrete and was removed after the concrete had cured. The screw
was pre-tensioned with a 130 Nm torque moment using a torque wrench.

Figure 2.7: SST+S steel tube shear connectors, the moulding from with the screw’s plastic
cup on the left and assembled to the glulam beam on the right [I].

For the SST-+S* series the concrete slab was connected to the glulam beam using the
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same kind of steel tube but with a ¢$20 x 160 mm hexagon head croach screw instead
of a 20 x 120 mm screw.

The SST + S connector was the most ductile system with, however, the lowest stiffness
and strength. An increase in stiffness and strength can be obtained by using longer
screws and optimizing the distance between the connectors. The prefabrication of pre-
cast concrete slabs with embedded steel tubes does not require particular moulding
forms. The steel tubes can be connected to the reinforcing steel mesh by spot welding
and they can be placed into the moulding form. The spot welding process requires
some time, however it was found to be cheaper and simpler than working with the
epoxy-glue. The pre-cast concrete slab can be easily assembled to the glulam beams
using pre-tensioned screws where only the pre-drilling operation is required.

2.1.24 ST + S + N type connector

A modified steel tube characterized by a length of 67 mm, with two welded flanges,
and a hexagon head coach screw ¢20 x 160 mm was used in the ST + S + N series
in conjunction with a notch cut from the timber beam, Figure 2.8] A prefabricated
concrete slab with a 115 x 120 mm rectangular hole was placed on top of the glulam
member. The hole was filled with concrete mix. The screw was pre-tensioned with
130 Nm torque moment using a torque wrench. The notch in the glulam had an
inclination of 15°, a length of 100 mm, and a depth of 25 mm, Figure [2.8

28

100

Figure 2.8: Steel tube detail of ST+S+N shear type connector on the left and notch in
the glulam beam (dimension in mm) for ST+S+N connector on the right [I].

This type of connector, characterized by the highest strength among all the systems
tested, high stiffness and large ductility, offers wide potentials of use in commercial
applications. In order to use this type of connection in the pre-cast option, ho-
wever, individual and expensive moulding forms with recesses would be needed to
manufacture concrete slabs with protrusions. An alternative solution could be the
prefabrication of concrete slabs with rectangular holes at the connector location, to
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be filled with concrete mixture after placing the steel tubes on site as it was done
for the shear specimens. Another drawback of the system is that the mix design of
concrete needs to be carefully investigated to minimize the shrinkage in the notch
and to achieve a tight fit between concrete and timber.

2.1.2.5 SP + N and SP + N* connector series

This type of connector consisted of a pair of folded steel plates embedded into the
concrete slab and connected to the glulam beam by means of 8¢4,5 x 75 mm annular
ringed shank nails (SP + N series), Figure The two plates were placed in the
moulding form so that there was a 10 mm overlap, thus the flanges folded in the steel
plate acted as an anchor in the concrete slab. The plate was 160 mm long, 75 mm
wide and 3 mm thick.

b

Figure 2.9: SP+N steel plate shear connector in the moulding form [IJ.

The connector type designated SP+N*, as showed in Figure [2.10| consisted of a U-
shaped steel plate welded to a 400 mm long punched steel profile embedded into the
concrete slab and nailed with eight ¢4,5 x 75 mm annular ringed shank nails to both
sides of the glulam beam. The U-shaped steel plates were welded to a long steel
profile running along the length of the beam to overcome the difficulty of positioning
each U-shaped steel plate correctly in the moulding form individually. The U-shaped
steel plates and the punched steel profile were 3 mm thick.

The SP -+ N is simple, economical and relatively stiff. The GSP type connector which
was similar in detail achieved comparable initial stiffness but only two-thirds of the
strength observed in the SP 4+ N connector type. In addition, the complexity of the
prefabrication and assembling process would make the GSP system more expensive
than the SP + N. No complex moulding forms are needed to prefabricate concrete
slabs with SP + N type connectors. A shortcoming in full scale beams may be the
difficulty of placing every single steel plate into the right position in the moulding

form.
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Figure 2.10: SP+N* shear connector type in moulding form, see [1].

This problem can be overcome by welding all the connector plates to a long punched
metal plates running along the length of the beam and encased in the concrete slab.
Even though the use of the punched metal plate represents an additional cost, it offers
significant advantages with respect to the solution without plate in terms of improved
accuracy, reduces time of construction, and increases in longitudinal stiffeners of the
concrete slab which is highly desirable during transportation of the panel.

2.1.2.6 Results of Lukaszewska’s shear tests

The results of Lukaszewska’s shear tests are reported for single shear connectors. The
shear force-relative slip curves is reported over the whole range of slips in Figure[2.11

and in Figure for low values of slips, correspond to the mechanical behavior of
each type of shear connector averaged over 4 samples.

120
ST+S+N
90+
< S
(] /
o GSP
=)
60 i SP+N
8
GDF
RTIR TP T TT  Yvryy
307 SP+N*
SNP SST+S* SST+S
0 T T T T T
0 3 6 9 12 15 18

Slip (mm)

Figure 2.11: Lukaszewska’s shear tests results for all previously types of connection: ave-
rage shear force-relative slip curves and approximating curves, see [I].
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Figure 2.12: Lukaszewska’s shear test results for all types of connection: average shear
force-relative slip curves for low values of slip, see [I].

The mean secant slip moduli ko4 at 40% of the estimated ultimate load ko g at 60%
and kog at 80% of the maximum ultimate load, respectively, are reported in Table

45

/ ,
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/ sT+s+N [l
36 //r
= 27
3 / | SP+N~
3 GDF__.SNP
s / A ed "
» /
9 ’/ ¢
///‘4 / SST+S
y g 7
0
0 0.04 0.08 0.12 0.16 0.2
Slip (mm)

for all the test series.

Type of connection  Values

Slip moduli

Shear strength

ko4 (KN/mm) ko (KN/mm)  kog (kN/mm)  Stiffness rank  Fp.x (kN) Strength rank
SNP Range 95.3-135.2 72.8-118.5 52.4-86.9 6 35.4-38.9 6
Average 1214 99.0 67.6 37.3
4 18.0 19.3 15.8 1.6
SM Range 377.0-595.8 345.2-543.5 300.6-487.1 1 74.3-88.1 2
Average 483.8 449.4 396.0 81.2
4 90.8 82.7 80.0 5.7
SST + S Range 4.7-6.8 6.0-8.1 6.0-7.1 7 33.2-34.6 7
Average 5.9 6.8 6.4 33.9
4 0.9 1.0 0.5 0.6
SP + N Range 80.8-412.0 80.4-138.8 60.8-74.8 2 36.8-47.0 5
Average  258.8 113.1 68.3 423
g 166.6 26.2 5.8 43
GSP Range 118.2-325.9 101.4-269.0 79.7-167.9 3 43.3-73.4 3
Average  248.5 183.4 130.9 64.4
4 90.4 72.8 413 14.2
ST+ S+ N Range 221.3-245.6 231.6-248.2 139.6-217.9 4 99.6-126.7 1
Average  235.7 234.4 178.0 110.6
g 12.8 8.7 39.2 14.2
GDF Range 120.0-174.6 94.6-98.9 59.1-71.9 5 51.0-54.8 4
Average 135.1 96.8 64.4 52.5
g 26.5 2.3 5.6 1.6

The purpose of Lukaszewska’s research was in fact a comparative evaluation of the

Table 2.2: Shear test results: slip moduli and shear strength.
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performance of various connectors in order to identify the most suitable connection
system for application in prefabricated composite systems.

The mean values, range of variation and standard deviations o of shear strength and
slip moduli are reported in Table 2.2] for the different connection systems tested. The
connectors are also ranked in terms of slip modulus kg 4 and strength from the highest
(No. 1) to the lowest value (NO. 7).

Three groups of connectors can be identified according to their average slip moduli.
The SM type connector with the highest stiffness ko4 = 483, 8 kN/mm forms the first
group. The second group contains the GSP, ST + S + N, SP + N, GDF and SNP
type connectors with secant slip moduli ranging from kq 4 = 258, 8 kN /mm for the SP
+ N connector type to kg4 = 121,4kN/mm for the SNP connector type. The third
group includes the SST + S type connectors with corresponding secant slip modulus
ko4 = 5,9kN/mm, the lowest one obtained during the shear tests.

The type ST + S + N connector had the highest shear resistance Fj,,, = 110, 6 kN,
while the highest initial stiffness was observed in the SM type connector. The ma-
ximum shear load F,,,, = 81,2kN, reached by the SM connector was 25% less than
that observed in the ST + S + N connector although the connector initial stiffness
was more than 50% higher than that observed in the ST + S + N connector.

For all the specific test results and discussions see [I] and [2]. Here are synthesized
only three type of connectors. The first one is SST + S shear connector, whose results
are shown in Figure The SST + S type connectors showed behavior different
from all other connectors tested and appeared to be the most ductile system due to
the ability to carry load under large deformation. The lowest maximum shear test
force was displayed, about 33,9kN, with a corresponding slip of 15 mm, while the
stiffness was ko4 = 5, 9kN/m.

40

Steel tube
¢ 20 x 47 mm

=

Coach screw
¢ 20 x 120 mm

Shear force (kN)

15 mm slip

4
Slip (mm)

Figure 2.13: Results of the shear test for connector type SST + S.

The resistance was still increasing after 15 mm slip demonstrating significant plastic
deformations from approximately 5 mm slip. The screws failed in bending due to a
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plastic hinge formation into the concrete slab, and no crack appeared in the concrete
slab throughout the test.

The second one is ST 4+ S + N type connector and it is reported in Figure The
shear load vs. slip curves demonstrated consistent linear behavior of the connection
up to 50% of the ultimate shear load. The secant shear moduli kg4 and kg are the-
refore very close. This type of connector displayed the highest maximum shear force,
of 110, 6 kN, with corresponding slip of 12mm and stiffness kg4 = 235, 7kN/mm.

A

Steel tube
¢ 20 x 67 mm

Shear force (kN)

Figure 2.14: Results of the shear tests for connector type ST + S + N.

The secant slip modulus then decreased from that point up to the strength peak and
farther on due to the plasticization of the connection system. The primary failure
mechanism was a combination of pure shear failure at the vertical cross-section of
the notch and tension in the upper part of the notch, caused by the strut-and-tie
mechanism occurring in the notch due to the eccentric bearing force at the timber-
to-concrete interface. The reduction in resistance gradually occurred for all tested
specimens and the system was capable to carry residual shear load. The screws, in
fact, acted as an anchor in tension thanks to its pull-out strength and enabled a
strut-and-tie mechanism to develop into the notch.

The last one is SM type of connector. It had the highest stiffness, ko4 = 483,8kN/m
and a maximum load of 81,2kN with a corresponding slip of 4,0 mm, as showed in
Figure 2.150 The failure of the connection system was brittle and occurred in the
concrete slab due to the forming of cracks along the steel mesh line, followed by
yielding and tearing of the steel mesh.
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Figure 2.15: Results of the shear test for connector type SM.

2.1.2.7 Discussion over Lukaszewska’s connections

Seven series of different connector types for timber-concrete composite structures
already embedded into prefabricated concrete slab were studied and different mecha-
nical properties of the connectors such as stiffness (slip modulus), shear strength and
ductility were presented and discussed.

From the results of the shear tests, it was found that some of the “dry-dry” connection
systems are very stiff (SM, GSP, ST + S + N), while some other are ductile (SNP,
SST + S, SP+N, GDF).

Based on the consideration reported above, it can be concluded that the most suitable
connectors for prefabricated timber-concrete composite beams were the SST + S and
SP + N types. The glued-in type connectors SM, GSP and GDF have a number
of problems related to the use of the glue. Such problems include: (i) the need of
controlled environmental conditions such as temperature and humidity to ensure a
successful curing of the epoxy, and (ii) the more expensive disposal of the waste
generated during the prefabrication process of the connection due to the use of the
glue, which requires modification for recycling with an increase in the overall price
of the system. The SNP type connector has bad mechanical properties and need a
complex equipment for pressing the concrete slabs with inserted toothed plates into
the glulam beams.

The connection type ST + S + N is also a promising system thanks to the excellent
mechanical performance, however the prefabrication process is more complex and
expensive.

As far as fire resistance of the connection systems is concerned, an overall satisfactory
behavior can be achieved for SNP, SST + S and ST + S + N systems as long as
suitable distance from the edge of timber beam is assumed. Connectors SM, GSP and
GDF are more problematic due to the use of glue which does not perform adequately
at high temperatures, as well as connector SP + N where the plates and the nails are
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exposed to the fire and unprotected.

2.1.2.8 Conclusions over Lukaszewska’s studies

First of all, the use of “dry-dry” shear connectors can reduce the drawbacks of the
“wet” composite systems, since no time is needed for curing concrete on-site. The
time required in traditional systems for placing shear connectors in timber beam
on-site is eliminated when prefabricated systems are used since shear connectors are
embedded in the pre-cast concrete slabs, so all that needs to be done on-site is to
connect the pre-cast slab and the timber beams. Moreover, if the pre-cast concrete
slab and timber beams are connected off-site too, on-site construction time can be
further reduced to the time required to assemble floor elements to each other, and to
vertical elements.

Avoidance of use of “wet” components during the generally “dry” process of construc-
ting timber buildings allows to skip separating layer-foil (preventing timber from co-
ming into contact with wet concrete) between the pre-cast concrete slab and timber,
and formwork, which is often required during on-site or in traditional timber-concrete
systems. Besides, the elimination of “lost” formwork also reduces the self-weight of
the structure.

Another advantages of this kind of system is the realization of full stiffness timber-
concrete composite structure as soon as the concrete slab and timber beam are connec-
ted (facing traditional wet systems, which require time to develop sufficient stiffness
to sustain the full self-weight to the concrete slab). Finally, shrinkage of concrete can
freely occur when the concrete is allowed to cure in the prefabrication plant before
assembly with the timber beam, thereby reducing subsequent stresses and deflections
in the composite beam.

The results of the experimental study show that it is feasible to manufacture elements,
with the concrete slabs prefabricated element off-site and connected on-site on the
timber beams. Advantages of the proposed systems include less cost, increase in
speed of construction, and reduced effect of concrete shrinkage on the composite
system compared to cast-in-situ system.

2.1.2.9 Metal pipe system

Recently studies were carried out at SP Technical Research Institute of Sweden divi-
sion Building and Mechanics, to develope innovative composite structures, comprising
timber beams and prefabricated concrete slab, with high prefabrication level, high
performance and good durability, see [4]. For such a purpose innovative and very
efficient materials, such as fibre reinforced concrete and modified wood, were used
for the manufacture of the specimens and completely dry shear connection systems
were investigated. The two types of shear connectors were: special inclined steel tu-
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bes, treated in paragraph 2.1.8 and shear anchor-key of wood, which is introduced in
paragraph 2.1.9. The entire treatment about these connectors is reported in [4]. In
both cases, the connectors are incorporated in the prefabricated concrete slab, which
is then easily connected to the timber sub-structure only by means of self-tapping
SCrews.

A specimen of special steel tubes connections type is shown in Figure[2.16] They were
applied in the formwork before the prefabricated concrete slab was cast. In order to
achieve a better stiffness, the tubes had an inclination of 45° to the longitudinal axis

of the beam. The principal dimensions of the steel parts of this connections type are
shown in Figure 2.17]

e

Figure 2.16: Steel tubes in the formwork before concrete casting.

Steel washer, t=4mm,
d=32mm (type T12)
d=34mm (type T14)

Steel tube, t=2mm
d=12 mm (type T12)
d=14 mm (type T14)

Steel plate, =2.5 mm

30 mm

Figure 2.17: Steel tube geometry.

Inside each pipe was then inserted a 11 mm self-tapping full-threaded screw and 250
mm length, which enters the glulam and joints the slab to the beam. The screws
were pre-tensioned with a torque moment of 160 Nm. Two types of configurations
were adopted for this kind of connections, namely:

— connection type T12, with tube diameter of 12 mm;

— connection type T14, with tube diameter of 14 mm.
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For both type of T-connections identically full-threaded screws were used. However,
fast setting cement was poured into the tube for the case of connections type T14,
immediately before the screw was tightened. This was done in order to fill the gap
between the screw and the tube. No fast setting cement was used for connections
type T12. To better understand the static principle of connections “type T” look at
Figure [2.18
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Figure 2.18: Illustration of the load path in the connection type T.

The shear force V, is transferred from the concrete slab to the timber beam both
by shear action F,, in the direction of the force V, and by tension action F, in
the direction of the screw axis. In the wooden part, shear is resisted by embedment
capacity of the wood, while tension is resisted by withdrawal capacity. In the concrete
slab, shear is resisted by contact pressure between the screw and the internal part of
the tube, while tension is resisted by axial pressure of the screw head on the top of the
tube, via a steel washer. Due to the inclination of the screws, compression stresses
will develop at the interlayer between timber and concrete. Such compression stresses
generate friction between the two materials, which also contributes to increase the
stiffness and the strength of the timber-concrete connection.

Figure 2.19| shows the trend load-displacement for the T12 1 specimen shear test.
These values for the stiffness, evaluated respectively at the SLS (Kj.,) and at the
ULS (K,) have been evaluated in agreement with the procedure described in standard
reference [28]:

_ 0,4'Fmaa: — 0,3'Fmaz — 2 .
Kser - %'(V04—V01) - (1/04_1/01) Ku - 3 Kse?"
where:
Frae is the maximum load reached during the test;
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Vo4 is the values of the slip corresponding to 40% of maximum load;
Vo1 is the values of the slip corresponding to 10% of maximum load.
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Figure 2.19: Load-displacement graph obtained for the first specimen tested with connec-
tion type T12 1.

By substituting the values obtained for T12 1 specimen it can get the stiffness:

0,3-F 0,3-126,2 kN
Kser = - - = ’ ’ =103 —
T2 o — o) (0,397 — 0,029) mm

2 2 kN
Kuyri2 1= 5 Keerr12 1= 75103 =69 —
3 3 mim

The trend load-displacement for the T12 2 specimen shear test is shown in Figure

2.201
By substituting the values obtained for T12 2 specimen it can get the stiffness:

0,3 F 0,3-108,2 kN
Kser = - = = : d =108 —
T2 i — 1) (0,324 —0,023) mm

2 2 kN

Kyri2 2 = 3 Kserr12 2 = 3 108 =72 p—
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Figure 2.20: Load-displacement graph obtained for the second specimen tested with con-
nection type T12 2.

Stiffness of connection system T12, respectively at SLS and at ULS, can be evaluated
by calculating an average value:

KSE’!’ + Kse’r‘ 103 108 kN

Kse'r,T12 = ( T2 5 7T1272) = ( ;— ) =105 —mm
2 kN
K%Tlg - — 105 == 70 —
3 mm

Since connection system T12 was made by three screws, stiffness for each one was
thus:

Ker 105 kN
Kser,TlZ,screw = % = ? =35 E
2 2 kN
Ku,TlZ,screw = g : Kser,TlQ,screw = § -35 =23 ﬁ

These results are an average value of stiffness, for connection type T12, through the
analysis of the result obtained from [4]. For comparison between experimental values
and theoretical calculations based on Blass method see [11].

2.1.2.10 Wooden anchor-key

Wooden shear anchor-keys connection system is shown in Figure This type
of connections was applied in the prefabricated slab before concrete was cast. Self-
tapping double threaded screws with diameter 6.5 and length 220 mm were driven
in the anchor-keys, perpendicularly to the direction of the applied load. Such screws

have two main functions:
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— proper anchorage of the shear anchor-key to the concrete slab;
— reduce the risk for splitting of the anchor-key during loading of the specimen.

After the casting, 7 mm self-tapping screws with length of 180 mm were driven
through the shear anchor-key to the timber sub-structure.

2 double threaded
SCIews 6.5111"_

4 full threaded] /2~ 2
| serews 'Iﬂﬂq_f

Figure 2.21: Wooden shear anchor-key type W45 before concrete casting on the left, while
W45-type details are on the right.

The static principle of connection type W45 is shown in Figure The shear force
V, is transferred from the concrete slab to the timber beam both by shear action
F,, in the direction of the force V, and by tension action F,,, in the direction of the
screw axis. Both in the wooden shear anchor-key and in the timber member, shear
is resisted by withdrawal capacity.

Wood

L e
O N W VR = e Y
IRl L - >
| Concrete- wr W : ‘e
| = Fv

Fax Fax'

Fv I-..

!
|
|

Vo
-

Timber beam

|
|
[
Figure 2.22: Illustration on the load path in the W45 system.

Due to the inclination of the screw, compression stress will develop at the interlayer
between timber and concrete. Such compression stresses generate friction between
the slab and the timber member, which also contributes to increase the stiffness and
the strength of the timber-concrete connection.
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The geometry of connection type W30 along with the used screws is shown in Figure

2 double threaded

Iy V.

/ / /|4 il threaded|
i serews  7x180 |
/ L )

/A
i f“",

Figure 2.23: Illustration of the W30 system.

The static principle of connection type W30 is shown in Figure and it is rather
similar to the static system of connection type W45. The main difference is that,
during loading, in the connection type W30 two screws act in tension while other two
screws act in compression. On the other hand, in connection type W45, all screws
act in tension during loading.

For two specimens, G451, G45 2 the shear anchor-key was connected to the timber
member by means of screws and glue together, whilst for W45 A, F45 1, F45 2
and F45 3 only by screws were used, see more on [4].

T
L

|Conerete ',

Fax.c EV:\ Faxt

Fax,l.{:‘. Fv /Faxe

¢ Timber beam

Figure 2.24: Illustration on the load path in the W30 system.

Figure shows the trend of the load-displacement for the F45 1 specimen shear
test. These values for the stiffness, evaluated respectively at the SLS (K,..) and at
the ULS (K,) have been evaluated in agreement with the procedure described in
standard reference [28]:

0,4-F 0,3-F, 2
K — ) max — 5 max K — <, K
ser %'(V04—V01) (voa—r01) u ser
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where:

J . is the maximum load reached during the test;

Vo4 is the values of the slip corresponding to 40% of maximum load;
Vo1 is the values of the slip corresponding to 10% of maximum load.

50

45 7 ..-.- MW

40 /

—F45_1

- - Kser

Load [kN]

5 / V
0

0 05 1 15 2 2.5 3
Displacement [mm]

Figure 2.25: Load-displacement graph obtained for the first specimen tested with con-
nection type F45, (specimen F45 1). In this case the shear anchor-key was

connected to the timber member only by means of screws.

By substituting the values obtained for F45 1 specimen it can get the stiffness:

K 0,3 Frae  0,3-48,0 _ 45 kN
sl L ) (0,403 —0,086)  mm
2 2 kN
Ky ris 1= 3 Kserras 1= 3 45 = 30 p—

The trend of the load-displacement for the F45 2 specimen shear test is shown in

Figure 2.26
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Figure 2.26:
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Load-displacement graph obtained for the second specimen tested with con-
nection type F45, (specimen F45 2). In this case the shear anchor-key was
connected to the timber member only by means of screws.

By substituting the values obtained for F45 2 specimen it can get the stiffness:

50

i« _03-Fuw __ 03-463 kN
s — ve1) (0,327 —0,0059) mm
2 2 KN
Ky 2= 3 Kserpas 2= 3 52 =35 p—

45

40

|

35

30

=
~ 25
— —FA45_3
=
8 20
] - « Kser
e o e R I Ku |
10
5 .
/.
o]
o] 0.5 1 1.5 2 2.5 3

Figure 2.27:

Displacement [mm)]

Load-displacement graph obtained for the third specimen tested with con-
nection type F45, (specimen F45 3). In this case the shear anchor-key was
connected to the timber member only by means of screws.
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The trend of the load-displacement for the F45 3 specimen shear test is shown in

Figure
By substituting the values obtained for F45 3 specimen it can get the stiffness:

K _073'Fm(zm_ 0,354,7 _37kN
e S — ) (0,516 —0,072) ' mm
2 2 kN
Kyras 3= 3 Ker,pas 3= 3 37 =125 o—

Stiffness of connection system F45, respectively at SLS and at ULS, can be evaluated
by calculating an average value:

(KsenFéLS_l + Kser,F45_2 + Kser,F45_3) (45 + 52 + 37) kN
Kser F45 — = =45 —
’ 3 3 mm

2 kN

Ku,F45 =—--45=30—

3 mm

These results are an average value of stiffness, for connection type F45, through the
analysis of the result obtained from [4].

2.1.2.11 Final values of stiffness

In Table [2.3| are summarized for both the examined connection systems T12 and F45
the maximum load reached and the values of the stiffness obtained by experimental
tests performed and described in [4], at SLS and ULS.

Connection system K., [kN/mm] K, [kN/mm] F,. [KN]

T2 1 34 23 42
T12 2 36 24 36
T12_ mean 35 23 39
F45_1 45 30 48
F45 2 52 35 46
F45 3 37 25 55
F45 mean 45 30 50

Table 2.3: Summarizing of stiffness and maximum shear load reached from both specimens
T12 and F45.

2.1.2.12 Details on materials

Some informations about specimens and materials are given here, for more details see
[4]. The amount of steel fibres used for the manufacturing of FRC slabs was 45 kg/m?.
The average compressive strength of the fibre reinforced concrete was around 57,6
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MPa. The aspect ratio of the fibres was {/d = 75 where | is the length and d is
the diameter. The timber used for all specimens was glulam L40, which consists of
laminations of Norway spruce with characteristic tensile strength parallel to the grain
fror > 22MPa and bending strength f,, j» > 39 MPa.

The material used to manufacture the shear anchor-keys for specimens type W45 and
W30 was spruce with strength class C24. The material used to manufacture the shear
anchor-key of specimens type F45 was furfurylated beech. Furfurylated wood is one
of those wooden materials classified as modified wood. Furfurylation is a wood mo-
dification process, using furfuryl alcohol, obtained from renewable resources of corn
cobs or sugar cane residuals. Due to its polarity, furfuryl alcohol can penetrate into
the cell wall, where it polymerizes. Furfurylation of wood provides a high protection
level against bio-degradation. Beside the bioresistance, wood properties like dimen-
sional stability and hardness are significantly improved by the furfurylation of wood.
These wood properties depend on the amount of furfuryl alcohol that is brought into
the cell wall. The mean density of the furfurylated wooden shear anchor-keys was
885kg/m?3. Finally, the material used for the manufacturing of the steel tubes for
specimens type T12 and T14 was ordinary steel S355.

2.1.2.13 Results of shear tests on wooden anchor-key

As it can be seen in Figure the load-slip behavior of specimens type W45 was
nearly linear up to approximately 30 kN. On the other hand, the specimens type
W30 exhibited almost immediately a non-linear load-slip response. The discrepancy
in behavior between these two types of specimens is mainly due to the rotation of the
shear anchor-key in the slab, which takes place for the case of specimens type W30.

50

——w45_1
45
—wa45_2

40

—W30_1

35 a—\\/30_2

30
g 25
% \\/\
S 20 S e ——
— o ——
15
10
5
o |
0 2 4 6 8 10 12 14 16

Displacement [mm]

Figure 2.28: Load-slip curve for specimens type W30 and W45.

Specimens W45 showed a significant higher load carrying capacity and a higher stiff-
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ness than specimens type W30. The final failure for specimens of type W45 occurred
due to reached withdrawal capacity of the screws at the shear anchor-key. On the
other hand, the final failure for specimens type W30 occurred mainly due to large
rotation of the shear anchor-key.

Both highest failure load and highest stiffness of all tested specimens was obtained
for the T-specimens, see Figure [2.29

140
120

100

®
o

Load [kN]

(1] 1 2 3 4 5 6 7 8
Displacement [mm]

Figure 2.29: Load-slip curve for specimens type T12 and T14.

The specimens in which the tubes were filled with fast setting cement, i.e. specimens
type T14, showed a slightly larger stiffness than those without fast setting cement,
i.e. specimens type T12. Failure of T-type specimens occurred after rather large
deformations either

i) due to splitting of the timber member into two pieces, along the direction

were the screws were driven;

ii) due to tensile failure of the screws.

In Table stiffness and failure load for a single connector, which was tested, are
shown. For the case of W-type specimens, the values reported in the table are those
for strength and stiffness of the entire system (i.e. anchor-key plus four screws). For
the case of T-specimens, the values reported in the table are those for strength and
stiffness of a single screw.
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ID specimen Koyu Kog Fraz
# [kN/mm]| [kN/mm| [kN]
F45-1 48 36 48
F45-2 57 43 46
F45-3 42 29 55
Mean F45 49 36 50
W30-1 20 14 21
W30-2 16 10 19
Mean W30 18 12 20
W45-1 27 24 43
W45-2 31 27 38
Mean 45 29 25 41
T12-1 42 29 42
T12-2 45 29 36
Mean T12 43 29 39
T14-1 49 38 43
T14-2 41 30 44
Mean T14 45 34 44

Table 2.4: Stiffness and failure load for a single connector.

2.1.2.14 Discussion over metal pipes and anchor-key connections

Anchor-key made of furfurylated wood have shown a considerably better behavior,
both in terms of strength and stiffness, than anchor-keys made of spruce, as it can
be seen in Figure [2.30]

The main reason for this discrepancy in behavior between the two materials is the
fact that density of furfurylated wood is approximately twice the density of spruce.
Consequently, the withdrawal capacity is higher for screws that are driven in furfu-
rylated wood than for screws driven in spruce. In the case of spruce, the screws were
gradually pushed-in through the shear anchor-key during loading. Eventually, the
specimens failed due to complete push-in of the screw through the shear anchor-key.
In the case of furfurylated wood, instead, no visible push-in of the screw through
the shear anchor-key could be observed. Eventually, failure occurred in the timber
member, due to reached withdrawal capacity of the screw. Furfurylated wood has
a rather brittle behavior, however no tendency to split was observed during testing.
After the test, this conclusion could be made:

— during loading, the screws of either W45-type specimens or T-type specimen,
are taking the applied load not only to pure axial stress, but also by shear,
which increase both strength and stiffness of the connection;
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— in both W45-type specimens and T-type specimens, compression stresses will
develop at the interlayer between timber and concrete during loading. Such
compression stresses generate friction between the slab and the timber mem-
ber, which also contributes to increase the stiffness and the strength of the

connection.

60

50 —F45_1

/W —W45_A
40 7

F 45

20

10

o 2 4 6 8 10 12 14 16
Displacement [mm]

Figure 2.30: Comparison between test on the specimen made of spruce (W45 A) and
specimens made of furfurylated wood (F45 1).

The very high stiffness observed at the initial stage of loading in T-type specimens
can be attributed to the pre-compression generated by the applied torque moment
on the screws. Such a pre-compression generates a large friction between the timber
member and the concrete slab, which contributes to increase the stiffness.

2.1.2.15 Conclusions over tube and shear anchor-key connectors

In the study reported in [4], an analysis of properties of an innovative prefabricated
timber-concrete composite system, with different types of shear connectors was pre-
sented. Preliminary were performed shear tests without concrete slab, i.e. consisting
of solely i) a timber member and ii) a wooden shear anchor-key made either of spruce
or furfurylated beech. Successively, shear tests on timber concrete specimens with
different shear connectors were performed. The investigated shear connectors were:

i) shear anchor-keys of spruce with different geometries;

ii) special steel tubes (with and without fast setting cement filling).
On the basis of the obtained results, the following general conclusions can be drawn:

— furfurylated wood has both mechanical and physical properties that make it
suitable for applications for shear anchor-key connections;
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— in all shear tests where shear anchor-keys of soft wood were used, failure oc-
curred due to reached withdrawal capacity at the anchor-key. On the contrary,
withdrawal failure occurred at the timber member, when furfurylated wood was
used;

— Type-W30 connections are not completely suitable as shear connectors for
timber-concrete structures, mainly due to the large rotations that occur at
the anchor-key during loading;

— Type-T connections have revealed to be very suitable for applications in pre-
fabricated timber-concrete composite structure, due to their extremely high
strength and stiffness;

— In type-T connections, the use of tubes with larger dimension and then filling
the gap between the tube and the screw with fast setting cement only slightly
increases strength and stiffness of the connection.

It is worth to point out that both types of connectors exhibited a great performance,
both in terms of strength, stiffness and ductility. The results from this project allow
to say that these shear connectors are very suitable for applications in timber-concrete
composite beams. Moreover, these connectors are more effectively in large-span struc-
tures and also contribute to both simple and rapid manufacture and erection.
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2.1.2.16 Summary table of connectors characteristics

Typeof v Slip moduli Shear Force
connection g Kos kos Frmax
[kN/mm] [kN/mm] [kN]
SNP 121.4 99.0 37.3
SM 483.8 449 .4 81.2
SST+S 59 6.8 33.9
SST+8° 8.5 8.3 38.2
SP+N 258.8 113.1 42.3
SP + N* 9.3 3.3 40.0
GSP 248.5 183.4 64.4
ST+S+N 235.7 2344 110.6
GDF 135.1 96.8 52.5
F45 49 36 50
G45 222 188 51
W30 18 12 20
W45 A 32 28 32
W45 29 25 41
T12 )))’ 43 29 39
T14 )))/ 45 34 44

Table 2.5: Summary of the main properties of the above connectors.
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Chapter 3

Full-scale specimens with steel tubes
and wooden anchor-key connections

In 2011, at Lund University (LTH), in order to evaluate the mechanical properties and
the structural behavior of a composite timber-fibre reinforced concrete system tests
on two full-scale specimens have been performed. These specimens consisted, with
reference to [I1], of two timber-concrete composite floors with prefabricated FRC. In
particular, it has been chosen to test two different types of beams with two different
types of connection systems, previously presented in chapter 2. One test has been
performed on the office buildings type, while the other one has been performed on
the model related to apartment buildings type. The specimens tested, representing
floor stripes, were built and then tested to failure.

3.1 Specimen details and bending tests

The full-scale specimens were made by two glulam GL30c beams, joined to a fibre
reinforced concrete slab with 5 ¢m thickness, 160 cm width and length varying ac-
cording to the floor type, through the connection systems previously described. The
slabs were realized by fibre reinforced concrete. The fibre reinforced concrete men-
tioned here is referred to the one used in the experimental test described in [4]. The
main reason of the use of fibre reinforced concrete is to prevent issues due to long-term
actions from shrinkage of both elements, timber and concrete. To face this problem
an alternative is the fibre reinforced concrete, in which the reinforcement is formed by
steel fibres (it is possible to find also different types of fibres, natural and artificial),
that start working when the first cracking originates in concrete. Furthermore, these
fibres contribute improving strength parameters of the material with benefits on the
composite system behavior. Geometrical details are reported below in Table [3.1]
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Specimen Total Total Connection Beam
type length width type spacing width depth spacing
[mm|  [mm] 1D [mm] [mm] [mm] [mm]
Apartment 6000 1600 F45 250 90 360 800
Office 8000 1600 T12 100 90 450 800

Table 3.1: Geometry details of the full-scale specimens.

In the bending tests, the load has been applied on four lines through steel partitioning
beams; number and position of these lines have been determined in order to induce
in the slab effects (bending moment, maximum shear stress and mid-span deflection)
similar to those induced by a uniformly distributed load with same resultant. The
supports have been realized through simple supports, of which one fixed (hinge) and
the other allowing longitudinal displacements (roller).

During the experiments have been observed and monitored the total load applied to
the specimen, the mid-span deflections through 2 resistive gauges, and relative slips
between slab and beam at the supports through 4 inductive trasducers.

For each test have been obtained graphs load - slip at supports and load - mid-span
deflection, determining also the ultimate load, slip and mid-span deflection values
corresponding to fixed load levels.

3.1.1 Residential floor type

Figure shows the formwork of one specimen before the casting of the concrete,
with the connection system F45.

Figure 3.1: Formwork before the casting of the concrete with the connection system F45.
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Figure 3.2: Apartment type specimen before bending test.

The failure of the composite structure was due to the failure of one timber beams, as
shown in Figure |3.3

Figure 3.3: Failure of one of the timber beams.

For a load concentrated (P), applied by the hydraulic jack, amounting to about
300kN and thus for a ¢ load, uniformly distributed per unit area, equal to about
31kN/m? (the ¢ load is obtained by dividing the P load for the total surface of the
slab, 1600 x 6000 mm?2. This is possible only through a specific positioned partitioning
steel beams in order to induce in the system the same results in terms of bending
effects of the ones obtained with a uniformly distributed load per unit area with same
resultant) both the glulam beams started breaking for compression perpendicular to
grain at the fixed supports, see Figure [3.4. This was probably due to the indentation
consequent to the high pressure and to the fact that the beams couldn’t slide and
slip but only rotate. These breaks did not condition the failure mode of the system.
The failure of the system occurred for a P load, applied by the test machine, equal to
405 kN considering the self-weight of the system and of the steel partitioning beams,
and thus ¢ = 42 kN /m?.
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Figure 3.4: Timber beams started breaking for compression perpendicular to grain at the
fixed support.

At the same time two cracks parallel to the grain appeared in one of the two beams,
Figure [3.3] The lower crack was located at the interface between the second and the
third lamella (or else to a depth of around 90 mm evaluated from the bottom of the
timber beam), while the upper crack appeared at the same weight as the screw tips
are found in the timber beam.

Figure displays the curve load - mid-span deflection.
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Figure 3.5: Load - mid-span deflection curve for the residential floor type.

The load-carrying capacity of the system was really high (the ultimate load is higher
than 40kN/m? and the service load, usually assessed as 60% of the failure load, was
around 24 kN/m?), while a normal residential or commercial floor seldom goes over
8 — 10kN/m?. It must be remembered that to this load value q it must be added
weight of reply steel beams. Even if the failure was supposedly due to shear, since
there is a sort of plateau clearly observable from the trend load — mid-span deflection,
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the behavior of the system can be considered as ductile.

2,2E+13 » . .
2E+13 EJ[Nmm~2] EJ - q
1,8E+13 =

1,6E+13 N~

1,4E+13 e — real

o]

1,2E+13
1E+13
8E+12
6E+12
4E+12

()

= eff theor

=—dyn

0
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Figure 3.6: Bending stiffness of the system, compared with the theoretical cases of EJ =0
and EJ = oo.

Figure [3.6) shows the comparison between the real stiffness EJ,.., in function of the
applied load ¢, the values of the theoretical effective stiffness of the system E.J.¢; as
obtained with the theoretical method for composite sections presented in Annex B
of Eurocode 5, infinite stiffness of the connection system (or else system with rigid
behavior and full-composite action) EJ, and the stiffness without the connection
system (or else, stiffness of the system considered without connection, with the slab
separated from the underlying timber beam) EJy.

As it can see in Figure [3.6] the real stiffness was higher than the effective one. This is
supposedly due to the fact that the shear tests described in [4] have been performed
by using for each specimen only one piece of furfurylated wood, and also without
the benefit of the surrounding concrete and the transversal screws. In this case, in
addition to the transversal screws and confinement by the concrete, it can be supposed
that the effective number of connections inserted was higher then the real number,
and this is probably due to the high compression applied on the system and thus to
the increased friction between slab and beams.

Figure [3.7] shows the comparison between the real efficiency of the connection 7,.,; =
(EJveat — EJy)/(EJs — EJy), as proposed by Piazza, in function of the load ¢, and
the theoretical efficiency n.rr = (EJesr — EJy)/(EJs — EJp).
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Figure 3.7: Real and effective efficiency of the system.

The real efficiency of the system, with the same trend of the stiffness, is higher than
the effective one and it can see that, for normal service load (always lower than
8 — 10kN/m?), composite beam have almost 85% of full-composite action.

The following graph presented for the apartment type is the curve load - slip (¢ - 9)
at the supports, shown in Figure |3.8
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Figure 3.8: Load - slip trend of apartment type.

The graph shows the trend of the relative slip between the concrete slab and the
timber beams at the support, in function of the load. At the failure load the slip was
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around 3 mm, while for a normal floor load the slip is less than 1 mm.

Table displays the real stiffness FJ,.., and the efficiency of the system, with
referring to the service load evaluated ¢ = 6kN/m? and compared to analytical
values obtained by using experimental researches described in [4].

Real values Analytical values
EJyeqr [Nmm?| 1,60 x 10?  EJ,cq [Nmm?] 1,24 x 10%3
Nreal 07 85 Ntheoretical 07 98

Table 3.2: Comparison between real values for service load ¢ = 6kN/m? and analytical
calculation for the residential floor type specimen.

3.1.2 Office floor type

The second test regarded the office floor type, whose geometrical details are reported
in Table The connection typology used for this floor type was the T12-type,
previously described. The spacing of the screws, which were VGS 11 x 250, varies
between a minimum value of 8 cm in the part from supports to a distance of 2,4m
from the supports, and a value of 10 cm in the central part. The full description of
this system is presented in [11].

Before casting the concrete slab it has been provided the insertion of T12 connection
system on the formwork, as shown in Figure |3.9

Figure 3.9: Formwork before casting of the concrete with T12 connection system.

Figure [3.10| shows the office floor type before the bending tests.
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Figure 3.10: Office floor type specimen before bending test.

The ultimate load has been reached by the failure at the bottom of both the wooden
beams for combined tensile and bending stress. For P load amounting to about
285kN and thus for a ¢ load, uniformly distributed per unit area, equal to about
24kN/m?, one of the beams broke in the lowest lamella, see Figure [3.11]

Figure 3.11: First failure of the office floor due to the breaking of one finger joint in one
timber beam.

After this first failure, P load decreased until a value of about 245 kN, and then has
been increased until the collapse of system: for a P load amounting to about 300 kN,

and thus ¢ ~ 25kN/m?, in the other beam one knot broke in the lowest lamella,
Figure [3.12

-

Figure 3.12: Failure of the office type specimen due to the breaking of the lowest lamella.
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The load - mid-span deflection is reported in graph (Figure [3.13).
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Figure 3.13: Load - mid-span deflection curve.

Also for this system load carrying capacity was really high (the ultimate load was
higher than 25 kN /m?and the service load, usually assesses as 60% of the failure load,
was around 15kN/m?.
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Figure 3.14: Bending stiffness of the system, compared with analytical cases of EJ = 0
and EJ = oo and with both effective and dynamic stiffness.

Figure [3.14) shows the comparison between the real stiffness E.J,., in function of the
applied load ¢, the values of the theoretical effective stiffness of the system EJ.;;
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as obtained with the theoretical method for composite sections presented in Annex
B of Eurocode 5, infinite stiffness of the connection system (or else system with
rigid behavior and full-composite action) E.J, and stiffness without the connection
system (or else, stiffness of the system considered without connection, with the slab
separated from the underlying timber beam) EJ.

As it can see, the real stiffness was a bit lower than the effective one, evaluated on the
basis of the stiffness of the shear connectors obtained from the results of the push-
out test performed and described in [4] and in agreement with theoretical method
of Eurocode 5 for composite sections. This was supposedly due to the fact that
some screws could not be inserted because in some of the steel pipes there was stuck
concrete that it has not been able to take out.

As in the previous case, the dynamic stiffness (violet line) was a bit lower than the
static one, and this could be due to the fact that the connections did not lead the
system to a full-composite action.

Figure [3.15]shows the comparison between the real efficiency of the connection 7,.cq =
(EJvea — EJy)/(EJs — EJy), as proposed by Piazza, in function of the load ¢, and
the analytical efficiency nesr = (EJess — EJoy)/(EJx — EJp).

1,3
1,2 -
2 ﬂ n-4q
1,0
0,9
0,8 |
0,7
0,6
0,5 real -
0,4 eff
0,3 - . =an=1r
0,2
0,1 q [kN/m"2]
0,0 !

0 5 10 15 20 25

Figure 3.15: Real and effective efficiency of system.

Differently from the previous case, real efficiency for system with T12 connections,
with the same trend of the stiffness, was a little bit lower than the effective, but it was
anyway a high value and it can be seen that, for normal service floor-loads (always
lower than 8 — 10kN/m?), it has almost 75% of the full-composite action.

The following graph presents for the office floor specimen the curve load - slip (g - )
at the supports, shown in Figure |3.16
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Full-scale specimens with steel tubes and wooden anchor-key connections
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Figure 3.16: Load - slip trend for the office floor type.

The load - slip graph shows the trend of the relative slip between the concrete slab and
the timber beams, in function of the load. It can be seen that, as direct consequence
of rigidity of shear connectors, slip values were almost zero and always lower than 1
mm.

Table reports the real stiffness F.J,.,; and the system efficiency, with referring
to the service load evaluated gs., = 8kN/m?, and compared with theoretical values
obtained by using experimental researches described in [4].

Real values Analytical values
EJycar [Nmm?| 2,65 x 10 EJ.;y [Nmm?] 2,76 x 103
Treal 0; 75 Ntheoretical 07 80

Table 3.3: Real stiffness and efficiency for service load ¢ = 8 kN/m? compared to analytical
values.

3.2 Comparison between the two systems

Since the geometrical dimensions of the beams were different for the two specimens,
it does not have any sense to compare the loads reached and the stiffness obtained.
Figure [3.17] shows the efficiency trend related to the load ¢. As conclusion, it is
remarked that both systems had shown a rigid behavior, if related to normal floor-
loads evaluated at SLS. The most important result concerns the huge bending stiffness
of the systems, whose efficiencies were near to 1.
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Figure 3.17: Comparison between system efficiency. The red square indicates the field of
interest for an apartment or office floor.
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Chapter 4

Timber-to-concrete connection with

inclined screws

This chapter presents an innovative connection system for prefabricated timber-
concrete composite beams. In order to investigate the behaviour of this system three
nominally identical composite beams were tested at Lund University, Sweden.

4.1 Innovative connection system

An innovative connection system to connect concrete slab to timber beams has been
studied at Lund University in collaboration with the University of Trento and here
is presented. It regards the possibility to join timber beams to concrete slab with
self-tapping full-threaded screws driven at an angle of 45° into the wood.

After the studies presented in previous chapters, it is thought that the use of only
inclined screws could be enough to reach good composite action, especially looking
at the results from T12 connection tests. Even if this kind of connection had special
steel tubes, these were only used for support steel washers, which have the aim to
spread compression stress when screws were subjected to tension. Naturally, this
special steel tubes involve additional cost so it was thought to eliminate it in order to
make this system more effective. In this way, it is lost the chance to join the slab to
the beams on-site, which instead is required for only the prefabricated slabs with the
previous types of connectors where for the industrialization point of view, especially
for new buildings means save times and money.

To verify if the head of the screws used, which were ¢11 x 250, is enough to explicate
the concrete cone break and to satisfy load conditions, some withdrawal tests were
conducted of screws with different depths in the cubic specimens made of concrete.
Withdrawal tests are reported in chapter 7. This type of connection system is not new
for composite structures which use “wet” or traditional systems. On these applications
there are lots of studies, experimental tests and examples. The innovation is to use it
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in “full-prefabricated” composite timber-concrete structures. With “full prefabricated”
word it is intended that concrete slab and timber beam are connected each other off-
site, and this means that on-site it just needs to bring the composite beam and to put
it in place. From an industrialization point of view, this allows to be more precise, to
have more quality control, rapid manufacture and erection, saving time on-site and,
of course, saving money.

Figure shows the details of the screw in the composite structure.

\ SFRC Rck 55 \

/
45
I

FULL THREADED SCREWS

[
}7 TYPE VGS 11250 @11mm I=250 mm
9 Aa
N rf,JQ

Y - J\
\
GLULAM BEAM %/(

115x360x7200 mm GL30c

Figure 4.1: Details of inclined screw inserted in composite structures.

It has been chosen to use inclined screws at an angle equal to 45 degrees respect
to the longitudinal direction of the beam because in this way the screw works in
shear and tension, and more stiffness is achieved. On the other hand, if it is inserted
perpendicular to the longitudinal direction of the beam, the screw carry just shear
force and the connections is less stiff.

In order to better understand how the screw is working, Figure 4.2 shows the
static principle of the connection. The shear force V is transferred from the concrete
slab to the timber beam both by shear action F),, in the direction of the force V, and
by tensile action Fy, in the direction of the screw axis. In the wooden part, shear is
resisted by embedment capacity of the wood, while tension is resisted by withdrawal
capacity. In the concrete slab, shear is resisted by contact pressure between the screw
and the concrete, while tension force in the screw is resisted by withdrawal capacity in
the concrete. Due to the inclination of the screws, compression stresses will develop
at the interlayer between timber and concrete. Such compression stresses generate
friction between the two materials, which also contribute to increase the stiffness and
the strength of the timber-concrete connection.
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Timber-to-concrete connection with inclined screws
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Figure 4.2: Static principle of screwed screw used.

To realize this type of connections, fibre reinforced concrete is recommended. If
using normal concrete, in a long-term period it could present problems related to the
shrinkage from the concrete and the creep from both timber and concrete materials. If
only the slab is prefabricated, as previously presented in chapter 3, the shrinkage can
occur freely and so when it is join to the timber beam on-site, it has realized the most
part of its effects. Therefore, this way it will not produce significantly internal tension
state in the timber beam. In this system, thus it is full prefabricated, shrinkage occurs
and using normal concrete it can create an internal stress state which can crack the
concrete. To avoid this, it has to use a special kind of concrete, named steel-fibre
reinforced concrete (SFRC). Fibres can be realized from different materials, but in
this case it was decided to use steel Fibres. In the following sections materials used to
manufacture the specimens and more details will be described. Thus, when shrinkage
will occur, as long as concrete has a little crack, the steel fibres will immediately act
in concrete. This is the way thought to solve shrinkage effects. In fact, as it was
possible to check after the curing of concrete, after around 1 month and a half from
the date of the concrete casting, for the specimens which are tested to check the

short-term behavior, no cracks were visible.

4.2 Design of timber-concrete composite beam

4.2.1 Geometries and materials

Figure [4.3 shows the draw which includes: longitudinal, transversal and plan views
for the timber-concrete composite beam. The dimensions of the slab, are given from
the particularly case study , i.e. related to the stands of a stadium,
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Design of the timber-concrete composite beam.

Figure 4.3
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Timber-to-concrete connection with inclined screws

see in Appendix. In particular, width of the concrete slab is 800 mm. Width of
timber beams is also given and in particularly it is equal to 115 mm. As far as the
thickness of the slab and the depth of the timber beam is concerning, they have been
decided after an attention discussion over results from a numerical model presented in
chapters 6. All discussions over these dimension choices are explained in the relative
chapter as well. After FEM analysis, it has been chosen to use for the slab thickness
50 mm and for timber beam 360 mm depth. Another crucial parameter was also the
spacing between the screws. This is discussed afterwards in the relative chapter 6.
As results from FE model and after an accurate discussion, it has been chosen to use
a spacing between screws equal to 200 mm for an extension length from the supports
equal to [/4 = 1800 mm. In the middle part of the beam, for a length equal to 3600
mm, the spacing was equal to 300 mm, see Figure In table of materials are
summarized the quantity of materials needed to built out a single composite beam
and for all of them.

4.2.1.1 Full-threaded screws

The screw used to realize the connection between the concrete slab and the timber
beams are self-tapping full-threaded screws, type VGS¢11l x 250 mm as shown in
Figure .4, The number of screws for each single timber beam was 28, and thus, 56
screws for each floor system.

b= T TR S

Figure 4.4: Longitudinal view of the screw.

Figure [4.5 and Table [4.T] report the details of the VG S¢11 x 250 mm screws.

Figure 4.5: Details of VGS screws.
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Description Symbol Dimension
Major diameter dy [mm] 11
Head diameter d, [mm] 19, 30
Core diameter dy [mm] 6, 60
Shank diameter ds [mm)] 7,70
Threaded length L — Lgmm] 250 — 35
Head thickness t1 [mm)] 8,20
Screw length L [mm] 250
Torx TX 50
Characteristic yield moment M, [Nm)] 45,90
pre-drilling hole diameter d, [mm] 7,00

Table 4.1: Characteristic dimensions of the VGS screw.

4.2.1.2 Glulam beams

Structural timber used for beams is glued laminated timber GL30c.

beams have been used.

Description

Symbol Value

Bending strength

Tensile strength parallel to the grain

Tensile strength perpendicular to the grain
Compressive strength parallel to the grain
Compressive strength perpendicular to the grain
Shear strength

Mean elastic modulus parallel to the grain
Charac. elastic modulus parallel to the grain
Mean elastic modulus perpendicular to the grain
Tangent modulus

Mean specific gravity

Characteristic specific gravity

Jmg.k 30 MPa
fr0.9.k 20 MPa
J.90,9.k 0,5 MPa
fe0.9.k 25 MPa
fe.00.9.k 2,5 MPa
fu.g.k 3,5MPa
Eo.gmean 12500 MPa
Eog005 10417 MPa
E90.gmean 300 MPa
Ggmean 650 MPa
Pg.k 390kg/m3
Pomean  420kg/m?

Table 4.2: Characteristic strength and elastic moduli.

The moisture content of each timber beam was estimated. For such a purpose, two
measurements were performed (at a distance approximately L /4 from each extremity
side) for each beam by pushing two needles of an electrode device into the wood
for a deep approximately equal to 15 mm. To estimate the moisture content it has
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characteristic values of strength, elastic moduli and density are reported, given by
prEN14080:2011, see [31]. Each glulam beam consists of 8 lamellae each one cha-
racterized by a depth of 45 mm. For the manufacturing the specimens two glulam
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been calculate the average value for each beam as reported in Table The three
full-scale specimens are called A, B and C while the glulam beam used for each floor
system are called Al, A2, Bl, B2, C1, C2, respectively. The average value of the
timber beams is reported in the last column of Table [4.3]

Moisture content

ID glulam beam 1 measurement [%] 2 measurement [%] Average value [%]
Al 10,2 10,0 10,1
A2 10,9 10,1 10,5
B1 10,6 10,4 10,5
B2 9.4 10,2 9.8
C1 10,6 10,7 10,7
C2 10,5 10,8 10,7

Table 4.3: Moisture content in the glulam beams.

4.2.1.3 Steel-fibre reinforced concrete (SFRC)

The fibre reinforced concrete used in the experimental tests is classified as C45/55
with steel fibres. Compression tests on three cubic specimens of sizes 15x15x15 cm
have been performed in order to check the mechanical properties of the concrete.
Results of compression tests have been reported in chapter 7. It is worth to point
out the reason of the use of fiber reinforced concrete. The main issues of a composite
system like these in object are due to long-term actions as shrinkage of concrete and
creep of both elements, timber and concrete. To face this problem a great alternative
is made up by using fibre reinforced concrete, in which the reinforce is formed by
steel fibres (but it is possible to find also different type of fibres) which start working
when the first cracking originates in concrete. Furthermore, these fibres contribute
in improving the strength parameters of the material with benefits on the composite
system behavior.

The slabs of each specimens have been realized by using steel fiber reinforced concrete.
The ingredients used to prepare 1 m? of SFRC concrete are reported in Table

Ingredients Quantity
Fibre reinforced concrete slab 45 kg /m?
Cement 480 kg /m?
Water 190 L/m?
Inert n.d.
Fluidifying n.d.

Table 4.4: Ingredients used to prepare 1 m? of SFRC concrete.
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As far as steel fibre is concerned, it was used steel fibres type ZP 30/0,40, where
30 means the length of the fibres in mm and 0,40 is the diameter of the fibres, and
l/d = 30/0,40 = 75 is the aspect ratio of the fibres. Figure shows the shape of
the fibres.

Figure 4.6: Shape of the steel fibres.

4.3 Timber-concrete composite beam assembly

In order to build out this kind of timber-concrete composite beam from an industria-
lization point of view and to make the production easy and fast, and also to reduce
development costs a specific mount path should be followed. The construction se-
quence thought to achieve the aims abovementioned is here presented.

The first step, after the glulam beams have been realized with the appropriate
sizes, is to tight the screws in the glulam beam with the correct inclination (in this
case it is 45 degree) spacing and penetration depth that in this case it is 139 mm,
as given in Figure With regard to the spacing between screws it is not constant
according to Figure [4.3

FULL THREADED SCREW
TYPE VGS 11250 @11mm |=250mm

N xf\
v A
Ew j/

Y |

Figure 4.7: First step: screws installations in the glulam beam. Details of installation on
the left and results of installation on the right.
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Timber-to-concrete connection with inclined screws

Figure 4.8: Timber beams with inserted the screws at an angle of 45 degree.

The second step consists in preparing the formwork for casting the concrete. The
internal sizes of the formwork should be the same as the slab dimensions. In this
case, the width of the slab is 800 mm, the length is 7200 mm and the thickness is 50
mm. Figure [£.9 shows how the formwork for the concrete slab has been done for this

case.

Figure 4.9: Second step: formwork before casting concrete.

In order to give strength against the self-weight during the rotation and the lifting of
the slab, four rows of fibre-glass bars with diameter equal to 5 mm along the length
of the system have been inserted, see Figure [4.10
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Figure 4.10: Longitudinal fibre-glass bars and final details of preparation of the formwork.

The third step consists by preparing a system composed of two glulam beams with
the correct spacing and temporary connected with transversal and diagonal planks
as shown in Figure in order to lift the all system with a crane and to insert it
from the top side in the formwork as soon as the concrete is cast.

Figure 4.11: Third step: system composed of two glulam beams.

The fourth step has to follows as soon as possible. In particular, immediately after
the concrete casting, the system of glulam beams with screws driven on the bottom
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side, has to be lifted by a crane and inserted into the concrete formwork. The screws
have to be positioned in the underpart of beam as it is shown in Figure

Figure 4.12: Fourth step: inserting the system of glulam beams into the fresh concrete
slab.

In order to avoid that inclined screws can touch with the lower part of formwork, in
the glulam beams are also screwed some different screws, type HBS 8200 with the
necessary depth. In order to avoid the trouble the depth was 50 mm equal to the
depth of the slab, as shown in Figure Details about screw and penetration depth
are reported in Figure [4.13

\ \

<7 \ FRC concrete

T :
Glulam beam

50

200

]

)

SCREWS FOR WOOD
TYPE HBS 8200 @8mm [=200mm

Figure 4.13: Details of service screws HBS 8200.

The fifth step, after the assembly, is to wait for the time needed by the concrete to
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become hard and stiff. For usual concrete the time needed to mature is considered 28
days. The cast of the concrete has been done on December the 7% in the laboratory
of the University of Lund (LTH). Figure shows the end of the assembly phase.

585
50, 1[5 470

GLULAM BEAM
115x360x7200 mm GL30c

800
SFRC Rck 55

FULL THREADED SCREWS
TYPE VGS 11250 @11mm 1=250mm

Figure 4.14: Fifth step: end of assembly phase.

The last important phase, after curing of the concrete, is to take the composite beam
and to twist it for 180 degrees in order to get the right position as it is on-site, i.e.
concrete slab on the top side and glulam beams at the bottom side. This is the pe-
culiarity of the method thought for this system in order to build out timber-concrete
composite beams quickly and easily. This twist has to be done with particular at-
tention in order to not damage the composite beam. The solution which has been
adopted was by using two appropriate steel frames fixed on both the extremity of
the structure. Through these two special steel frames, and thanks to a crane, the
beams have been lifted from their centre of gravity and rotated by hand in the air.
The whole procedure is shown in Figure [{.15] The rotation of the composite beams
has been done one week later the cast of concrete, precisely on December the 14, It
is worth to point out that all this movement should be done carefully and with the
required safety criteria.
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Figure 4.15: Sequence of rotation used to twist the composite structures.
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Figure[4.16]and Figure[4.17]show the final position of the composite structures till the
date of the experimental tests. The specimens have been maintained in this position
for 41 days. The date of the first bending test was on January the 24", and the other
bending test has been performed on January the 26'. For more details see chapter
7, related to the experimental tests.

SFRC Rck 55
800

50

|FULL THREADED SCREWS
TYPE VGS 11250 @11mm |=250mm|-

360

GLULAM BEAM
115x360x7200 mm GL30c

50 ns 470
585

Figure 4.17: Composite beams stored in the laboratory of Lund.

The three equal specimens have been called as A, B and C beam (Table .

ID Total Total Connection  Width of Depth of Thickness Beam
length  width spacing the beam the beam of the slab spacing

[mm|  [mm] [mm] [mm] [mm] |mm] [mm]
A 7200 800  2004-300+200 115 360 50 085
B 7200 800  2004-300+200 115 360 50 585
C 7200 800  2004-300+200 115 360 50 085

Table 4.5: Details of each specimen.

64



Chapter 5

Theory of composite structures with
deformable connection

This chapter presents the classical theoretical model of composite structure. Par-
ticular attention is focused on composite structure with flexible connection system.
This chapter also presents the v —method that has been developed for predicting the
behavior of composite systems with incomplete composite action between concrete
and timber layers.

5.1 Generality

Considering elements with sections of increasing height, it is known that characteri-
stics of inertia improve. In particular, the moment of inertia increase and thus the
structural element behavior changes, where for same geometry and load conditions, it
deforms less and resists to larger external stress. When, for a single timber element,
it is not convenient to go beyond a certain height, a solution could be the coupling of
two or more separate timber elements, or mating with the other material with higher
stiffness and strength. In all solutions that adopt one of these strategies, the obtained
result is to increase the mechanical point of view of the eccentric portions of the sec-
tion than the overall centre of gravity, and therefore to increase the static efficiency
of composite elements. In composite membering the connection between the various
parts can be achieved by bonding (chemical adhesion between the surfaces) or imple-
mented through the use of various types of mechanical connectors (pins, dowels, bolts,
screws, nails). As it might guess, in the case of unions realized by means of gluing,
the final stiffness is generally characterized by higher values (with the same geometric
conditions) than it will be observed in the case of elements connected mechanically.
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5.1.1 Structures and composite beams with deformable con-

nection

The coupling of multiple structural elements operating in bending, allows to create
composite structures. The efficiency of the composite structural element is much
higher when the stiffness of connection systems is high (i.e. the reduced displacements
between the contacting surfaces of the component element are prevented): the static
behavior of real composite structure will therefore be between two extreme cases of
no stiffness (i.e. no shear connections, £ = 0) and infinite stiffness (rigid connection
with prevented slip & = oo). The parameter k defines the specific stiffness (per unit
length) of the connection system, assuming that its effect can be thought distributed
along the axis of the beam even when is used a point connection type.

To manufacture timber-concrete composite systems with high degrees of composite
action, the shear between the timber beam and the concrete slab needs to be transfer-
red effectively through the shear connector system. Therefore, the shear connectors
are key elements of a composite system, which require particular attention since
they determine the system’s performance parameters. There are thus two bounds of

composite action:

— a lower bound of fully non-composite action, displayed by timber and concrete
layers that are not connected and thus work independently, with no transfer of
horizontal force between the two layers via either mechanical bonds or friction.
The layers have individual neutral axes and there is discontinuous flexural strain
at the timber-concrete interface.

— an upper bound of fully composite action, displayed by timber and concrete
components that are rigidly connected with no interlayer slip, have cross sec-
tions with a single neutral axis and identical flexural strains at the timber-
concrete interface. Consequently, the transformed section method can be va-
lidly applied to analyse stress in such systems.

The timber and concrete layers are connected by mechanical fasteners in most cases
(and/or in few cases by adhesives). In reality the shear connection system is defor-
mable and most connectors generate at least some horizontal movement (“slip”) at
the interface. Such behavior is referred to as “partial composite action”. The neutral
axis splits and as the slip between the layers increases the two neutral axes move
farther apart, hence the slip between the timber beam and the concrete slab reduces
the efficiency of the cross section. It is difficult to achieve a rigid connection between
timber and concrete, but a low slippage is advantageous, allowing the redistribution
of shear stresses along the shear connectors.
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' j4——Slab
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Q
Beams in parallel Partial connection Rigid connection

Figure 5.1: Distribution of bending deformations in a composite beam as a function of the
connection stiffness (Ballerini et al. 2002).

In borderline cases of no stiffness and infinite stiffness, stress and strain states can be
determined based on the classical theory of bending elements, or rather considering
the hypothesis of Bernoulli on conservation of the plain section which gives rise to
the well-known relationship between acting moment and curvature of the beam:

M

Y= TE

In the extreme case of no rigidity, sections of the individual beam components are
preserved, while in extreme case of infinite stiffness is the composite section which is

maintained plain.
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5.1.2 Extreme case of no rigidity

In the situation of no composite action, i.e. when the generic global section of beam
does not remain plane, the stress and strain state of composite structures will be
shown in Figure and also in [12]. For the transversal displacement congruency,
the two beams have the same curvature in the same initially sections with the same
abscissa x, measured from one end of the beam, see Figure [5.3]

b
S
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h : aE%%: Ml=qM
N

Figure 5.2: Bending strains and stresses of a composite beam with no composite action.

X

Figure 5.3: Calculation of the interface slip.
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Consequently, the system can be seen as two beams working in parallel, and the
bending stiffness of composite beam can be calculated as follows:

(EJ)o =Y., EiJ; = 35 (E1bi1hi + Eaboh3)  (5.2)

In the two beams, the external moment M (z) is distributed in proportion to the
stiffness. In fact, considering the assumption of congruence and considering valid the
hypothesis of maintenance of the plane sections in the individual elements bending
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the external moment is obtained as:
M(x) = My(z) + My(z) (5.3)

Thus, it can be found easily the values of M; and M, (external moments for the two
sections) in function of M (external moment):

Mi(e) = M)

O

From these relations it can be easily determined the stress state in the two inflected

elements:
M E h
O1,mazx = Wi = (EJI)O ’ ?1 ’ M(ZL‘) (54)
My _ Es _h

02 maxz = We — (Ed)o 72 : M(ZE) (55)

In situation of no composite action, the interface slip can be evaluated as:

1/2 1/2 a 1/2
O(x) = [P L2 M(x)da + [)? 2 M(x)de = o [* M(z)dz (5.6)

In the special case of simply supported beam with uniformly distributed load on the
entire span it is obtained:

q-a 3 2 3
0(x) = ——=— (I" — 6l 4
(z) 24(EJ)0< z® + 4z°)
For symmetry reasons the slip is null in mid-span and maximum at the supports.
The mid-span deflection can be calculated as:

Omaz = 57 (EJ)o

5.1.3 Extreme case of infinite stiffness

In the case of fully composite action, as it can be seen in [12], the generic global section
of composite beam remains plain without slips at beam-slab interface. Compared to
the previous limit case, the external moment M () turns out to be balanced, as well
as the moment M; and Ms, also from the couple offered by the axial action N; and

Ns. The stress and strain of the composite section will thus similar to the one shown
in Figure 5.4
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Figure 5.4: Bending strains and stresses in a composite beam with rigid connection.

It can be calculated the centre of gravity of the global section (weighted with the
relative modules of elasticity of the materials), from the lower edge, as follows:

CBA (e + )+ BAR by BIA »
Yaoo = S EiA; T2 TS EA

The distance from the individual centre of gravity of single elements to that of the
entire section are:

where:

EA), = FE1A1-E2A> — 1 59
( >0 2 Bidi E11A1 + E21A2 ( )

The bending stiffness of the composite section can then be calculated using the trans-
position theorem, where (E.J), is the bending rigidity of the system with null con-
nection stiffness:

(ED)oo =Y Eidi + 3. EiAja? = (EJ)o+ (EA) - a* (5.10)
It can be therefore derived the maximum stresses using the following equation:

Oimaz = Ty " Li- 2= g - Bi- (a; + %) (5.11)

Alternatively, the stresses in the two component elements can be derived from three
distinct stresses which for equilibrium must satisfy the following relationship:

M(z) = My(z) + My(z) + N(x)-a (5.12)
and considering the hypothesis of congruence w,” = w”9 = w”, it can be derived:

My(z) = B-M(z) (5.13)
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My (x) = (%}ij)M@) (5.14)

Combining the Equation (5.12) with (5.13) and (5.14), it can be obtained the following
expression for the normal axial load N; or N, unless the sign:

N(z) = Noo(z) = EAoa (7)) (5.15)

and thus it can be derived the maximum stresses means the following equation

N M, M (x) hi
imaxr — 4 i : Ez_ E@ i
o;, A¢+W/¢ (Ej)oo < 7 + a>

The shear stress at the slab-beam interface is calculated by derivation of the axial

force:
L (BA)Y  dM(z)  (EA)
’Usoo(x) _NOO('I)_ (EJ)OO ta- dx - (EJ)OO ‘CL'V(I’)

Alternatively, the same result is obtained with the well-known formula of Jourawsky

Viz) 51 = (‘E/f]:;> B A a = Viz)

Vseo(Z) =T b= (EA)-a

5.2 Composite structures with semi-rigid connections

For intermediate situations than those previously presented, where beams are mecha-
nically jointed through a deformable connection, the bending-theory for beams is no
longer applicable because of the slip in the joints. Due to the relative slip between
beam and slab, the real static behavior of the composite structure can be traced back
to the pattern of two parallel beams mechanically jointed. Anyway, the theory is
applicable to individual components. Analytical solutions are developed by using dif-
ferential equations of equilibrium (Mohler, 1956 see [13]; Heimeshoff, 1987) or energy
considerations and specially developed design programs are available, see for exam-
ple Kneidl (1991). The general elastic treatment of this problem was provided by
Newmark et al. (1951), see [14], with the following assumptions:

— linear-elastic behavior of the material and of the connection;
— small displacements and deformations (1° order theory);

— identical curvatures for slab and beam elements;

— conservation of plain sections for each element;

— connection is uniformly distributed along the beam;

— constant cross-section and stiffness along the direction of the beam’s axis.
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In the general treatment the connection is considered “uniform” in the case of punc-
tual connector with K stiffness, assumed identical and identically spaced with spa-
cing s, this is the equivalent to consider a specific stiffness of the system equal to
k[F/L?] = K/s = constant. Nevertheless, it is quite common, for simply supported
beams with uniformly distributed load, to vary the spacing of connectors between a
maximum value S,,4, in the mid-span and a minimum value s,,;, at the supports: it
can be referring to equivalent-spacing s.q = 0,75 - Spin + 0,25 - 5paq.

With reference to Figure to [I5] and according to the general treatment for the
mixed problem with two elements [I4], imposing the equilibrium equations for an
infinitesimal element of length dz of composite beam, which results to be:

qx)

CM1 Al :X l §1+dN1>M1+dM1
Vi

Vi+dV1
Vs > P x)

Mw  |Vo = Lt o = M+ dM
SN

CM2< N: I l N2+d'\;2>mz+dmz
V2

V2+dV:2

Vi + dVx

dx

Figure 5.5: Composite beam with semi-rigid connectors. Equilibrium of an incremental
element.

Equilibrium of internal actions

Vi+Vo=V(2) (5.18)
M1+M2+N1'CL:M<JZ> (519)

Global equilibrium of the infinitesimal element

V'(z) = —q(z)  (5.20)
M'(z) =V(x) (5.21)
MY(x) = —glz) (5.22)
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Equilibrium in the element 1

Ny (z) = 4vy(x) (5.23)
Vi(z) = (q(x) - p(@)) (5.24)
Mi(2) = Vi) — we) - B (5.25)

Equilibrium in the element 2

Ny(x) = —v,(x) (5.26)
Vy () = —p(x) (5.27)
My(a) = Va(a) — vy(2) - 22 (5.28)

where p(x) is the vertical load that the elements are exchanging.

U1(x)

u2(x)

Figure 5.6: Deformation and displacement under bending moment in a composite beam.

The equations of congruence, remembering the previously assumption
W’ =wy” =w” (5.29) are:

Au(z) = up(z) —wi(z) + w'(z) - & +w'(z) - 22 (5.30)
Au(z) = ug(z) —uy(z) + w'(z) - a (5.31)
where:
U1, U are the longitudinal displacement of the axis of cross-section 1 and 2;
w is the common bending deflection and
U is the relative displacement of the cross-section parts at the location of

the joints.
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The equations of elastic bond are:
for the linear behavior of the material

” M (x
wy(z) = 2 (5.32)
” Ms(x
wy(z) = -2 (5.33)
for the linear behavior of the connections

vs(x) =k - Au(z) (5.34)

The exact solution
For the congruence on the displacement (5.29), the elastic behavior (5.32 and 5.33),
for the equilibrium to the rotation (5.19), it can be written:

M (z) = BYv (M (2) + Ny(z) -a)  (5.34)

(EJ)o
My(w) = 2 (M(z) + Ni(z) @) (5.35)

(EJ)o

By deriving the equation of equilibrium (5.23) and by using (5.34), it can be written
Ny (z) = —v(z) = —k - Au'(z) = —k - (up(2) — uy(z) + w'(2) -a) (5.36)

By remembering that:

No(x Ni(z
up(x) = o) = P = — & (537
uy(z) = &1 () = 2L (5.38)
" M (z M(x)+N1i(x)-a

then it can be written:

" Ni(z Ni(z M(x)+N1i(xz)a
N (@) =~ [ _ Ml Mo ] (540
, 1 1 a? k-a
N, (z) — k- Ny(x) - + + = - M(z
1 (@) 1) [EQAQ E A, (EJ)O] (EJ)o (z)
which " () )
" 00 - Q
N, (x) — . - Ni(z) = -M(x
W= En M Emn, MY
By placing
- (EJ)oo _
a? = (El;l)o @, L ’]
- 1
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It can be written

1"

Ny (z) —a® - Ny(z) = 3-M(z) (5.41)

this is the second order differential equation with constant coefficients. Note that the
expression of N; can be determined by imposing the boundaries conditions.
The general solution of the homogeneous associated is:

NY(z) = A, - senh(ah) + B, - cosh(az) (5.42)
and the particular solution for the ¢(x) linear loads is:
M) =& (M) - 13 (5.43)
The general solution is then

Ni(z) = A, - senh(ax) + B, - cosh(ax) — % - M(x) + % ~q(x) (5.44)

The constants A,, and B, are determinated according to the boundary conditions.
For example, for simply supported beam N;(0) = N;(l) = 0. Note N;(x) is possible
to derive all the other variables except the deformed.

For the deformed it is proceed as following:

" " M (z M(x)+Ni(x)-a
w'(z) = wj(z) = — 3 = ~HEGREL (5.45)

By deriving two times and remembering that:

N{(2) = B M(2) +a® Ny(x) = B+ M(x) +0* (‘ﬂ - (x) - M?)

It can get:
wV(z) —a? - wll(z) = a?- —]g}fj + ?E(—ﬁ (5.46)

This is the fourth-order differential equation with constant coefficients. The general
solution of the homogeneous associated is:

w'(z) = A, - senh(z) + B, - cosh(z) + Cy, - x + D,, (5.47)

The solution for linear g(x) loads is:

wh(z) = —gh= - [ [ M(z)do + 28 - 3 (5.48)

the total solution is

B-a M)
ot . EJ(]

w(z) :Aw-senh(:c)—i—Bw-cosh(m)—i—Cw-m-l-Dw—ﬁ'//M@)dx"‘
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The A, By, Cy, D, constants are determined according to the boundary conditions.
Note w(x) is possible to derive all the other quantities according to the following
reports:

Ni(z) = EyAyuy(z) = =1 (BEJow" (z) + M(z))
Ny(z) = —Ny(z) = - (BJow" () + M(z))

Axial actions—

Bending moments — M;(z) = —F;Jyw" ()

Shear actions V;(z) = M; (z) — Ny(z)- % = —E; Jw" (z)+ 2 - (EJow” (z) + V(z))
Slip force at the interface [F/L]— Vi(z) = —N;(z) = L (EJow" (z) + V(z))
Slip at the interface — S(z) = Au(z) = vslgz) =L (BJow" (z) + V(z))

5.3 Particular solution according to the Eurocode 5

5.3.1 Assumptions

The design of timber-concrete structures must satisfy both Ultimate Limit States
(ULS) and Serviceability Limit States (SLS) for short- and long-term loads. The
ULS are assessed by evaluating the maximum stresses in the component materials
(timber, concrete and connection system) using an elastic analysis while, the SLS are
checked by evaluating the maximum deflection.

Annex B of Eurocode 5 - Part 1-1, standerd reference [27], provides a simplified
method for calculating these parameters of mechanically jointed beams (Fig
with flexible elastic connections, under the following assumptions:

— the beam is simply supported with a span [. For continuous beams the ex-
pressions may be used with [ equal to 0.8 of the relevant span, and twice the
cantilever length for cantilevered beams;

— the individual parts (of wood, wood-based panels) are either full length or made
with glued end joints;
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— the individual parts are connected to each other by mechanical fasteners with
a slip modulus k;

— the spacing s between the fasteners is constant or varies uniformly according to

the shear force, between s,,;, and $,,,. With S;ae < 4 - Smin:

— the load acts in the z-direction giving a moment M = M (z) varying sinusoidally
or parabolically and a shear force V =V (z).

This method is based on an approximate solution of the differential equation for
beams with partial composite action. The simplified design method, the so-called
“y—method’ is closely related to the model initially derived by Mohler (1956) and has
provide excellent approximations for composite beams with closely spaced fasteners
(Kenel 2000 and Frangi and Fontana 2001). The full derivation of the formulae can
be found in Kreuzinger (1995).

5.3.2 Approximate solution of the problem

For the verification of composite beams with deformable connection, the Eurocode
5 offers some formulas derived from a simplified treatment in the case of simply
supported beam and a distribute load ¢ variable with sinusoidal law with maximum
value ¢y in the mid-span, as shown in Figure

q=qo-sen (=) (5.49)

q(x)=q0sin(tx/I)

et L T T T,
f%'x | ZJF

Figure 5.7: Sinusoidal load law with maximum value gg.

The composite section presents a symmetrical and vertical plane and it is constant
along the axis of the beam: in this case the element 1 represents the slab, and the
element 2 the beam. Considering equations 5.17, 5.18 ; 5.21, the elastic bond and
Figure [5.6] it can be written
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S spacing
K Slip modulus

F Stress
A1 J1 Eq b1 gm1 a1
} D h1 ]
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_ } Tmax
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Figure 5.8: Composite beam with deformable connection.

Vi(z) = —FEy Jyw
Vo(z) = —EsyJow
vs(2) = k- u(2) = k- (us(z) — ui(z) + w'(z) -a) (5.56)
The equilibrium of the two elements in x and z direction, considering (p, = 0 and

(Ni(z) + Na(z)) = 0 ) can be written as:

Ny(z) +vs(x) =0 (5.57)

M, (z) = Vi(w) = vy(2) - 5
My(x) = Va(z) — () -
Vi(@) + Vy(z) = —qlx) = V'(z) (5.61)
The sum of (5.59) and (5.60) is differentiated once with respect to x and V' is replaced
by the term —q :
M + My +v -a+q=0 (562)
If the internal forces and moments are replaced using elasticity principles, the follo-
wing system of differential equations results:
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Ey Ay () (U/Q z) —uy(z) +w'(x) - a) =0 (5.63)
EyAsuy () — k (ug(2) — ui(z) + w'(z) -a) =0 (5.64)
(ErJy + EQJQ) wV(z) — k- (uy(z) — uy(z) + ' (z) -a) -a =q(z) (5.65)

This way three equations of equilibrium (5.57), (5.58) and (5.62) for the three defor-
mations uy(x), us(z) and w(z) can be derived.
The variation of the elastic energy is also determined from these equations:

H / E1A1u —|— E2A2u2 ( ) <E1J1 + EQJQ) . wHQ(Z’)‘i‘

+k (us(z) — ui(z) +w'(2) - a)2 —2-q(x) - w(x)|dx (5.66)

In an other way, it can be written the following fourth order differential equation
by considering equations (5.32), (5.33) and the equations (5.18), (5.31) and (5.34),
developing the expression (5.25 + 5.28) and differentiating it can be written:

(BJ)yw! (z) — k- a- (uy(z) —uj(z) + 0" (z) - a) = q(z) (5.67)

Elastic foundation effect k,,, and the influence of second order theory effects could be
taken by adding the term k, - w(z) — Ny - w’ (z) to equation (5.65).

For single span beams with a sinusoidal load distribution, a simple analytical solution
can be given because the shape of the deformations in the direction of the axes cor-
responds to cos- or sin-functions. Although the derivation is based on the sinusoidal
load distribution, the solution is also applicable to most other load distributions. This
assumption allows to express the unknowns in the axial and vertical displacement in
the following forms:

u () = uio - cos (Z£)  (5.68)
us(x) = ugg - cos (Z£)  (5.69)
w(z) = wy - sin (Z£)  (5.70)
Under these assumptions the system resolving is reduced in a system of equations in

the unknowns uyg, ug, and wy. These terms, when placed in Equations (5.63), (5.64)
and (5.65), give a system of equations for the constant uyg, usy and wy, see also [16]:

Ui Uz0 Wo qo
—TEA —k k kZa
k T By Ay —k —kTa

kTa —k7a ”—4 (ErJy + EyJs) — Z—QCL -1
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By substituting in k = %, ky = ”2512’41, v = ﬁ, it can get

c L (5.71)

Wy =¢q" = -
™ By Byt e
m E;Az

— wy - T . —eBady
W10 = Wo " 7 * 57 E A+ B A (572)

e 573

t20 = —Wo % NnE1A1+E2A2
Ifit is put EJesr = EJy+ (EAY), - (5.74) where
—1
«Y _ ME1A1-B2Ay
(EA )0 - W’Y11E11A11+E221422 - ’Y1El1z41 + E21A2] (575)
Wo = qo - 7lr—44 . m (576)
The solution of the system is
s : T
w(z) = ﬂfEOJeff - sin (2£) (5.77)
13 EA*)
M@:ﬁ%f%ﬂ wMJ (5.78)
3 (BA* _—
ua() = — 7 - Vst cos () (5.79)

where the dimensionless factor ~; is like a “weight” for the area of only the element

1. The stresses are:

Axial force
Wl (EA e | o (Wl_x) (5.80)

EZ-Aiei(x) = EzAzu;(x) == w2 (EJ) 55

Ni(z) =
ie.
MM:—%%%M@(MD
where
M(z) = ©F . sin (72)  (5.82)
Bending moment
M;(z) = —EjJow" (z) = EjAju(x) = —W sin (Z£)  (5.83)
Shear
Vi) = By By 550
(EA%oa | qol | o (Wz_x) (5.85)

Vi(z) = _Ni = "By -
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Vi(z) = =Ny = £202 . V(z) (5.86)

EJeyy
Deformations
Au(r) = s(z) = ug(z) —uy(z) +w' () -a  (5.87)
3 a * T

According to the Eurocode 5 Part 1-1, Annex B, the formulae are written in a different
way and reported below. By doing the relative substitutions it can be obtained the
following expressions. The effective bending stiffness (E.J).ss of a simply supported
timber-concrete composite beam is calculated as:

(EJ)err = S0 (BiJi + 7B Aa?)  (5.89)

using mean values of £ and where:

bi-hy
Ji =75
72 =1

-1
%:[1-#%} fortr=1land:=2

K; = K., for the serviceability limit state calculations;

K; = K,; for the ultimate limit state calculations;

_ _mFEiAra _ ha
42 = 5 A 1 By where a = 2+

a1 — a — Q2

The values of K., in absence of direct experimental evidence on the type of connector
used, can be determined with referring to table 7.1 from Eurocode 5 part 1-1. Besides,
the slip modulus of a connection for the ultimate limit state K, should be taken as
K, = % - K4er. In the case of union between timber and concrete, with reference the
table 7.1 from Eurocode 5 part 1-1, the value of K., obtained should be doubled.
After determining the effective stiffness of the member can be determined by means of
the following expressions, the normal and the bending stresses acting on the element.

Ni(x) = 25 M(z)  (5.90)
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M;(z) = AED () (5.91)

From the previous equations, it can get the stress at the centroid o;(z) and the
flexural component of the stress o,,;(x) in the concrete (i=1) and timber (i=2).

oi(x) = fepos - M(x) (5.92)
Omi(T) = %-M(az) (5.93)

The maximum shear stress 7o mq. () acting in the web element (element 2) and the
force F'(x) in the shear load fastener can be obtained from the following equations

Eo-h?
7—2,max(m) — O(gJE)efhf . V(I) (594)

where h = % + ay and

F(r) = LA () (5.95)

(BEd)ess

where M (z) is the bending moment, V' (x) is the shear force in the cross-section of
interest and s, is the equivalent spacing of the fasteners as previously said in the
assumptions. For the last parameter it can be therefore chosen s, = 0,75 - Syin +
0,25 - Spmaz-

5.4 Short and long term verifications

A general effect (such a stress and displacement), designed E¥'| caused by the load
combination for ultimate (ULS) and serviceability (SLS) limit states expressed in the
next equations can be calculated using the formulas provided by Eurocode 5.

Far =251 GrjtQri + %o - Qri (5.96)

Fop =251 Grj+ i Qri+ oy i Qi (5.97)

Fap =251 Grj+ 2 i1 ¥21 - Qri (5.98)

Fou =72 5o1% Grj+ 701 Qri+ 2 is1701 Yo, Qri (5:99)

These values depend on the load applied on the beam, and on the Young’s modulus
and slip moduli of the component materials and can be expressed in the following
basic form:

EFS = EFS (Ecm<t0), EO,mean; kser) (5100)
EFu = EFu (Ecm<t0)a E'O,mean7 ) ku) (5101)
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where in general kg, # k.

For the serviceability limit state (SLS) three combinations: (i) characteristic, (ii)
frequent and (iii) quasi-permanent are considered, while for the ultimate limit state
(ULS) just one design load combination is considered, see equations (5.96), (5.97),
(5.98) and (5.99). G denotes the permanent and Q) the variable actions, characterized
by different values of creep coefficients calculated according to the load duration class,
and ~y, ¥ are coefficients tabulated in Eurocode 0.

The short-term verifications, at the initial state where loads are applied instantaneou-
sly and with no creep effect, can be performed according to the procedure based on the
use of Young’s moduli for concrete and timber, and slip modulus of the connection,
as described by Ceccotti, see [I7] and Ceccotti [18]. Since the load-slip relationship of
the shear connection is typically non-linear, two different slip moduli are considered
for design purposes, as proposed by Ceccotti (1995): ks, for the serviceability limit
state (SLS) and k, for the ultimate limit state (ULS). The slip modulus k., which
corresponds to the secant value at 40% of the load-carrying capacity of the connection
(ko.4), is usually evaluated by push-out tests according to standard reference [28]. For
the slip modulus k,, use of the secant value at 60% (kog) is recommended. Howe-
ver, if experimental data are not available, Eurocode 5-Part 1-1 suggests using the
formulae for timber-to-timber connections by multiplying the corresponding values
of the slip modulus k., by 2. The slip modulus k, may then be taken as 2/3 of
kser (Eurocode 5). Depending on the type of connection involved, this assumption
may or may not be adequate. Ceccotti in [19)], for example, reported a significant
(50%) discrepancy between experimentally and analytically values of connection pro-
perties obtained from push-out tests. In the second chapter the experimental results
of shear-tests performed on shear connectors are presented in terms of the slip moduli
kser and k,, which are further analysed in the short-term verifications at SLS and
ULS. Thus the current procedure for short-term solutions for the serviceability and

ultimate limit state can be summarized as follows:

1. For the serviceability limit state an elastic solution has been proposed where
Uinst due to the load combination Fy,(Eq. (5.96) is obtained using the elastic
moduli:

E.=E..(t) (5.102)
E:; = Eymean  (5.103)
k= kser (5.104)
1. For the ultimate limit state an elastic solution has been proposed where S;,q

due to the load combination Fy,, (Eq. 5.99) is obtained using the elastic moduli
according to Eqs 5.102 and 5.103 and:
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k =k, (5.105)

0. 6Fmax|_

0. 4Fest

I~ "
ship

Figure 5.9: Example of load-slip behavior of shear connector and definition of slip moduli:
Eser(ko.a) at 40% of the estimated load-carrying capacity, ki, (ko) at 60% of
the maximum load-carrying capacity.

The verification of a composite beam in the long-term is more problematic, since the
concrete’s creep and shrinkage, the creep and the mechano-sorption of the timber
and connection, and thermal strains of concrete and timber should be considered.
Numerical programs (Fragiacomo and Ceccotti 2006, Schézlin 2003) and analytical
formulas (Fragiacomo and Ceccotti in [20], Schézlin and Kuhlmann in [21]) have
been proposed to provide accurate solutions, but no consensus among researchers
has been reached regarding methods to predict the long-term performance of timber-
concrete composite structures (after Clouston 2006). Referring to Clouston for steel-
concrete construction, the ACI-ASCE Joint Committee recommends using E./2 as
the concrete modulus of elasticity instead of E. when calculating sustained load
creep deflection (after Clouston 2006). The AASHTO Bridge Design Specification,
Section 10.38.1.4, suggests using E./3 (after Clouston 2006). The European Code
recommends using creep factors developed from load duration studies to reduce the
moduli of the respective materials. (Eurocode 5).

The simplified approach suggested by Ceccotti (2002) does not account for shrin-
kage or thermal strains and is based on the Effective Modulus Method, in which the
creep and mechano-sorption of the concrete, timber and connection are accounted for
by reducing the elastic and slip moduli according to the following expressions:

— E(m(t)
o pin = 22288 (5.106)

E mean
Etvfin = l_ﬁ’kdeﬂt (5107)

_ k
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For the concrete, Eurocode 2-1-1 provides some guidelines for evaluating the creep
coefficient ¢(t, ), t and to being the final and loading instants, respectively. Eurocode
5-1-1 provides tables of values of the creep coefficient k4. for both the timber and the
connection. Those moduli are then used in equations previously presented to solve
the beam parameters in long-term loading.

The creep phenomenon has two types of effect on the composite beam: (i) increments
with time in strains and displacements and (ii) changes in the distributions with time
of stresses and internal forces in the component materials because of the differences
in creep properties. Consequently, creep affects both the ultimate and serviceability
limit states, and cannot be neglected in long-term verifications.

The currently proposed procedure (Effective Modulus Method) for calculating a long-
term solution for the serviceability and ultimate limit states can be summarised as

follows:

— For the service limit state an elastic solution has been proposed where wu;, due
to the quasi-permanent part of the load combination Fy, (Eq. 5.98) is obtained
using the effective moduli Eqs. 5.106 and 5.108.

The creep effects are due only to the quasi-permanent part of the load Fj, considered
as acting on the structure for the entire service life. The long-term maximum vertical
displacement can be calculated by substituting the long-term displacement due to
the quasi-permanent part of the load for the instantaneous displacement due to the
difference between the rare and quasi-permanent combinations applied at the end of
the service life ¢:

_ , Fdp Far—Fap _
Ufin = ufin + Uipst -

= ufar (Ec,fina Et,finv kser,fm) + ufer—ra (Ecm(t)v E07mean7k567’) (5'109)
with Fy, — F,;, given by the next equation

Fop —Fap=(1—=21)  Qra+ D ;o1 (Yo — 2;) - Qryi (5.110)

— For the ultimate limit state an elastic solution has been proposed where Sp;,
due to the part of load combination Fy, Eq. 5.98 is obtained using the effective
moduli according to Egs. 5.106 to 5.108.

In addition, for ultimate limit state verification only the quasi-permanent part of the
F,, of the combination Fj, has to be considered as acting throughout the entire
service life. The effects due to the load Fj, can be estimated, as mentioned above,
using the effective moduli EY;,. Moreover, the difference between the ultimate and
the quasi-permanent load combination is instead applied instantaneously, therefore
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for this part of the load the Young’s moduli at the instant ¢ have to be used. Conse-
quently, the following formulation can be applied:

o Fd,p Fd,ude.,p

inst

= SFd’p (EC,fina Et,fina kser,fin) + SFd’uiFd’p (Ecm(t)7 EO,memu ku) (5111)

with Fy, — Fy, given by the next equation

Fru=Fap =355 (V65 — 1) Gryt (01 — ¥2,1) Qi+ 2 (Y@ive,i—vn.) - @ri (5.112)
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Chapter 6

Numerical model and analytical

calculations

This chapter presents the numerical model using FE-method for short-term analysis
which has been developed. It also presents the FEM analysis and the discussions
over the different models which have been considered to choose the best dimensions
to realize the full-scale specimens. The reliability of the FE model was checked and
compared with analytical calculations as well.

6.1 Background

In order to get the optimal dimensions of the composite beam a FE model has been
developed. These make possible to take into account for effects of factors such as non-
uniform connections and non-linear materials response. Unfortunately such models
are neither commercially available nor user-friendly. Instead commercial FE programs
can be used, based on a Vierendeel beam analogy, see Figure |6.1
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Figure 6.1: Vierendeel model.

Results for Vierendeel beam analogues are very close to those obtained with classical
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formulae, except in cases where the load distribution is unusual, connection charac-
teristics are not uniform and/or the system is hyperstatic (statically indeterminate
with respect to support conditions).

The finite element (FE) program used in the analysis in the studies underlying this
thesis was SAP 2000 developed by Computers and Structures, Inc. University Avenue
Berkeley from California. The purpose of using FE model was to investigate the
performance of the prefabricated timber-concrete composite systems for short-term
conditions. In practice, in order to decide the dimensions of the components of the
composite beam, in particular, regarding the depth of the beam and the thickness of
the slab, some models have been developed with different geometric characteristics.
Moreover, the spacing between the screws was object of study as well. After more
kinds of different models and analysis, which are presented and discussed afterwards,
the dimensions and the spacing of the screws for the composite structures realized
have been chosen, see the design shown in Figure [4.3

6.2 FE model for short-term analysis

The finite element model used for the short-term analysis consists of a lower timber
beam, modelled as a frame element linked to an upper concrete slab modelled as a
shell element, through a spring element. The following Figure [6.2]shows the adequate
mechanical model in detail which has been developed. The shear connector was
simulated by a non-continuous system of springs. The stiffness of the springs was
derived from the shear tests, previously carried out and reported in [4], and takes into
account the linear system performance. The kinematic hypothesis are: negligibility
of shear strains, equal vertical displacements and planarity of the cross sections for
the single component beams. If the local material behavior has to be considered,
cross-sections of the two beams have to be divided in fibres.

Concrete slab Rigid elements
/ ‘\lc Fdhe 4,

P (— 1 )
M v I/\I_/\t//\q / > MedNe.

\VC

X
K{x)
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l'imber beam 4 dx n
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Figure 6.2: Finite element model.
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6.2.1 Timber beam as a frame element

The frame element is a very powerful element that can be used to model beams,
columns, braces, and trusses in planar and three-dimensional structures. A frame
element is modelled as a straight line connecting two points. Each timber beam was
modelled as an entire frame element with dimensions equal to 115 x 360 x 7200 mm,
and the material assigned was timber with specific gravity equal to 4#V/m3 and
Erean = 12500 MPa as elastic modulus. For this modelling, since the beams are
acting only in bending, the material for simplicity was considered isotropic.

6.2.2 Concrete slab as shell elements

The shell element is a type of area object that is used to model membrane, plate and
shell behavior in planar and three-dimensional structures. The shell material may be
homogeneous or layered through the thickness. The shell element is a three- or four-
node formulation that combines membrane and plate-bending behavior. Two distinct
formulations are available: homogeneous and layered. The homogeneous shell com-
bines independent membrane and plate behavior. These behaviors become coupled if
the element is warped (non-planar). The membrane behavior uses an isoparametric
formulation that includes translation in-plane stiffness components and a rotational
stiffness component in the direction normal to the plane of the element. The ho-
mogeneous plate-bending behavior includes two-way, out-of-plane, plate rotational
stiffness components and a translational stiffness component in the direction normal
to the plane of the element. It was used a thin-plate (Kirchhoff) with four-node for-
mulation that neglects transverse shearing deformation. Instead, if it is considered a
thick-plate (Mindlin/Reissner) formulation, the effects of transverse shearing defor-
mation will be included. In plain the displacements are quadratic while out-of-plane
they are cubic. For more details about shell element it can be seen in [22]. The slab
was divided in a total number of 1296 shell elements which each single element has
these dimensions 88 x 50 mm and the material which has been implemented was a
concrete with specific gravity and elastic modulus respectively equal to 7, = 24 kN/ms3
and E. = 36210 MPa.

6.2.3 Shear connector as a link element

The link element is used to connect two joints together. Each link element may exhibit
up to three different types of behavior: linear, non-linear and frequency-dependent
according to the types of properties assigned to that element and the type of analysis
being performed. A link element is a two-joint connecting link. Each element is
assumed to be composed of six separate “springs”, one for each of six deformational
degrees of freedom (axial, shear, torsion and pure bending). All linear property sets
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contain linear properties that are used by the element for linear analyses as in this
case. For more details about link element see [22]. The link can be seen as shown in
Figure [6.2] and the stiffness of the springs was set, with reference to the limit state
considered, as reported in Table

Stiffness of the link [N/mm)]
Ker 35000
K, 23333

Table 6.1: Stiffness of the link which was set in the FE model.

Figure [6.3] reports an imagine of the FE model realized and in the following one,
Figure [6.4) shows an extrude view of this.
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Figure 6.3: FE model.

Figure 6.4: Extrude view of the FE model.

The problem of this type of modelling arises in the definition of the equivalent shear
spring connector. It is not possible to define a simple spring which transmits only
horizontal shear force, in fact, to satisfy the equilibrium the shear connector has to

transmits moments as well, as it can be seen in Figure |6.5
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Figure 6.5: Introduction of moments in the link elements working as a shear connector.

To avoid the moments in the link connector, it must have length equal to zero and
with SAP 2000 it is not possible. In the Figure [6.5] the shear force was set to pass
on the axis of the timber beam, and accordingly the concrete slab was like a fixed
support and a moment equal to the shear force times the distance between the axis
of the beam and the slab.

As it can be seen in [23], Kneidl and Hartmann proposed different framework models.
Those are the most implicit and reliable to model multi-layered beams. Each section
is represented in the statical system by a beam. In order to keep into account the slip
between the layers different possibilities are proposed. The model A just placed a
small cantilever with the adequate hinge at the end. Model B allows running in finite
model programs which do not have the possibility of hinges by adapting the stiffness
of the diagonals. Hartmann combined both model to make Model C by placing the
hinges at the end of a console made by diagonals to avoid the local introduction
of moments (model A). The solution has a continuous development of the bending
moment. These type of models are shown in Figure [6.6]

=
) i

Section Model A Model B Model C

Figure 6.6: Framework models.

These systems are sensible to the inclination of the diagonals and the distance of the
modelled connectors. The ratio between modelled connectors and the thickness of
the planks must be smaller than 2.

Ceccotti used the same model A but schematized in a different manner, see [24].
However, by putting two rigid arms and a horizontal spring and also in this case it
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creates a bending moment, see Figure [6.2] With SAP 2000 it can be done the same
thing, by using the link element and specifying the distance where to apply the force.
By trying to change this distance it can be found that moment, normal stress, sag,
frequency and stress in the connector varies around 1-2%. Hence, it seems reasonable
to schematize the structure in this last way. Furthermore, by comparing the results
with the Mohler solution they are consistent. In conclusion, it was decided to use
this model by setting the distance where the shear force has to pass to the timber-
concrete interface how did Ceccotti. In this way, the moment on the link element has
a butterfly shape, as it can be seen in Figure [6.7]

-1.23

Figure 6.7: Butterfly shape of the moment in the link connector, as a modelling defect.

6.3 Load implemented in the numerical models

The load implemented in the numerical model was the same that those reported in
the Appendix of this thesis. These loads concern the self-weight of the structure
elements and the live load has to take into account the crowd on the beam during
a demonstration in the stadium with reference to category of use C5 as reported in
standard reference [30]|. Table summarizes the load used in the FE model:

Loads
Self-weight Grx [kN/m?] -
Non-structural self-weight Gqy [kN/m?] 0,2
Live load Qr [kN/m?] 5

Table 6.2: Summary of the characteristic loads acting on the modelled beam.

Note that the self-weight was calculated by the program. As far as the load com-
binations is concerned, it was considered the Swedish rules of combinations of loads
which is referred to three security class reported in Table [6.3
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Security class Description Yd
1 high risk of serious injury 1,0
2 limited risk of serious injury 0,91
3 no risk of serious injury 0,83

Table 6.3: Swedish security classes.

In practice the load combination considered for the choice of the dimensions of the

beam are:

qurs =D 517 1,2 Grj+7a- 1,5 Qra+ 20,7 1,5 o - Qry
qsrsrare = D51 Grg + Qi + Doy Yo - Qi

qSLS, frequent = D _j>1 Ghj + 11 - Qe + D01 Yo+ Qi
qSLS,quasi—permanent = D i1 Ghj T D is V2, * Qi

With regard to the partial safety factors v4, 76; and ~g;, and the combination factors
values t;; the used values are reported in Table [6.4]

Safety factors

Security class va 1,0
Dead load o1 1,2
Non-structural dead load Yoz 1,2
Live load - Areas susceptible to large crowds vo 1,5
Combination factor values o1 0,7
Combination factor values a1 0,6

Table 6.4: Partial safety factors and combination factor used.

Load combinations have been performed directly in the FEM program according to
standard reference [29] and full reported in the following Appendix. As far as the
geometrical characteristics is concerned see the design drawing reported in Figure |4.3

6.4 Standard model

In this paragraph, the results of the finite element analysis are shown. The models
differ each other in terms of depth of the beam, thickness of the slab and from spacing
amongst the screws. Combined models have also been realized. The reference model
used to compare all the other models is the following one. This model is realized
with a slab thickness equal to 50 mm and width 800 mm, the two beams have 360 mm
depth and 115 mm width. The spacing between the screws for the standard model is
equal to 200 mm. A picture of this model is reported in Figure
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Figure 6.8: Standard model used to compare with the others.

Table reports the results from the analysis with standard model.

STANDARD MODEL

Slab Beam Frequency QP  Rare Axial Force  Bending Moment Max force

thickness depth sag sag in the beam in the beam in the screw
[mm]  [mm] [Hz] [m]  [m] [kN] [kNm] [kN]
50 360 13.52 0,0046 0,0065 73,96 9,61 6,41

Table 6.5: Results from analysis with standard model.

Before to explain the FEM analysis it was decided to mention the requirements that
have to be satisfied, the variable parameters and the parameters monitored. This type
of structures, as timber structures in general, is designed considering the serviceability
limit states.

As it is reported in paragraph 7.3 from the standard reference [27], as far as vibrations
is concerned, it shall be ensured that the actions which can be reasonably anticipated
on a member, component or structure, do not cause vibrations that can impair the
function of the structure or cause unacceptable discomfort to the users. The vibration
level should be estimated by measurements or by calculation taking into account the
expected stiffness of the member, component or structure and the modal damping
ratio. The Eurocode 5-1-1 says also that in case of residential floors with fundamental
frequency less than 8 Hz, a special investigation should be made. For residential floors
with a fundamental frequency greater than 8 Hz it provides some requirements which
have to be satisfied. In this case, seeing the structure is specifically addressed to
realize the stands of a stadium, as it can be better seen in the Appendix of this
thesis, the minimum of the fundamental frequency allowed was 10 Hz. According to
the paragraph 7.2 of the standard reference |27, the limit value of the instantaneous
deflections of the composite beams is /400, and in this particular case, since the length
of the beam is 7,2 m the maximum instantaneous deflection is 0,018 m.

The variable parameters that have been studied in order to find the best performance
of the composite beam were: the thickness of the slab, the depth of the beam and the
spacing between the screws. On the other hand, the monitored parameters used to
compare the different numerical models are: the natural frequency, the instantaneous
mid-span deflection, the maximum shear force in the shear connector, the bending
moment and the axial force in the timber beam.

Finally, it is underlined that, in the FE model all the loads were combined with the
safety factors and implemented with characteristic moduli of the materials in order
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to decide and design the full-scale specimens. Below the following tables representing
the results of the FE analysis are reported the analytical solution considering some
parameters as variable. The graphs reported below, which are the solution of the
“~v — method’, displaying the trend of the shear force acting on the screw and the
bending stress in the glulam beam in function of the thickness of the slab, the depth
of the beam and the spacing of the screw, respectively.

6.4.1 Standard model with only dead load

It is presented the first model which has been developed. It derives from the standard
model but with only the self load, without safety factors and with K., = 35000 N/mm
in order to compare the FE model with the analytical calculations and to ascertain the
results from the numerical model are plausible. Theoretical calculations have been
carried out in order to check the FE model, which have been done before studying
the previous cases.

MODEL WITH ONLY DEAD LOADS WITHOUT SAFETY FACTORS

Screw  Period Frequency QP Rare Axial Force Bending Moment  Max force

spacing sag sag in the beam in the beam in the screw
[cm] [s] [Hz] [m]  [m] [kN] [kNm] [kN]
20 0,08 13,31 - 0,0017 14,55 1,68 1,32

Table 6.6: Results of the analysis from the standard model with only dead load and without
safety factors.

6.4.2 Standard model without screws

A simple model derived from the standard model has been developed. This model
presents any kind of connections, in order to have an idea about the behavior of the
composite structure with beam members working in parallel. It can be quickly seen
in Table [6.7] that the bending moment in the timber beam increases a lot, while
the axial force in the beam and the shear force are 0. By adopting this kind of
structure, the serviceability requirements are not completely satisfied, because the
natural frequency estimated is 8,41 Hz < 10 Hz, while the instantaneous mid-span
deflection estimated from the numerical model is 0,017m <0,018 m. Thus, if it is
wanted to satisfy the requirements it has to increase the depth of the beams and
the thickness of the slab. In the last way, the materials are not used to their best
characteristics.
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STANDARD MODEL WITHOUT SCREWS

Depth  Period Frequency QP Rare Axial Force  Bending Moment Max force

of beam sag sag in the beam in the beam in the screw
[mum] [s] [Hz] [m] [m] [kN] [kNm| KN
360 0,12 8,41 0,0119 0,0169 0,25 24,32 0,00

Table 6.7: Results of the analysis from standard model without screws.

6.5 Check of the reliability of the FE model with

analytical calculation

In order to check if the results from the FE model are plausible, it has been done
some theoretical calculations and compared the estimate mid-span deflection and the
maximum shear force acting on the connector. The whole theoretical calculations
are given explicitly in the Appendix of this thesis with reference to the design of the
stands of a stadium. Here, in order to check the reliability of the numerical results it
was considered only the self-weight load without safety factors and the comparison
was done between the instantaneous mid-span deflection and the maximum shear

force in the connector as following.
The loads considered are reported in the Table

Load expressed in [kN/m)|

G1k,slab 0,48
Gk beam 0,17
G 0,00
Os 0,00

Table 6.8: Self-weight load considered to check the numerical results. For the reliability
check no live load has been implemented.

The axial stiffness and the bending stiffness for each component, considering just a
half of the entire system, are

EyAy = By by - hy = 36210 - 400 - 50 = 7,24 - 103N
EyJy = By - B = 36210 - 40050 — 1 51 10" Nmm?

EyJy = Ey - 21 — 12500 - 12360° — 5 59 102 Nmm?

from were it can be get the bending stiffness of the composite beam in case of no
connections, the axial stiffness of the composite structure and the bending stiffness

in case of rigid connection:
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1
-3 (36210 - 400 - 50° + 12500 - 115 - 360°) = 5,74 - 10" Nmm®

_ E1A1-FsAy _ 7,24-10%.5,18108 108
(EA)O T E1A1+E3As ~ 7,24.108+5,18-108 3,02-10°N

(EJ)oo = (EJ)g+ (EA)y - a* = 5,74 - 10" + 3,02 - 10% - 2052 = 1,84 - 10'* Nmm?
to determine the effective stiffness of the composite structure it was calculated before

Seq = 200 mm
Kger = 35000 N/mm
= 7200 mm
n=[1+7 EiA - seq/ (Koer - 7)) =

= [1+7*-7,24-10°-200/(35000 - 72002)}‘1 = 0,559

Y2 =1

a = 205 mm

~v1-E1Ai-a  _ 0,559-7,24-108.205
L E1A1+E2As  0,559-7,24-10845,18.108 90,91 mm

a9 =
a; =a—ay, = 205—90,91 = 114,99 mm
(Ej)eff = E1J1 + EQJQ -+ Y1 ElAlaf + Y2 EQAQCL% =

=1,51-10" 45, 59-10'2+0, 559-7, 24-10%-114, 99°+5, 18-10%-90, 01% = 1, 53-10*3 Nmm?

The self-weight of half a composite structure per unit length is
q = Yerh1-b14+Ygrutam - ha by = 24x107%-50-400+4 x 107%-115-360 = 0,65 kN/m

By considering that the bending moment in the middle and the shear force at the
supports are

My = 28 = 0872 _ 4 18)kNm

Ty =% = 20572 — 2 32kN

the maximum shear force on the extreme shear connector and the instantaneous

mid-span deflection was therefore:

_ 1-E1-A1-a1-Seq | __ 0,559-7,24-10%-114,99-200 _
Fy = BN V= 1531018 2,32 =1,42kN
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. 5 (guetger)l 5
ug,inst_lal'_'—_]ﬂl'@'

(0,48+0,17)-7200*
381 Elery = = 1,63 mm.

1,39-1013

These two results are compared with the outcomes from the analysis reported in
Table [6.0] as it is reported in Table [6.9]

Theoretical values Numerical values  Error [%]

Mid-span deflection 1,63 [mm] 1,7 [mm]| 4,12
Max shear force on the screw 1,42 [kN] 1,32 [kN] 7,04

Table 6.9: Check of the trustworthiness of the numerical results.

As it can be seen by viewing in the previous Table the results from both the ana-
lysis were very closed. Hence, it can be concluded that the numerical model correctly
describes the behavior of the short-term conditions and therefore it is possible to get
from it reliable values.

6.6 Results from the FEM analysis

In this paragraph there are presented the results of the FEM analysis carried out in
function of different parameters as it can be seen subsequently. Together with the
numerical results there are also reported the trend of the solution in agreement with
“~ — method” presented in Eurocode 5, see standard reference [27].

6.6.1 Models with variation of the thickness of the slab

Table [6.10] reporteds the results from the analysis considering three different values
of the thickness of the slab. As it can be seen, increasing the thickness of the slab,
with regard to the serviceability limit states and in particular the natural frequency
and the sags for the different load combinations decrease but as far as ultimate limit
state is concerned, the bending moment decreases but the axial force in the beam
element and the shear force acting on the connector element increase.
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MODELS WITH VARIATION OF THE THICKNESS OF THE SLAB

Slab Beam Frequency QP Rare Axial Force  Bending Moment Max force

thickness depth sag sag in the beam in the beam in the screw
[mm]  [mm] [Hz| [m] [m] [kN] [kNm] [kN]
50 360 13,52 0,0046 0,0065 73,96 9,61 6,41
75 360 12,76 0,0043  0,0059 79,52 8,77 6,89
100 360 12,32 0,0041 0,0055 82,03 8,08 7,10

Table 6.10: Results of analysis from models with different depth of the slab.

In order to better understand the behavior of the composite system Figure repor-
tes the trend of the shear force acting on the connector element and the maximum
bending stress in the timber beam in function of the thickness of the slab by imple-
menting the “y — method’.
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Shear force on the screw (Fv) [kN]

Bending stress in the beam (sigma2) [MPa]
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Figure 6.9: Relationship between the maximum shear force acting on the screw (Fv) and
the thickness of the slab (A1), on the left. Relationship between the maximum
bending stress (sigma?2) in the glulam beam and the thickness of the slab (A1),
on the right.

By viewing the graph on the left, it is easy to see that the maximum shear force
acting on the connector, considering constant the other parameters, increase with the
thickness of the slab. By observing the graph on the right, it is easy to understand
that more is the thickness of the slab and less is the tension in the beam at the lower
edge since the composite beam is even less deflected. The neutral axis moves up and
it has a migration of the compression force upwards.
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6.6.2 Models with variation of the depth of the beam

Model with the variation of the depth of the timber beam has been developed. By

increasing the depth of the beam, considering constant all the other parameters of

course, with regard to the serviceability limit states, the natural frequency increases

instead the sags for the different load combinations decrease. As far as ultimate limit

state is concerned, the bending moment is increasing. On the other hand, the axial
force in the timber beam decreases. Due to the increase of the depth of the beam, the
inertia of the system is increased and thus the maximum shear force on the connector
is decreased.

MODELS WITH VARIATION OF THE DEPTH OF THE BEAM

Depth Thickness Frequency Rare Axial Force  Bending Moment Max force
of beam of the slab sag in the beam in the beam in the screw
mm| [ Ho ] [N [kNm] [kN]
360 50 13,52 0,0065 73,96 9,61 6,41
405 50 15,34 0,0049 64,63 10,29 5,60
495 50 18,97 0,0031 50,91 11,51 4,40
585 50 22,55 0,0021 41,41 12,57 3,58

Table 6.11: Results from FE models with different depth of the timber beam.

Shear force on the screw (Fv) [kN]
& @ & ~ & = & ©

o

45 L

Bending stress in the beam (sigmaZ2) [MPa]

350 400

Figure 6.10
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Depth of the beam (h2) [mm]
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25
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450 500
Depth of the beam (h2) [mm]
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: Relationship between the maximum shear force acting on the screw (Fv) and
the depth of the beam (h2), on the left. Relationship between the maximum
bending stress (sigma?2) in the glulam beam and the depth of the beam (h2),
on the right.

In order to see at a glance the behavior of the composite system, Figure reports
the trend of the shear force on the connector element and the maximum bending
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stress in the timber beam in function of the depth of the beam by implementing the
“~v —method” relationship.

The trend of the maximum shear force on the connector element in function of the
depth of the timber beam is shown on the left side of Figure [6.10f By keeping
constant all the other parameters, the maximum shear force acting on the connector
at the support, with slab thickness equal to 50 mm, decrease rapidly by increasing
the height of the beam. On the other hand, on the right side it is shown the trend of
the maximum tensile stress in the beam at the lower edge. By increasing the depth of
the beam, the neutral axis moves upwards, the structure gains even more inertia and
in this manner it deflects less and thus the lower edge of the beam is less subjected
to stress.

6.6.3 Models with the variation of the spacing of the screws

These type of models consist to study the behavior of the composite structure by
varying the spacing between screws. Results of these analysis are reported in Table
The first column shows the spacing adopted in the different models. Where there
is a spacing expressed as, for example, 20 4+ 30 + 20, it means that the distribution
of the screws along the beams is not uniform but there are different spacing. In
particular, for this case it means that, starting from the supports for a distance equal
to /4 the spacing between the screws is 20 cm. On the other hand, in the middle part,
for a length of /2 the spacing between the screws is 30 cm. Using a non-constant
spacing of the screws is very common also in “traditional system”, it allows to get
better efficiency from the structure and to save screws as well. By increasing the
spacing of the screws, the structure behavior is going towards the no rigid structure,
like when the elements are overlapped without connections.

MODEL WITH VARIATION OF THE SPACING BETWEEN THE SCREWS

Screw Thickness Freq. Rare Axial Force Bending Moment Max force

spacing of the slab sag in the beam in the beam in the screw
fen] mm]  [H7]  [m] [kN] [kNm] [kN]
10 50 14,05 0,0060 78,87 8,61 3,61
15 50 13,77  0,0063 77,10 9,18 5,30
15+20+15 50 13,72 0,0063 75,21 9,50 5,35
20 50 13,52 0,0065 73,96 9,61 6,41
20+30-+20 50 13,43 0,0065 71,39 10,17 6,58

Table 6.12: Results of the analysis from models with different spacing between the screws.

By increasing the spacing of the screws, the natural frequency decreases and the mid-
span deflection increases according to the theoretical approach. With regard to the
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ultimate limit states, the axial force in the timber beam decreases, this because the
slip between the concrete slab and the timber beam will occur easily due to the total
stiffness of the connection decrease. Besides, the bending moment increases according
to the deflection and the connectors are even more subjected to higher shear force.
The trend of the maximum shear force acting on the screw and of the maximum
bending tensile stress at the lower edge in the timber beam are shown Figure in
function of the spacing of the screws.
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Figure 6.11: Relationship between the maximum shear force acting on the screw (Fv) and
the spacing of the screws (s), on the left. Relationship between the maximum
bending stress (sigma2) in the glulam beam and the spacing of the screws
(s), on the right.

Both the previously graphs show a monotonous growing up trend, it means that to
decrease either the number of the screws or increasing the spacing between screws
the shear force acting on connectors elements and the tensile stress in the lower edge
of the beam are increasing.

6.6.4 Models with variation of depth of the beam and the

spacing between screws.

It was also expected to develop two different models by changing both, the depth
of the beam and the screw spacing. In both the models the depth of the beam is
equal to 405 mm, the thickness of the slab is still 50 mm but the spacing between the
screws changed. In the first one, it was configured as 20 4+ 30 + 20 cm, as previously
explained, whilst in the other one it was fixed constant and equal to 30 mm. All
the other parameters and the loads were maintained constant. The results of these
models are given Table [6.13]
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MODELS WITH VARIATION OF BEAM DEPTH AND SCREW SPACING

Screw Thickness Freq. Rare Axial Force Bending Moment Max force
spacing of the slab sag in the beam in the beam in the screw
fom] mm]  [HA  [m] [kN] [kNm] [kN]
20+30-+20 50 15,26 0,0050 62,42 10,78 5,70
30 50 14,87  0,0053 60,45 11,24 7,58

Table 6.13: Results of the analysis from model with both depth of the beam and spacing
between screws variation.

If these results are compared with the previous model with depth of the beam equal
to 405 mm but with constant spacing between the screws and equal to 20 cm, it can
be said that the resultss are almost the same. The conclusion is that to have a higher
depth it is not so advantageous because the heigh of the entire structure will increase
and efficiency of the connections could decrease to carry the same loads, and in this
way the connections are not exploited but the load will be carried mostly from the
timber beam. Therefore, it is cheaper to use smaller beams. Moreover, by using less

screws leads to save money as well.

6.6.5 Choice of the dimensions and of the parameters

It can be concluded from the previous analysis, by maintaining constant all the other
parameters, if the depth of beam is increased the mid-span deflection will reduce and
the shear force on the connector will decrease as well. On the other hand, if the
thickness of the concrete slab is increased, the mid-span deflection will also decrease
and also the maximum shear force acting on the connector. Eventually, with the same
conditions and by reducing either the number of the screws or the spacing between
the screws the mid-span deflection and the shear force on the connectors increase.
Actually, this is a problem of optimal solution where it has to be considered as well
as the performance of the composite structure also the money saving.

After the discussion over these results, it was chosen to use for the three full-scale
specimens the following dimensions, reported in Table [6.14

Dimensions and parameters chosen for the full-scale specimens
Depth of the beam Thickness of the slab Spacing between the screws
|mm]| |mm]| [mm]|
360 50 20-+30+20

Table 6.14: Dimensions and parameters chosen for realize the full-scale specimens.

These dimensions allow to save material, like a lamella of wood and screws and
besides to satisfy the serviceability requirements as maximum mid-span deflection
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and natural frequency. In fact, with regard to the natural frequency estimated from
the numerical model is 13,43 Hz more than 10 Hz which was required and for the
instantaneous deflection the estimate value is 0,0065m, less than 0,018 m as it was
required. The width of the timber beam was instead fixed earlier, 115 mm and also
the width of the slab, which was 800 mm in accordance with the stands for the

Stromvallen stadium (see chapter 10).
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Chapter 7

Experimental campaign

This chapter presents the whole experimental campaign, bending and dynamic tests
program performed on full-scale specimens. It also presents the compression tests on
cubes of steel-fibre reinforced concrete and withdrawal tests of screws from cubes of

concrete.

7.1 Introduction

The experimental tests have been carried out at the laboratory of the Lunds Univer-
sitet (Lunds Tekniska Hogskola). The experimental campaign included: (i) dynamic
tests carried out on one full-scale specimen, (ii) short-time bending tests carried out
on two different full-scale specimens, (iii) long-time bending test carried out on one
full-scale specimen, (iv) compression tests on three cubes of steel-fibre reinforced
concrete (v) nine withdrawal tests of screws with different depth in cubes of concrete.

7.2 Dynamic test program

For timber-concrete composite structures the increased stiffness and mass reduce the
susceptibility to floor vibrations, which is one of the reasons why this construction
technique has been extensively used to upgrade existing timber floors. However,
the additional mass of the concrete topping may reduce the natural frequency of
a composite floor, in particularly if the connection system is not stiff, leading to
unsatisfactory dynamic performance. Remedies for this problem include increasing
the stiffness of the connection system or decreasing the mass of the system. However,
reducing the mass would decrease the thermal mass and acoustic separations, which
are very important features of floors in multi-storey buildings. Consequently, using
a stiff connection system may be the optimal way to produce timber-concrete floors
with acceptable dynamic behavior and effective acoustic separation.
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7.2.1 Experimental set-up

The purpose of the dynamic tests was to investigate the natural frequencies of the
prefabricated composite structure, which represent the system’s behavior at servi-
ceability limit state (SLS). The measurements were performed using 24 two-axis
accelerometers uniformly distributed over the floor, see Figure The concrete
slab has been divided in a mesh composed from 36 rectangles with sides 800 mm in
the longitudinal direction and 200 mm in the transversal direction. This mesh has
been determined to be a good compromise between the spatial resolution and the
area covered by the sensor array, given the range of the frequencies which has to be
investigated. An accelerometer has been positioned at each node of the mesh. An
additional set of 2 accelerometers have been placed on the timber beams.

PLAN VIEW OF THE POSITION OF THE ACCELEROMETERS AND OF THE SHAKER FOR DYNAMICS TESTS

7200
800 800 800 800 800 800 800 800 800

27
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\Eirst position Second position

of the shaker of the shaker

Figure 7.1: Mesh of the 24 two-axis accelerometers.

To get the force applied by the shaker (Permanent Magnetic Vibration Exciter - Type
4808) a force transducer was placed between the shaker rod and the plate attachment
as shown in Figure

Figure 7.2: The shaker and the accelerometers surrounding it.

The accelerometers and the force transducer are connected to a computer with 26-
channel acquisition system. The system is capable of synchronous measuring of all
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the channels up to 100 kHz sampling frequency and stores the data in a large and
fast temporary buffer before it is transferred to the computer. The acquirement data
is saved as Matlab.mat files for later analysis.

The very advantage of using frequency sweeps as excitation signals for the shaker
is that different floor vibration modes get excited as the frequency is increased pro-
gressively. The vibration repartition over the floor is modified drastically as various
modes are excited, even though the frequency is sometimes just slightly modified.
Various modes of vibration have been excited, but for the purpose of this thesis,
only the frequency for the first two modes has been reported with referring to both
the vertical and the torsional vibration modes, respectively, see Figure and
The first measurement campaign has been realized by positioning the shaker in the
middle of the composite beam. In this way, the first mode has been well excited
but the second mode has not vibrated, hence, the second measurement campaign has
been conducted by positioning the shaker approximately at one-fourth the length of
the beam and moved from the centreline, see Figure 7.1

Figure 7.3: First mode of vibration of the system, related to bending.

Figure 7.4: Second mode of vibration of the system, related to torsion.

7.2.2 Results from dynamic test

Frequency response functions, constructed using the fast Fourier transforms of the
recorded accelerations, indicate that the fundamental frequency (f!) for the specimen
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B was 12,89 Hz and the second natural frequency () was 19,91 Hz. The results of
the frequency response functions are displayed in Figures|[7.5] and[7.8] Each of
these figures represents the frequency response of 24 accelerometers as the excitation
frequency is increased continuously between 7 Hz and 25 Hz. The modes can be easily
identified here as well, and since the spatial frequency is low, all channels show their

minima and maxima at roughly the same frequency.

Figure 7.5: Accelerometer magnitude for a sweep between 7 and 25 Hz and for the relative
channels.

Figure 7.6: Accelerometer magnitude for a sweep between 7 and 25 Hz and for the relative
channels.
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Figure 7.7: Accelerometer magnitude for a sweep between 7 and 25 Hz and for the relative
channels.

Figure 7.8: Accelerometer magnitude for a sweep between 7 and 25 Hz and for the relative
channels.

The fundamental frequency is a function of the stiffness, weight and span length of the
composite floor system. The fundamental frequency (f!) indicate that the composite
floor systems were well built from a dynamic response perspective, with natural first
frequency well above 8 Hz below, which the structure may become too susceptible
to vibrations. The connection system can thus be considered stiff enough and well
spaced if used for a 7,2 m span system.
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7.2.3 Dynamic stiffness

The dynamic stiffness has been evaluated by inverting the following expression, re-
ferred to the eigenfrequency:

fnznz‘g'%‘ ALV /B Tagm

where
n is the number of the vibration mode;
L is the floor span, in mm;

is the acceleration of gravity;
A is the area of the cross section;
ol is the specific gravity, in kN/m?;
EJgyn is the dynamic stiffness.

Once it has been known from the FE model that the first vibration mode is the
one related to the bending of the system, see Figure 7.3 The eigenfrequency of the

system from the dynamic test is f! = 12,89 Hz, see Figures , and The
dynamic stiffness was then derived by inserting n = 1 in the previously expression:

2\* L' A.
EdeanfL'(;)‘ AT

ntyg

_ 19,892 <2)2 7055 22,95 x 107%-50 - 800 + (4.12 x 107%) - 115 - 360 - 2 B
Y T =

14 9,81-103

= 2,14 x 10" Nmm?
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7.3 Short-term bending tests program

Bending tests are necessary to study the structural behavior and to evaluate the
mechanical properties of the composite timber-concrete system. For this reason two
bending tests on two full-scale specimens have been performed. The specimens tested,
representing stands of a stadium, were constructed and then tested to failure.

7.3.1 Specimens design and construction

The full-scale specimens are both made by two glulam GL30c beams with dimen-
sions 115 x 360 x 7200 mm, joined to a steel fibre reinforced concrete slab with 50
mm thickness, 800 mm depth and 7200 mm length, through the inclined screws as
described in chapter 4. For all the details regarding the preparation of the full-scale
specimens see chapter 4. Here there are reported in Table the geometrical details
of the two composite beam tested.

ID Total Total  Connection  Width of Depth of Beam

specimen length width spacing the beam the beam spacing
[mm|  [mm] |mm] |mm]| |mm] |mm]|
A 7200 800  200+300-+200 115 360 585
C 7200 800  200+300-+200 115 360 585

Table 7.1: Geometrical details of the composite timber-fiber reinforced concrete system.

The specimens used to perform the short-term bending tests were specifically speci-
men A and C. Specimen B has been used to perform the dynamic tests and also the
long-term bending test.

7.3.2 Bending tests

The bending tests have been performed with the machinery and equipment shown in
Figure [7.9 and in agreement with the loading pattern reported in Figure [7.10]

The load has been applied on four lines through steel partitioning beams; number
and position of these lines have been determinated in order to induce in the slab
effects (bending moment, maximum shear stress and mid-span deflection) similar to
those induced by a uniformly distributed load with same resultant. The force has
been applied through an hydraulic jack jointed to a reply beam constrained to the
laboratory floor, located on axis to the midpoint of the testing beams, and to the
partitioning main beam.

The four loads, amounting to P/4 (where P is the load applied through the hydraulic
jack), have to be positioned at the specific distance from one of the two supports
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equal to the values carried on Table The position of the load points is given in
function of the distance (L) between the two supports.

Figure 7.9: Equipment used to perform the bending tests.

Values of the load P/4 P/4 P/4 P/4
Distance from the first support 0,125-L 0,375-L 0,625-L 0,875-L
Distance from the previous load P/4 0,125-L 0,25-L 0,25-L 0,25-L

Table 7.2: Positions of the loads.

PATTERN OF THE BENDING TEST
L

L/8 L/4 L/4 L/4 L/8

P/4 P/4 N P/4 P/4

(roller) (hinge) 4y
” L/2 L/2

Figure 7.10: Pattern of the bending test.
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The composite beams have been placed on four supports which consist in four steel
plates 145 mm wide. The supports have been realized through two rollers on one side
(one for each beam) and on the other side through two hinges (one for each beam). It
has been chosen to reinforce the timber (compression perpendicular to the grain) at
the supports with screws, in order to avoid a premature rupture of the glulam beam
at the supports, as happened for the first test described in chapter 3. Besides, in
order to make more rigid the area of the support it was screwed in the timber beams
four screws (VGZ ¢11 x 250) with ¢6 mm pre-drilled holes. The distance from the
edges and the spacing between the screws are reported in Figure [7.11

33 54 33 SCREWS FOR WOOD
\ 50[TYPE HBS 8200 @8mm 1=200mm
o)
™
C; S
e o
pa| <
[}
9 - [ ————
33 4], "\ FULL THREADED SCREWS
120 TYPE VGS 11250 @11mm 1=250mm
to reinforce the timber at the support

Figure 7.11: Disposition of the reinforcing screws at the supports.

7.3.2.1 General procedure - Evaluation of the load P

Experimental tests have been performed according to standard reference UNI EN
26891:1991, see [28]. For the ULS tests, once it is known the ultimate load of the
specimen, Py (initially estimated on the basis of the theoretical evaluations and
eventually corrected during the test execution), the following load path is prescribed
to be followed:

— Load increasing until the value of 0,4 - Py, with an application speed of the
load constant and amounting to 0,2 - Py /min. Once it is achieved 0,4 - Py the
specimen has to be kept in this load configuration for 30 s;

— Load has to be decreased until the value of 0,1 - Py, and maintained constant
for 30 s;

— Load is increased until the ultimate load or a slip equal to 15 mm is achieved;
for P < 0,7 - Py the application speed of the load has to be kept constant
and amounting to 0,2 - Py/min (£25%), while instead for P > 0,7 - Py the
application speed of the load has to be decreased in order to reach the ultimate
load, or the 15 mm slip with an extra-time varying between 3 and 5 minutes
(0,05 - Py/min), with the total time for the test amounting to about 10 or 15

minutes.
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This standard reference is calibrated on a force control test, but it has been chosen to
carried out a displacement control test in order to capture with more accurancy the
ultimate load. The set speed was equal to 2mm/min up to the achievement of 40%
of the estimated ultimate load and also during the decrease of the load up to 10% of
the estimated ultimate load. Then, the speed has been increased to a value equal to
4mm/min up to 70% of estimated ultimate load and after that the speed has been
set equal to 2 mm/min up to the failure of the composite beam. Besides, the test has
been concluded by reaching the ultimate load and not the slip of 15 mm.

It has to be remembered in the next tables and diagrams, that to the load values
imposed by the hydraulic jack it must be added the self-weight of the partitioning
steel beams.

The self-weight of each one of the composite systems are evaluable as:

Pself—weight =2- [(9 : ,Og,k) * Dbeam * Pveam - l] + Vk,SFRC - bsiab * Pstap - 1 =

=2.[(9,81-420-107%) - 0,115 - 0,360 - 7, 200] +22, 93-0, 800-0, 050-7, 200 = 9, 06 kN

The load due to the self-weight of the transversal partitioning steel beams, which were
12 pieces of square tubular profiles with side 80 mm, thickness 5 mm and a total
length of 16,52 m amounts to 1,83 kN.

The longitudinal partitioning system is made by a HEA 300 profile with length equal
to 5,3 m. The self-weight of the HEA 300 profile amounts to 4,59 kN. The total self-
weight of the entire partitioning system is therefore equal to 6,42 kN, corresponding
to a uniformly distributed load amounting to 1,11kN/m?. This has to be taken into
account while performing the experimental tests (the ultimate load obtained by the
hydraulic jack was therefore 6,42 kN lower then the real ultimate load of the system).

114



Ezxperimental campaign

7.3.2.1.1 Evaluation of the theoretical ultimate load capacity

Successively, it has been reported the discussion and the estimated theoretical
ultimate load capacity of the composite system. The calculations for the theoretical
ultimate load has been carried out considering half-section of the composite beam
as it is shown in Figure [7.12] Here are only reported the calculations, for more
informations about the method see chapter 5.
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Figure 7.12: Half-section considered for the estimation of the theoretical ultimate load.

Geometric data of the slab Geometric data of the beam
by [mm)] 400 by [mm)] 115
hy [mm] 50 hy [mm] 360

Table 7.3: Geometric data of half a section of the composite beam.

The parameters needed to estimate the theoretical ultimate load are reported in the
following lines with reference to the parameters obtained from experimental tests
reported in reference [4]. The load has been assessed with referring to short-term
conditions (t = 0), by using mean values of the parameters and without the load
combinations. By assuming the same nomenclature adopted by the Eurocode 5:

EyJy = By - 200 — 36210 - 40050 — 1 51 % 10" Nmm?

EyJy = B mean - 202 = 12500 - 153600 — 5 59 » 1012 Nmm?

E1A; = E.p, - hy - by = 36210 - 400 - 50 = 7,24 x 108N

115



Master thesis

E2A2 = EO,me(zn . hg . b2 =12500-360-115 = 5, 18 x 108 N
(EJ)O = Elt]l -+ E2J2 = 1, 51 x 1011 -+ 5, 59 x 1012 = 5, 74 % 1012 Nmm2

_ E1A1-EsAs _ 7,24x108.5,18x10% __ 8
(EA)O T E1A1+E2As — T7,24x10%+5,18x108 3,02 x 10°N

As previously presented in chapter 3, the value of the slip modulus K., which has
been obtained from push-out tests is equal to

K.er = 35000 N/mm

K, =2 Ky = 2-35000 = 23333 N/mm

where K, is the instantaneous slip modulus for the ultimate limit states.
Thus, by substituting values in the expression presented in paragraph 5.3.2, it has
obtained:

Y2 =1

Smin = 200 mm

Smaz = 300 mm

Seq = 0,75 - Spin + 0,25 - 5y = 0,75 - 200 + 0,25 - 300 = 225 mm
[ = 7055 mm

=472 B1A; - seg) (Ky - 12)] ' =

= [1+ 727,24 x 10° - 225/ (23333 - 7055%)] " = 0,42

— a1 4 a2 _ 50 4 360 _
a=5+3=5+5 = 205 mm

_ 11-Ei1Ar-a _ 0,42-7,24x108-205 _
a2 = v1-E1A14+72-E2As — 0,42-7,24x108+5,18x108 757 81 mm

4y = a — ay = 205 — 75,81 = 129, 19 mm
(EJ)ef = (EJ)o+ 2 ExAy- a3+ - E1A; - af =
=5,74x 102 +1-5,18 x 108 - 75,812+ 0,42 - 7,24 x 10® - 129,192 =
= 1,38 x 10" Nmm?
(EJ)oo = (EJ)o + (EA)y - a® =
— (5,74 x 10" + 3,02 x 10° - 205?) = 1,84 x 10'> Nmm?
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(EJ)ess—(EJ)o _ 1,38x1013—574x1012 __ 0. 64
1= ENew—(EDo — 1,84x1053_5,74x1012 — >

The self-weight load of the composite beam is calculated by considering a wood
density equal t0 pgmean = 420kg/m® as reported in paragraph 4.2.1.2 and a concrete
density equal to pcmean = 22,93 kN/m? with referring to the one used to built out
the full-scale specimens presented in chapter 3. It has to be remembered that the
load has been calculated without considering the safety factors. The self-weight load
of the system floor has been summarized in the next Table [7.4]

Self-weight [kN /m]
Concrete slab G siab 0,46
Glulam beam G1 peam 0,17
Non-structural weight Go 0

Table 7.4: Self-weight load of the composite system.

In order to estimate the ultimate load capacity of the composite system, it has been
checked the failure of the connection system and the failure of the wooden beams.
As regards the failure of the concrete due to the achievement of the tensile strength
it has been neglected because it is not easy to estimate the tensile strength of a
steel-fibre reinforced concrete through theoretical calculations and this is due to lots
of parameters that come into play. Anyway, the type of concrete belongs to a high
class of resistance and it has been assumed that it does not break, as it is happened.
Thus, in order to give an evaluation of the ultimate load P, it has been operated in
the following order. It has been chosen a value for the variable uniformly distributed
load @ to add to the self-weight of the composite beam and to the self-weight of
the partitioning steel beams, in order to reach a value similar to 1 in the strength
checking of the connection system and also in the strength checking of the glulam
beams.

7.3.2.1.2 Failure of the connection. Approach according to Eurocode 5
The Eurocode 5 provides for screwed connections subjected to a combination of
axial load and lateral load the following expression:

Foowa\’ [ Fopa\’
(—’Ed> + (—Ed) <1 (7.1)
Fax,Rd Fv,Rd
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Figure 7.13: Static principle of the Eurocode approach.

where Fi; rq and F), pq are the design load-carrying capacities of the connection loaded
with axial load or lateral load respectively.

The mean embedment strength value in timber of screws should be estimated with
mean values as

Jrom =0,082-(1—0,01"def)-pm =0,082-(1—-0,01-1,1-6,6)-420 = 31,94 MPa
The mean withdrawal strength at an angle o = 45° to the grain has been taken as:

fazm = 3,6 x 1073 pL> = 3,6 x 1072 - 420'° = 30,99 MPa

faz,m _ 30,99 — 24,79 MPa

fam,45,m - sin2(45)+1,5-cos?(45) sin?(45)+1,5-cos?(45)

The mean withdrawal capacity of the connection at an angle a = 45° to the grain
has been taken as

Nefr = 1
d=11mm
lef =197 — 11 = 186 mm

Fovasiy, = Ny (- d-1ep)*®  fagasm = 1+ (7 -11-186)"% - 24,79 = 27, 59 kN

The mean load-carrying capacity for screws per shear plane per fastener with refer-
ring to Eurocode 5 has been taken as the minimum value found from the following

expressions

p
fh,O,m : lef : dc

_ ) 4‘My,Rk . Fam,Rm
Fv,Rm = nun fh,(],m lef dc [ 2+ Jh,0mde-ty 1] * 4

(2,3~ \/My,Rk “Jhog - de + Faf%

(31,94 - 186 - 6,6 = 39, 21 kN
P =min § 31,94+ 186 6,6 - | /2 -+ 500800 — 1] 4 2550 — 23,35 kN

(2,3 /45900 - 31,94 6,6 + 282 = 14, 05kN

118



Ezxperimental campaign

The maximum load on the fastener close to the supports can be calculated as

T - EIAI c Q1 0 Seq
(EJ)es

v (7.2)

FEd,connection -

where V' is the maximum shear force acting at the supports which depends on the
load applied. In order to not satisfy the equation it has to be added a force load
F amounting to 91 kN corresponding to a uniformly distributed load ) amounting to
32,25kN/m? and 12,90 kN/m. By considering this load plus the self-weight load of
the composite structure the total load used for the checking of the connection system
with the Eurocode 5 approach gives a shear force at the supports equal to

V = (Gl,slab + Gl,glulam + Qvam’able) : l/2 = (0746 + 07 17+ 127 90) ' 77 055/2 =
47, 73kN

thus, the maximum load on the fastener close to the supports is estimated by substi-
tuting the values in the equation [7.2}

0,42-7,24x108-129,19-225
FEd,cmmection - 1,38><1013 ° 47730 - 307 57 kN

This force is then decomposed into two components, one parallel to the axis of the
screw and the other one perpendicular to the axis of the screw, respectively:

Fax,Ed - FEd,ccmnection : COS<45°) = 21, 61 kN
Fv,Ed = FEd,connection - FEd,connection : COS<45) == 8, 96 kN

Eventually, the failure of the connection estimated with Eurocode 5 gives in this case:

12,55\% (896" |

27,59 14,05 )
Hence, the Eurocode approach provides the failure of the connection system with a
load imposed from the hydraulic jack equal to (91 — 6,42 = 84,58 kN) because it
must be considered the load of the partitioning steel beams. This value is very low

and it is unreliable. The formula does not kept the right behavior and gives value to
much on the safe side.

7.3.2.1.3 Failure of the connection system by simplified approach
The simplified approach considered just the tensile strength of the screw and the
contribution of friction, but this method does not consider the shear contribute which
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is take into account from Johansen’s approach. The present approach considers the
effect resistant of the forces shown in Figure [7.14]

F
—

Figure 7.14: Static principle for the simplified approach.

The mean withdrawal capacity of the connection at an angle a = 45° to the grain
can be calculate considering the minimum value between withdrawal capacity and
the failure of the screw in tension:

(7 lop - d)"® - Nes - fawasm = (m-186-11)*% - 124,79 = 27, 59 kN
wd2 76,62
fy - Tl =958 - 85 = 32 7T8KN

Fam,45,m =mn

The resistance force based on such approach can be evaluated by projecting Fi; 45,
in the direction of the relative slip between the concrete slab and the timber beam
and considering the contribution of the friction by assuming a coefficient of friction
w=0,25:

Fyora = Fozasm - cos(a) + p - Fopasm - sin(a) =
= 27,59 - cos(45°) + 0,25 - 27,59 - sin(45°) = 24,39 kN

The strength checking of the connection system in this case is given by the following
equation

FEd

Fv,Rd

<1

In order to get the value of the previous ratio equal to 1 and thus to unsatisfy the
inequality it has to increase the variable load up to a value of F' = 72kN, correspon-
ding to a uniformly distributed load @ amounting to 25,51 kN/m? and 10,21 kN/m.
Hence, the simplified approach provides the failure of the connection system with a
load imposed from the hydraulic jack equal to (103 — 6,42 = 65,58 kN) because it
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must be considered the load of the partitioning steel beams. This value is still low
and it is not reliable. The formula gives results on the safe side because it does not
consider the shear strength of the screw.

7.3.2.1.4 Failure of the connection system by using an extension of the
Johansen approach

In this section, according to paper [25], it has been adopted an extension of the
Johansen’s yielding theory to predict the ultimate load for timber-to-concrete joints
using self-tapping threaded connectors screwed at an angle to the wood. In order
to obtain the load bearing capacity of timber-to-concrete connection with inclined
screws, which are principally loaded in tension, the Johansen’s theory has been ex-
tended, taking into account the withdrawal capacity of fastener and friction between
the contact interfaces of connected members. For more informations and for the entire
derivation of the formulas see paper [25]. The study reported in this paper showed
that the load-bearing capacity for connections with inclined high tensile strength
screws can be predicted using the yielding theory, but this theory is unable to predict
precisely the failure mode.
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Figure 7.15: Stresses in a timber-to-concrete connection with an inclined screw for three
Johansen’s failure modes.

By considering this approach, the load-bearing capacity can be assumed as the mi-
nimum value of the following equations:
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El = fawasm - d-t- (cota+ ) + from - de -t - (1 — pu - cota)
El' = fozasm-d-t- (cotonru) + Jnom - deg - - (1 — p - cotar) X
=i x [VE- st +1- 1

FIT — faw7457m cd-t-(cosa+p) +2-\/frnom - deg - My i X

| X (stna— p - cosa)

where FI| FIT and FHT are representing the three modes of failure which could occur,
1w = 0,25 is the coefficient of friction between the two members and d = 11 mm is
the outer diameter, instead d.y = 1,1 - d. where d. is the core diameter of the screw
and t = 139mm is the depth of the tip of the screw from the interface of the two
members. When the inclination angle between the screw axis and the timber plane
is & = 45° and by substituting the parameters reported before, the previous equation
gives the following outcomes:

Fl'= 71,55 kN
F,=min FJI = bH7,57kN
FHT = 41 03kN

By using this approach, the failure mode awaited is the third one with a load-bearing
capacity approximately equal to F;, g = 41 kN.

The strength checking of the connection system in this case is given by the following
equation

Fy . Ea <1

Fy Rra
In order to get the value of the previous ratio equal to 1 and thus to unsatisfy
the inequality it has to increase the variable load up to a value of F' = 123kN,
corresponding to a uniformly distributed load @ amounting to 43,59kN/m? and
17,43kN/m. Hence, by using the extension of the Johansen’s approach it provides
the failure of the connection system with a load imposed from the hydraulic jack
equal to (123 — 6,42 = 116,58 kN) because it must be considered the weight of the
partitioning steel beams. This value is not so believable because some experimental
tests has shown that the load-bearing capacity for connections with inclined high
tensile strength screws predicted by using the yielding theory is unable to predict
precisely the failure mode. Thus, the results of this approach must be considered
carefully.

7.3.2.1.5 Discussions over the failure of the connections

The calculations of the failure of the connections system has it can be seen from
the previous calculations provide very different values. All of them are unreliable for
predicting the ultimate load because the are on the save side and sometimes either
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friction or shear capacity is neglected. Anyway, in order to check the load-carrying
capacity only by shear, specific shear tests have been performed on the same screws
in Boras, see [4]. Results of the tests have been presented in chapter 3. The average
shear load-carrying capacity was around 40 kN, thus it has been expected that the
failure of the composite structure due to bending has to happen by the failure of
glulam beams.

7.3.2.1.6 Failure on the glulam beams
The strength checking of the glulam beams at t = 0 is given by the following
inequality and it is not satisfy when gives value over 1.

02 Om2 <1

fro I T

By using a value for the variable load amounting to F© = 166 kN, corresponding
to a uniformly distributed load @ amounting to 58, 82kN/m? and 23,53kN/m the
strength checking of the glulam beams at t = 0 reaches the value similar to 1 and
become unsatisfied. In particular, the normal stresses are evaluated with the following
expressions, considering the maximum bending moment which for this variable load
amounts to M = 150, 31 kNm:

0y = WP = Ee - 150,31 x 10° = 10,33 MPa

0,5-E3-ha-M __ 0,5-12500-360 _
Oy = SoEdedl . 052350000 150, 31 x 10° = 24,54 MPa

As regards the design bending strength f,,, and the design tensile strength along the
grain f; o for this purpose have been assumed equal to the mean values of the glulam
beam without consider the partial safety factors. In Table there are reported
the characteristic values of the glulam beam. In order to estimate the mean values
of them, it is enough to multiplied the characteristic values reported in Table
per 1,33. Thus, the failure of the wooden beam is reached with a value of the load

F = 166 kN:
10,33 | 24,54 _

26,6 + 40 !
Hence, by considering the failure of the wooden beams, the checking formula provides
a imposed load to the hydraulic jack equal to (166 — 6,42 = 159,58 kN) because it
must be considered the load of the partitioning steel beams.
In the next Table [Z3] it has been summarized the ultimate load of the floor
systems. It must be remembered that the previous ultimate load are related just to

half composite system, thus for the entire composite system it has to be multiplied
by two in order to get the theoretical ultimate load for each failure considered for the
floor system.
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Specimens A & C Py [kN]
Self-weight of the composite beam 9,06
Self-weight of the partitioning system 6,42

Ultimate load Py for connection, Eurocode approach 169, 16
Ultimate load Py for connection, Simplified approach 131,16
Ultimate load Py for connection, by using

an extension of the Johansen approach 233,16
Ultimate load Py for failure of the glulam beams 319,16

Table 7.5: Ultimate load of the floor system.

The failure of the connection system provides different values of the ultimate load
based on the approach used, but they suggest that the failure of the fasteners must
occur before the failure of the glulam beam. Instead, what it is expected is that
one or both the two glulam beam break first, as it happened with the bending tests
described in chapter 3. By considering the failure of the glulam beam, the estimated
ultimate load is therefore assumed equal to Py = 319kN. The load pattern, with
referring to the failure of the wooden beam for combined tensile and bending stresses
is reported in the Table to the load applied to the test machine it has to be taken
off the self-weight of the system and of the partitioning steel beams (the estimated
failure load becomes thus P, = 319,16 — 6,42 = 312,58 ~ 300 kN).

Step Path Load level [kN] Speed
1 Load increasing up to 0,4- P, =120 2mm/min
2 Load decreasing up to 0,1-P, =30 2mm/min
3 Load increasing up to 0,7-P, =210 4mm/min

4 Load increasing up to failure > P/, =300 2mm/min

Table 7.6: Load pattern with referring to the failure of the wooden beams.

It has to be remembered that between step 1 and 2 and also between step 2 and 3 it
has been maintained the load level constant to the relative value for 30 seconds.

7.3.2.2 Bending test set-up

As previously explained, in order to induce in the slab effects (bending moment, ma-
ximum shear stress and mid-span deflection) similar to those induced by a uniformly
distributed load with same resultant, it has been adopted for each one specimens the
pattern of the bending test and the location of the test instruments which is reported

in Figure [7.16]
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SCHEME OF THE BENDING TEST AND LOCATION OF THE TEST INSTRUMENTS
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Figure 7.16: Pattern of the bending test and location of the test instruments.

The four loads amounting to P/4 (where P is the load applied through the hydraulic
jack) have to be positioned at a specific distance from one of the two supports equal
to the values carried on Table [Z.7

Values of the load P/4 P/4 P/4 P/4
Distance from the first support [mm)| 882 2646 4410 6174
Distance from the previous load P/4 [mm| 882 1764 1764 1764

Table 7.7: Positions of the loads for both the specimens A and C.

During the experimental tests it has been observed and monitored the total load
applied to the specimen, the evolution of the mid-span deflections in the middle
(channels G3 and G4) and the sags at a distance of the middle equal to 706 mm
(L/10) for each side (channels G1, G2, G5 and G6) through 6 resistive gauges, and
relative slips between slab and beam at the supports (channels T1, T2, T3 and
T4) through 4 inductive transducers. It has been also monitored the relative slip
between the concrete slab and the timber beam at a distance from each supports
equal to 1411 mm (L/5) through 4 inductive transducers (channels O1, 02, O3 and
O4). Eventually, in order to check the compression of the timber perpendicular to the
grain at the supports it has been monitored the vertical subsidence on two supports
through other 2 resistive gauges (channels V1 and V2). The imposed load has been
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noted through a load cell (with maximum load set in around 500 kN) located between
the hydraulic jack and the composite beam. At the load impressed by the hydraulic
jack must be added the self-weight of the partitioning steel beams and joists, equal
to 6,42 kN, corresponding to a uniformly distributed load amounting to 1,11 kN /m?.
For each test have been obtained load - slip graphs related to supports and load -
deflection graph related to the middle sections, determining also the ultimate load,
the slip and deflection values corresponding to fixed load levels. Furthermore, the
trend of the bending stiffness and also the trend of the real efficiency have been
derived in function of the equivalent uniformly distributed load.

Before performing the bending test it has been checked if the test was well prepared.
In particular, it has been checked if the HEA 300 profile is stiff enough in order to
obtain four equal forces to the respective load points previously determinated. For
such a purpose, a FEM model has been performed. For the four point has been
assumed four transversal beams infinitely rigid. These transversal beams have been
connected from the centre of gravity of each elements with the centre of gravity of
the HEA profile through links which are assumed as springs. To all the springs have
been given the same axial stiffness. The longitudinal steel profile has been loaded in
the middle from a point load with a value equal to 400 kN. After the analysis it has
been checked if the force acting on each spring is approximately the same and close
to 100 kN. Figure shows the result from the FEM analysis.

400 kN
-103,75 -96,25 -96,25 -103,75

Figure 7.17: Check of the relative stiffness between the HEA profile and the composite
system.

The important thing is not the absolute stiffness of both the profile and the composite
structure, but the relative stiffness and that the steel HEA profile is more stiff than
the underlying composite structure, because this way the force move to the bottom
structure through four equal forces.

As it can be seen from the previously Figure the four forces are almost the
same, So it is correct to assume that the HEA profile is more stiff than the composite
structure. Another check has been done with theoretical calculations. The stiffness
of the HEA 300 profile is easy to calculate and is equal to 3,83 x 10" Nmm?, while
the stiffness of the floor system has been calculated in paragraph 7.3.2.1.1. Actually,
the value calculated in this paragraph refers to half a section so it is worth to double
its value in order to get the theoretical stiffness of the timber-concrete composite
structure, and thus it is EJ.; = 2,76 x 10" Nmm?. Eventually, it is considered the
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ratio (EJygpa/EJes) = 1,4 thus the steel profile is 40% stiffer than the composite
floor and thus it is correct to assume this beam enough stiff to distribute uniformly
the point load to four equal forces.

7.3.2.3 Bending test on specimen A

The bending test on the full-scale specimen A has been performed on January the
24 exactly 48 days after the casting of the concrete. Figure shows the full-scale
specimen A before the bending test.

Figure 7.18: Floor system A before the bending tests.

The ultimate load has been reached by the failure at bottom of one of the two glulam
beams (beam A2), instead the other one is intact (beam Al), Figure The
ultimate P load, applied by the test machine, amounts to about 482 kN, and thus for
a ¢ load, uniformly distributed per unit area, equal to about 84 kN/m? (the ¢ load is
obtained by dividing the P load for the total surface of the slab, 800 x 7200 mm?). The
evaluating of the ¢ load is possible only because it has been positioned the partitional
steel beam in the exact positions in order to induce in the system the same results
in terms of bending effects of the ones obtained with a uniformly distributed load
per unit area with the same resultant. The failure of the composite floor A occurs
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by the failure of the timber beam A2 due to breaking of one finger joint located
close to the centre of the lowest lamella, Figure After this failure, the test has
been stopped because if it have been continued the composite beam could have only
rotated. To the load applied from the hydraulic jack, it must added the self-weight

of the composite beam and the one of the partitioning system, thus the failure load
is Praiure = 482 + 9,006 + 6,42 ~ 498 kN, corresponding to a uniformly distributed

f - ¢
|
e
e
_ A S
e . A

load equal to ¢ ~ 86 kN /m?.

Figure 7.20: Failure of the floor system due to the breaking of one finger joint in one
timber beam.

In the next graphs are shown the following curves:
— ¢ — f (load - mid-span deflection) in Figure [7.21}
— ¢ — ¢ (load - slip at the supports) in Figure [7.22}
— ¢ — ¢ (load - slip to an intermediate point) in Figure
— the trend of the real stiffness EJ,.q related the applied load ¢ in Figure

— the real efficiency of the connection Nyeqs = (EJreqt — EJy) | (EJoo — EJy), as
proposed by Piazza, in function of the applied load ¢ in Figure [7.25}
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— ¢ — v (load - subsidence at the rollers (supports)) in Figure
— ¢ — v (load - subsidence at the hinges (supports)) in Figure

The parameters needed to define these curves are evaluated and reported in the
section 7.3.2.1.1 - Evaluation of the theoretical ultimate load capacity.
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Figure 7.21: Load - mid-span deflection curve for specimen A.

The load-carrying capacity of the composite system is really high (the ultimate load
is almost 84 kN/m? usually assessed as 60% of the failure load, while the servicea-
bility load (40%) is around 49kN/m?. The combined design load of the stands is

around 8,46 kN/m? and the design service load provided from the Eurocode 1 is only
5kN/m?).
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Figure 7.22: Load - slip trend at the supports for specimen A.
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It must be remembered, that to these value of load ¢ it must added both the self-
weight of the composite system and partitioning system.

Figure shows the behavior of the full-scale specimen A is really linear up to the
failure and even if the good design requires a ductile failure, here the failure is brittle,
but it is far from the usual service conditions so it may be considered highly unlikely
to occur. Eventually, the maximum mid-span deflection corresponding to an instant
just before the failure of the finger joint was close to 70 mm.

Figure shows the trend of the relative slip between the concrete slab and the
timber beams at the supports, in function of the equivalent uniformly distributed
load. It can be seen that, as direct consequence of the very rigid shear connection,
the values of slip are almost null (at the failure load it has registered a value of 2, 3 mm,
while for the design service load it is about 0,5mm). It must be remembered, that
to these values of load ¢ it must added both the self-weight of the composite system
and of the partitioning system.
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Figure 7.23: Load - slip trend to an intermediate point for specimen A.

The graph reported in Figure [7.23] shows the trend of the relative slip between the
concrete slab and the timber beams at an intermediate point between the middle
of the beam and the supports, in function of the equivalent uniformly distributed
load. For a ¢ = 84kN/m? load corresponding to the failure of the beam, at the
intermediate point the average slip between the concrete slab and the timber beams
are around 0 = 1, 1 mm. It must be remembered, that to these value of load ¢ it must
added both the self-weight of the composite system and partitioning system. This
consideration allows to say that the deformable connection which has been realized
throughout inclined screws actually shows a very rigid behavior besides to not show
any sign of abating. No cracks appear around the screws during the test.
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Figure 7.24: Bending stiffness E.J,.q of the specimen A in function of the applied load g.

Figure|7.24|shows the trend of the real stiffness, after the setting phase of the test, has
a constant value equal to 3, 38 x 10! Nmm? and only close to the failure there is a very
small decrease. It can thus concluded that the connection realized by self-tapping
inclined screws is very stiff and maintains its value almost up to the failure.
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Figure 7.25: Real efficiency 7.4 of the connection system of specimen A in function of
the applied load q.

Figure shows the trend of the efficiency of the connection which is closely related
to the trend of the real stiffness. Such efficiency has been evaluated using the formula
proposed by Piazza considering the values of stiffness related to a full-composite
action E.J,, and no-composite action F.J, evaluated at paragraph 7.3.2.1.1. Precisely,
it must be considered the double of these stiffness since they are related only to half
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a section. The efficiency assumes a constant value equal to 0, 88 of the full-composite
action after the setting phase of the test up to almost the failure.
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Figure 7.26: Load - subsidence at the rollers for specimen A due to compression perpen-
dicular to the grain.

The graph reported in Figure [7.26| shows the subsidence of the timber beam at the
two supports realized by two rollers. It has to be noted that the contact surface has
been reinforced through four screws in order to avoid a possible premature breaking
of the timber beam due to compression perpendicular to grain.

90

o
3

e
>

7

~
3

@
]

@
S

\

/

/

w
S

Uniformed distributed load [kN/m?]

N\

—

i~

)
=3
[
-

15 2 25 3 35 4 45
Vertical displacement at the hinges [mm]

Figure 7.27: Load - subsidence at the hinges for specimen A due to compression perpen-
dicular to the grain.

As it can be seen from the Figure up to an equivalent uniformed distributed load
amounting approximately to 48 kN /m? no subsidence has been registered. After this
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load level, the subsidence increase and at the failure of the composite beam its value
was less than 1,2 mm.

The reported graph in Figure shows the subsidence of the timber beam at
the two supports realized by hinges. It has to be noted that, since the residential
background type of floor, presented in chapter 3, has shown a premature breaking for
compression perpendicular to grain at the these supports, before testing it four screws
were inserted in the timber beam at the contact surface in order to stiff the, see section
7.3.2. In fact, in this bending test no premature failure at the contact surface has
been occurred. Anyway, the graph shows the trend of the vertical displacement with
the increasing of load. The compression perpendicular to the grain increase fairly
linear with the equivalent load applied. To the failure, the maximum subsidence
registered at the hinges has had a value of 4 mm.

In Table [.8 are summarized the main value of the variables measured.

Variable values
Maximum load P 498 kKN
Uniformly equivalent distributed maximum load ¢ 86 kN
Maximum mid-span deflection f 70 mm
Average slip at the supports 0 2,28 mm
Average slip at an intermediate point & 1,1 mm
Constant value of real stiffness EJ,.q 3,38 x 10" Nmm?
Constant value of the real efficiency 7,cq 0,88
Maximum subsidence at the supports (hinges) v, 4 mm
Maximum subsidence at the supports (rollers) v, 1,2mm

Table 7.8: Main value of the variables measured for the full-scale specimen A.
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7.3.2.4 Bending test on specimen C

The bending test on the full-scale specimen C has been performed on January the
26", exactly 50 days after the casting of the concrete. Figure shows the full-scale
specimen C before the bending test.

T e

Figure 7.28: Full-scale specimen C before the bending tests.

The ultimate load has been reached by the failure at one of the two glulam beams
(beam C2) while the other one is intact (beam C1), Figure The ultimate P
load, applied by the test machine, amounts to about 462 kN, and thus for a ¢ load,
uniformly distributed per unit area, equal to about 80 kN/m? (the ¢ load is obtained
by dividing the P load for the total surface of the slab, 800 x 7200 mm?). The
evaluating of the ¢ load is possible only because it has been positioned the partitional
steel beam in the exact positions in order to induce in the system the same results in
terms of bending effects of the ones obtained with a uniformly distributed load per
unit area with the same resultant. The failure of the composite floor C occured by
the failure of the timber beam C2 due to the sudden appearance of two huge crack
parallel to the grain. The lowest crack is located in the second lamella, at a position
approximately 70 mm from the lower edge. The second huge crack is located in the
fiftth lamella, approximately 250 mm from the lower edge of the glulam beam, see
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Figure Such a failure seems to be quite common in timber-concrete composite
structures, since also the residential background floor presented in chapter 3 has
shown the same type of failure. The failure can be supposedly due to either shear or
tensile stress perpendicular to the grain.

Figure 7.30: Failure of the floor system due to the sudden appearance of two cracks. It
can be supposedly due to either shear or tensile stress perpendicular to the
grain.

After this failure, the test has been stopped because if it have been continued the
composite beam could only rotate.

To the load applied from the hydraulic jack, it must added the self-weight of the
composite beam and the one of the partitioning system, thus the failure load is
Praiture = 462 +9,06 46,42 ~ 477 kN, corresponding to a uniformly distributed load
equal to ¢ ~ 83kN/m?2,

In the next graphs are shown the following curves:

— q— f (load - mid-span deflection) in Figure [7.31}
— ¢ — ¢ (load - slip at the supports) in Figure [7.32

— ¢ — ¢ (load - slip to an intermediate point) in Figure [7.33;
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— the trend of the real stiffness FJ,., in function of the applied load ¢ in Figure

.34

— the real efficiency of the connection Nyeq) = (EJrest — EJo) | (EJo — EJy), as
proposed by Piazza, in function of the applied load ¢ in Figure [7.35}

— g — v (load - subsidence at the rollers (supports)) in Figure [7.36}

— ¢ — v (load - subsidence at the hinges (supports)) in Figure [7.37]

The parameters needed to define these curves are evaluated and reported in the
section 7.3.2.1.1 - Evaluation of the theoretical ultimate load capacity.
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Figure 7.31: Load - mid-span deflection curve.

The load-carrying capacity of the composite system is also in this case really high (the
ultimate load is almost 80kN/m? usually assessed as 60% of the failure load, while
the serviceability load (40% of the failure load) is around 48 kN/m?. The combined
design load of the stands is around 8,46 kN/m? and the design service load provided
from the Eurocode 1 is only 5kN/m?). Tt must be remembered, that to these value
of load ¢ it must be added both the self-weight of the composite system and the
partitioning system. As it can be seen from Figure the behavior of the full-scale
specimen C is really linear up to the failure and even if the good design requires
a ductile failure, here the failure is brittle, but it is so far from the usual service
conditions that it may be considered highly unlikely to occur.
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Figure 7.32: Load - slip trend at the supports for specimen C.

Eventually, the maximum mid-span deflection corresponding to only an instant before

the failure of one of the two glulam beams is very close to 67 mm.

The graph reported in Figure[7.32|shows the average trend of the relative slip between

the concrete slab and the timber beams at the supports, in function of the equivalent

uniformly distributed load. It can be seen that, as direct consequence of the very

rigid shear connection, the values of slip are almost null (at the failure load it has

registered a value of 2,1 mm, while for the design service load it is about 0,5 mm).
It must be remembered, that to these value of load ¢ it must be added both the
self-weight of the composite system and the partitioning system.
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Figure 7.33: Load - slip trend to an intermediate point for specimen C.

The graph reported in Figure [7.33| shows the trend of the relative slip between the

concrete slab and the timber beams at an intermediate point between the middle
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of the beam and the supports, in function of the equivalent uniformly distributed
load. For a ¢ = 80kN/m? load corresponding to the failure of the beam, at the
intermediate point the average slip between the concrete slab and the timber beams
are around 6 = 1 mm. It must be remembered, that to these value of load ¢ it must be
added both the self-weight of the composite system and the partitioning system. This
consideration allows to say that the deformable connection which has been realized
throughout self-tapping inclined screws actually show a very rigid behavior and does
not show any sign of abating. No cracks appear around the screws during the test.
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Figure 7.34: Bending stiffness EJ,..q; of the system C in function of the applied load q.
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Figure 7.35: Real efficiency 7,4 of the connection system of system C in function of the
applied load q.
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Figure displays the trend of the real stiffness.
After the setting phase of the test the real stiffness shows slowly increases almost up

to a corresponding 70 kN/m?

and has an average value equal to 3,24 x 10' Nmm?
between 50 and 80kN/m? levels of load. Such bending stiffness, only when close to
the failure shows a very small decrease.

It can thus conclude that the connection realized by self-tapping inclined screws is
very stiff and increase the bending stiffness with the grow of the applied load almost
up to the failure.

Figure [7.35|shows the trend of the efficiency of the connection which is closely related
to the trend of the real stiffness. Such efficiency has been evaluated using the formula
proposed by Piazza considering the values of stiffness related to a full-composite
action F.J,, and no composite action E.Jy evaluated at paragraph 7.3.2.1.1. Precisely,
it must be considered the double of these stiffness since they are related to only half
a section. The efficiency assumes an average value equal to 0, 82 of the full-composite
action in a range of load included between 50 and 80kN/m?. Such efficiency shows
actually a slow increasing with the grow of the load applied almost up to the failure.

/
70 /

Uniformed distributed load [kN/mZ]

0 0.2 0.4 0.6 0.8 1 12 14 16

Vertical displacement at the rollers [mm)]

Figure 7.36: Load - subsidence at the rollers for specimen C due to compression perpen-
dicular to the grain.

The reported graph in Figure [7.36| shows the subsidence of the timber beam at the
two supports realized by two rollers. It has to be noted that the contact surface has
been reinforced through four screws in order to avoid a possible premature breaking
of the timber beam for compression perpendicular to grain. As it can be seen from the
graph, up to an equivalent uniformed distributed load amounting approximately to
41kN/m? no subsidence has been registered. After such a load level, the subsidence
increases and at the failure of the composite beam its value was around 1,5 mm.
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Figure 7.37: Load - subsidence at the hinges for specimen C due to compression perpen-
dicular to the grain.

Figure shows the subsidence of the timber beam at the two supports realized by
two hinges. It has to be noted that, since the residential background type of floor,
presented in chapter 3, has shown a premature breaking for compression perpendi-
cular to grain at the these supports, before testing it four screws were inserted in
the timber at the contact surface in order to reinforce the supports, see section 7.3.2.
In fact, in this bending test no premature failure at the contact surface occurred.
Anyway, the graph shows the trend of the vertical displacement with the increasing
of the load. The compression perpendicular to the grain increases fairly linear with
the equivalent load applied. To the failure, the maximum subsidence at the hinges
has been registered a value less than 3,9 mm.

Table [[.9 summarizes the main value of the variables measured.

Variable values
Maximum load P 477 [kN]
Uniformly equivalent distributed maximum load ¢ 83 [kN]
Maximum mid-span deflection f 67 mm
Average slip at the supports 2, 1mm
Average slip at an intermediate point ¢’ 1mm
Constant value of real stiffness E.J,.q 3,24 x 10" Nmm?
Constant value of the real efficiency 7,¢q 0,82
Maximum subsidence at the supports (hinges) v 3,9 mm
Maximum subsidence at the supports (rollers) v 1,5mm

Table 7.9: Main value of the variables measured for the full-scale specimen C.
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7.4 Long-term bending tests program

The purpose of the long-term test was to investigate the time-dependent behavior of
the prefabricated timber-concrete composite system at the serviceability limit state.
For such a purpose one full-scale specimen (specimen B), representative of a stand of
a stadium, see the following Appendix, was constructed and tested under sustained
loading for at least six months. Actually, since the composite structure has been
loaded on February the 3"¢ and the master thesis has been discussed at University of
Trento on March the 30" successively there are reported only the results for the first
month, precisely till on March the 3"¢. However, the test goes on at least until July the
374, The full-scale specimen has been loaded with 24 bags of cement whom weighing
approximately 25kg each. The bags have been distributed on the slab in order to
induce on the composite structure an uniformly distributed load equal to 100 kg/m?
which represents an usual serviceability load. It is worth to point out that the value
according to the Eurocode 1, see paper [30], is 5kN/m?, i.e. approximately equal
to 500 kg/m?. Such a value of the serviceability load is so high firstly because it is
used in a designing phase and secondly because it includes in a easy way the dynamic
effects by increasing the static load. Figure [7.3§ shows the full-scale specimen B
loaded with the 24 bags of cement.

Figure 7.38: Full-scale specimen B loaded by 100 kg/m?for long-term test.

7.4.1 Mid-span deflection after one month

The long-term test results, after one month loading for the specimen B is presented
in this section in terms of mid-span deflection. The variables monitored during the
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entire test (here are reported only the results for the first month of test) were the
mid-span deflection through 2 inductive transducers, positioned under the middle
section of each glulam beams.
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Figure 7.39: Mid-span deflection of specimen B during the long-term test.

The experimental results are presented in Figure The elastic deflection w,; after
the live load application was 1,54 mm. After on month test (31 days after the load
application) the mid-span deflecion w31 of the specimen B was 2,90 mm.

7.5 Uniaxial compression tests program

In order to evaluate the mechanical characteristics of the steel-fibre reinforced con-
crete used to build out the three full-scale specimens, uniaxial compression tests
have been performed at the laboratory of the Lunds Universitet (Lunds Tekniska
Hogskola).

7.5.1 Reason of the use of fiber reinforced concrete

Fibre-reinforced concrete (FRC) is currently used in wide range of applications, inclu-
ding bridge decks, airport pavements, tunnels and others. FRC is concrete primarily
made from hydraulic cements, aggregates and discrete reinforcing fibers. Steel-fibre
reinforced concrete (SFRC) has advantages over traditionally reinforced concrete in
civil engineering. Steel-fibres are added to the concrete mix and become an integral
part of the wet concrete. Reinforcement using steel fibres can improve the resistance
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to shrinkage cracking and durability of the reinforced concrete structures. The main
issues of a composite system like the one which is analized in this thesis, firstly due to
long-term actions, are the shrinkage of the concrete and the creep of both elements,
timber and concrete. To face this problem it has been decided to use a steel-fibre
reinforced concrete (but it is possible to find also different types of fibres, natural
and artificial), whose fibres that start working when the first cracking originates in
concrete. Furthermore, the addition of steel fibres to concrete has been shown to
increase both ductility of the concrete and its fatigue strength and also contributes
improving the strength parameters of the material with paricular benefits on the
composite system behavior.

In general the properties of this kinds of concrete depend on more parameters than
normal concrete, as fibre volume fraction, aspect ratio and orientation of the fibres.
The specific study of the steel-fibre reinforced concrete is beyond the purpose of this
thesis. Uniaxial compression tests on three cubic specimens has been carried out just
to check the strength of the concrete used to build out the full-scale specimens.

7.5.2 Characteristics of steel-fibre reinforced concrete

The details of the steel fibre reinforced concrete have been reported in chapter 4,
precisely in paragraph 4.2.1.3. Fibre reinforced concrete used to built out the three
full-scale specimens is made of 480kg/m? of cement and 45kg/m? of steel fibres type
ZP 30/0,40 (Dramix).

Characteristic strength R, is defined according to values obtained by uniaxial
compression tests on 150 mm wide cubic specimens, matured 54 days, since the
casting of the three full-scale specimens have been carried out on December the 7"
while the uniaxial compression tests have been performed on January the 30" at the
laboratory of the Lunds Universitet (Lunds Tekniska Hogskola).

Figure 7.40: Uniaxial compression failure test and cubic specimens before the compressive
test.

The three concrete cubes have been demolded after twenty four hours and submerged
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in a curing water tank till the date of the uniaxial compression tests.

Characteristic strength f. is instead defined using cylindrical specimens with 300
mm depth and 150 mm diameter. The relation between the two values is following
one:

fck = 0783 : Rck

The concrete strength class is based upon cubic characteristic compression strength
(Rer), defined as the value beneath which lies only 5% of the whole samples resistance
value (lower fractile at 5%). By using normal Gauss distribution (the most common
statistic distribution), lower fractile 5% can be calculated according to following ex-

pression:

R, = Ry, — 1,64 - sqm (7.3)
where:
R, is the average specimens resistance;
sqm is the standard deviation, computable as

sqm = HX:S (B = Bom)? (7.4)
= n-l

where
R; is the resistance of each specimen;
n is the number of the specimens tested.

In this case the test to determine the compression strength of the concrete have been

provided leading to rupture three cubic specimens. The strength of each specimen
have been reported in the following Table [7.10}

ID Side Side Depth Area Weight Density Failure Compression

force strength
a b h A m P E, Om
#  [mm] [mm]  [mm] [mm?] kgl [kg/m?’]  [kN]  [N/mm’]
A 150 150 150 22500 7,908 2343 1150 51,11
B 150 150 150 22500 7,890 2338 1145 50, 89
C 150 150 150 22500 7,886 2337 1150 51,11

Table 7.10: Mechanical parameters of the concrete specimen tested after 54 days.

By substituting the values given in the last column of Table in the equations
and [7.4]it is possible to get first the standard deviation and then the compressive
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characteristic strength:

— = = 51,04 MPa
n 3

n=3
R, 51,11 +50,89+ 51,11
Rmzz + +
=1

1,11 — 51,04)2 —51,04)2 + (51,11 — 51, 04)2
Sqm:\/@, 51,04)2 + (50,89 — 51,04)2 + (51, 51,04) — 0.13MPa

3-1
R = Ry — 1,64 - sqgm = 51,04 — 1,64 - 0,13 = 50,83 MPa

Mechanical characteristics of concrete can be deducted by formulations reported in
Eurocode 2, see [32]:

Description Equations Value [M Pal

Characteristic compressive
cylinder strength of the concrete fer = 0,83 Rep 42,19
Mean value of concrete cylinder

compressive strength fem = for +8 50,19

Mean value of axial tensile
strength of the concrete fom = 0,3 (for)?/3 3,64
Characteristic value at 5% fractile

of tensile strength of the concrete fetk,005 = 0,7 ferm 2,54
Characteristic value at 95% fractile

of tensile strength of the concrete fetk095 = 1,3 ferm 4,73
Mean value of tensile strength

of the concrete due to bending fefm = 1,2 fam 4,36
Secant modulus of elasticity

of the concrete B = 22000 - (£2)™ 35695

Table 7.11: Mechanical characteristics of concrete according to Eurocode 2.

It has to be taken into consideration the fact that these formulas provide reliable
values for usual concrete belonging up to class C50/60, but here it has been reinfor-
ced with steel fibres so as regards the elastic modulus and the tensile strength the
values reported in Table are lower than the real. The specific study of the pro-
perties of the steel fibre reinforced concrete gets beyond the purpose of this thesis. In
particular, the estimation of the tensile strength of this type of concrete requires to
take into account lots of parameters like aspect ratio, volume fractions of steel fibres
and orientation. For the purpose of this thesis the important characteristic which
the concrete must have is enough tensile strength in order to avoid the rupture of its
before the failure of the glulam beam due to combined bending and axial tension or
the failure of the connection due to shear force.
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As far as the elastic modulus of this steel-fibre reinforced concrete is concerned it
can be estimated taking into account the steel fibres by using an empirical formula
proposed for the overall elastic modulus with randomly orientated fibres as reported
in [26]. It has been demonstrated that the equivalent elastic modulus E is insensitive
to the aspect ratio of the steel fibres for 30 < la < 150, where the aspect ration Yd in
this case is equal to 75. The equivalent elastic modulus E of the steel-fibre reinforced
concrete can thus estimated with the following formula:

- 1 on-
Bop 1tV
1— n - Vf
where F,, is the original elastic modulus of the concrete matrix. The values of 7 is
given by:
_ Br/m, —1
77 B Ef/Em + 5

and F; is the elastic modulus of the fibers. The empirical parameters § for a volume
fractions of steel fibres V; less than 0,3 can be assumed equal to 2,5, for more infor-
mations see [[26]]. In this case, the volume fractions of steel-fibres can be calculated
as:

V=, L

Pr

where the density of the concrete p. = 2339kg/m? has been calculated as the mean
value of the density of each specimen tested; the density of the steel fibre has been
assumed equal to ps = 7800 kg/m?, instead W} is the weight ratio fibre/concrete, in
particular, for 1 cubic meter of concrete reinforced with 45 kg of steel-fibres produced
this values amounts to

45
W,=——=20,019
579339
thus the volume fractions of the steel-fibres is:
2339
p— 1 . —_— p—
Vi =0,019 =300 0,0057 = 0,57%

and especially less then 0,3 and it can be assumed & = 2,5. Therefore, the values of

7 amounts to:
200000/35695 — 1

200000/35695 + 2, 5

eventually, the equivalent elastic modulus of the steel-fibre reinforced concrete can

n= =0,57

be estimated as:

~ 142,5-0,57-0,0057

E = 35695 - 1= 0.57-0,0057 = 36105 MPa

It is worth to point out that the cubic specimens after the compressive test have not
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shown the classical hourglass shape as normal concrete usually shows, but as it is
reported in Figure Due to the steel-fibre reinforcement the specimens preserve
the cubic shape and presents only cracks. The concrete has brittle behavior but with
steel fibre it presents a good ductile compressive failure and does not crumble so

much.

Figure 7.41: Concrete cubes after the compressive test.

7.6 Withdrawal tests program

On January the 30" withdrawal tests of screws from concrete cubes have been per-
formed in order to understand if the screws used for the full-scale specimens develop
enough compressive strength on the concrete without needing washers. In fact, when
the full-scale specimens are submitted to vertical load, at the interface between con-
crete slab and timber beam slip occur and the screws are subjected to tensile and
shear force, as previously shown in chapter 4. The screws work mean shear and ten-
sile force. The tensile force has to be opposed by the concrete compression strength.
In this connection system which consists just in screws without special steel tubes or
medal washers as presented in chapter 3, it has been investigated if the screws with
their own head can involve a good portion of concrete and transfer the tension stress
to the concrete. Another purpose of these tests was to investigate the optimum depth
of anchor of the screws in the concrete matrix.

7.6.1 Manufacturing of the specimens

For such a purpose, it has been prepared three kinds of specimens with three different
depth of the screws in the concrete cubes. The specimens have been prepared on
December the 7" with the same steel-fibre reinforced concrete used to build out the
full-scale specimens. The concrete belongs to the class C45/55. The screws used were
the same used for the full-scale specimens, type VGS¢11 x 250 mm, and the three
different depth of anchor were, 50 mm, 75 mm and 100 mm. Figure shows the
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samples for the withdrawal tests.

Figure 7.42: Samples for the withdrawal test with three different depth of anchor.

The nine concrete cubes with screws inserted have been demolded after twenty four
hours from the casting of the concrete and placed to mature in nylon bags in order
to maintain constant the humidity. They have not been submerged in a water tank
because it was thought that maybe the screws could be subjected to corrosion.

Since the head diameter is wider than the major diameter when the screw is submitted
to tensile strength, it involves a great part of concrete and it is expects that to the
failure point it develops a cone of rupture (in case of normal concrete without fibre

reinforcement).

7.6.2 Results from withdrawal tests

The machine used for the withdrawal tests is shown in Figure In particular,
it was necessary to build a special steel frame in order to perform the tests. Every
specimen has been placed under two steel profiles which are designed to hold the
concrete cube while the piers of the machine pulled up the screw.

Next figures report the curve force-displacement for each test. In the same figures it
has been also reported a picture with the failure modes of each test. The purpose
of the test is to measure the withdrawal capacity of each specimen and to check the
optimal depth of insertion. The tests have been conducted till the total removal
of the screws in order to check the behavior of the concrete. The test has been
performed in displacement control and the speed used in the test was 0,02 mm/sec
till the maximum load and after speed has been increased up to 0,08 mm/sec till the
total removal of the screws.
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Figure 7.44: Curve force - displacement of the specimen A with the depth of insertion of
the screw equal to 50 mm in the concrete.

The curve force-displacement of the specimen A with a depth of insertion equal to
50 mm shows a linear behavior till a force equal to 21 kN. The peak of the force has
been reached with 4 mm of displacement and the value amounted to 27,49 kN. The
screw has been removed from the concrete and the failure has developed cracks just
in the half upper part of the specimen.
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Figure 7.45: Curve force - displacement of the specimen B with the depth of insertion of
the screw equal to 50 mm in the concrete.

The curve force-displacement of the specimen B with a depth of insertion equal to
50 mm shows a less linear behavior than the previously one. The maximum force is
equal to 19, 75 kN. After this peak value, the force decreased suddenly till a value of
approximately 15 kN. Successively the tensile capacity increased again but till a value
less of the previously one. This behavior may be due to the presence of a stone close
to the screw. The peak of the force has been reached with 2,2 mm of displacement.
The screw has been removed from the concrete and the failure has developed huge
cracks just in the half upper part of the specimen.
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Figure 7.46: Curve force - displacement of the specimen C with the depth of insertion of
the screw equal to 50 mm in the concrete.

The curve force-displacement of the specimen C with a depth of insertion equal to 50
mm shows a linear behavior till a force approximately equal to 21 kN. After this value,
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the force decreased suddenly till a value of approximately 18 kN. Successively the
tensile capacity increased again till the peak value equal to 23,90 kN. This behavior
may be due to the presence of a stone close to the screw. The peak of the force
has been reached after 3mm of displacement. The screw has been removed from the
concrete and the failure has developed small cracks just in the half upper part of the
specimens and it shows a good defined hole where the screw was placed.
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Figure 7.47: Curve force - displacement of the specimen A with the depth of insertion of
the screw equal to 75 mm in the concrete.

The curve force-displacement of the specimen A with screw depth of insertion equal
to 75 mm, Figure[7.47] shows a linear behavior till a force equal to 26 kN. After that,
the force still increased and the peak has been reached with 6 mm of displacement
and the value amounted to 40, 03 kN.

45

40

A

%8
T ——

Force [kN]
T —
L]

-
il
rd

w

kmmﬁ

o 5 10 15 20 25 30 35 40 45 50

e

(=]

Displacement [mm]

Figure 7.48: Curve force - displacement of the specimen B with the depth of insertion of
the screw equal to 75 mm in the concrete.
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The screw has been removed from the concrete and the failure has developed cracks
that propagated up to the lower part of the specimen.

The curve force-displacement of the specimen B with the screw with 75 mm depth
of insertion, Figure [7.48, shows a very linear behavior till a force equal to 35kN.
After that, the force still increase but more slowly and the peak has been reached
approximately with 5 mm of displacement and the value amounted to 40,04 kN. The
screw has been removed from the concrete and the failure has developed two huge
cracks that propagate up to the lower part of the specimen.
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Figure 7.49: Curve force - displacement of the specimen C with the depth of insertion of
the screw equal to 75 mm in the concrete.

The curve force-displacement of the specimen C with screw depth of insertion equal
to 75 mm shows a linear behavior till a force equal to 26 kN.
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Figure 7.50: Curve force - displacement of the specimen A with the depth of insertion of
the screw equal to 100 mm in the concrete.
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After that, a short decrease maybe due to the presence of a stone happened and then
the force still increased to the maximum value reached with 6 mm of displacement,
amounting to 38,32kN. The screw has been removed from the concrete and the
failure has developed two huge cracks that propagate up to the lower part of the
specimen.

The behavior of the specimen A with 100 mm depth of insertion is presented in Figure
[7.50] shows a linear trend till a force approximately equal to 34kN. The force still
increased to the maximum value reached with 6 mm of displacement, amounting to
40, 68 kN.
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Figure 7.51: Curve force - displacement of the specimen B with the depth of insertion of
the screw equal to 100 mm in the concrete.
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Figure 7.52: Curve force - displacement of the specimen C with the depth of insertion of
the screw equal to 100 mm in the concrete.

The screw has been removed from the concrete and the failure has developed two
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huge cracks that propagate up to the lower part of the specimen. The two main
pieces of the concrete cubic have not separated from each other due to the action of
the steel fibres.

The curve force-displacement of the specimen B with 100 mm depth of insertion,
Figure [7.51} shows a linear behavior till a force equal to 26kN. The force increa-
sed linearly with the displacement till approximately 35kN. After that, the force
still increased till the failure of the screw occurred. This was an unexpected break
maybe due to the defectiveness of the screw. However, the maximum value reached
is 42,92kN. The failure of the screw occurred at a displacement equal to 7,9 mm,
while the concrete cubic shows very little cracks just in the upper part around the
screw.

The behavior of the failure of the specimen C with screw depth of insertion equal to
100 mm is presented in Figure[7.52] The force increased linearly with the displacement
till approximately 33 kN. After that, the force still increased till the peak value equal
to 40, 58 kN. The ultimate tensile capacity occurred at a displacement equal to 6 mm.
The concrete cube shows two very huge cracks that propagate up to the lower part
of the specimen.

In Table [7.13] are summarized the ultimate tensile capacity for each specimen and it
has been calculated the average values for each type of samples.

ID specimen Depth of insertion [mm| Ultimate tensile capacity [kN]

A 50 27,49
B 50 19,75
C 50 23,90

Mean value 23,71
A 75 40,03
B 75 40,04
C 75 38,32

Mean value 39,46
A 100 40, 68
B 100 42,92
C 100 40, 58

Mean value 41,39

Table 7.12: Ultimate tensile capacity of the screws inserted into the concrete with different
lengths.

By looking at the results from the withdrawal tests, which are reported in Table
[7.12] it can be seen that for a depth of insertion equal to 50 mm, the ultimate tensile
capacity is around 24 kN. For a depth of insertion equal to 75 mm the ultimate tensile
capacity is approximately 39 kN while for the last depth of insertion considered, 100
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mm, the ultimate tensile capacity is around 41 kN. First of all, it can be concluded
from these results that using a depth of insertion over 75 mm gives not much greater
performance, while compared to the ultimate tensile capacity of the specimens with
50 mm depth of insertion, the resistance is almost the double. Secondly, if it is
considered that the screws inserted in the full-scale specimens have an inclined depth
of insertion approximately equal to 55 mm, and considering not only the connector
axial strength but also the shear component and the contribution of friction, screws
develop a total resistance much greater.

7.7 Tensile tests program

Tensile tests on three screws has been performed in order to have an estimation of the
failure load of the only screws when acting in tension. It is known that, in order to
have a real good estimation of the tensile failure it must be conducted lots of tensile
tests with statistical consideration, but this goes beyond the purpose of this thesis.
Figure displays the machine and how the tensile tests have been performed.

Figure 7.53: Tensile tests on the three screws.

7.7.1 Characteristic curves force - displacement

However, it has been reported in Figures [7.54] [7.55 and [7.56 the characteristic curves
of the three screws.
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Figure 7.54: Characteristic curve force - displacement of the first screw.
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Figure 7.55: Characteristic curve force - displacement of the second screw.
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Figure 7.56: Characteristic curve force - displacement of the third screw.
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From the previous figures it can be seen thaht the three curves have the same beha-
vior. They show a good plateau which means ductile behavior. The ultimate tensile
capacity reached before the curve of softening for each screws is reported in Table
713

1D Type of screw F, [kN]
1 VGZ@ll x 250mm 41,60
2 VGZP11l x 250mm 42,12
3 VGZoll x 250mm 42,35

Table 7.13: Ultimate tensile capacity of the three screws VGS¢11 x 250 mm.

7.7.2 Comparison with analytical calculations
7.7.2.1 FEurocode 5 approach

With reference to standard reference [27], to the part relative to the screw connections

the following formula is reported

My,Rk = 07 3- fu,k . d276

where

M, ri is the characteristic value for the yield moment, in Nmm;
Juk is the characteristic tensile strength, in N/mm?;

d is the core diameter of the screws, in mm.

Since the characteristic tensile strength f, 5 is not given from the manufacturer of
screws, it has been derived by reversing the previous formula and considering that
the characteristic value for the yield moment is declared from the manufacturer and
is equal to M, rr = 45900 Nmm. For the diameter d it has been assumed the core
diameter of the screw which is equal to d = dy = 6,6 mm. Hence, the characteristic

tensile strength can be evaluated as

 Mype 45900
©0,3-d%6  0,3-6,626

Fuk — 1132 MPa

Eventually, the ultimate tensile capacity can be estimated as

mod |, T6.67

FFO = f,- — 38, 73kN
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7.7.2.2 Theoretical plastic approach

Another possible manner to predict the characteristic tensile strength of the screw is
by considering the plastic moment of a circular section which can me estimate as

d3
Mpl == My,Rk = fy ' E

by reversing this formula it is possible to evaluate the characteristic yielding strength

6 6
f@k::A4@Rk-E§::45900-6765::958tha

thus, by considering a ratio f,x/fyx = 1,2 the characteristic tensile strength of the
screw can be estimated as

fur=1,2- f,, =958 1,2 = 1150 MPa

eventually, the ultimate tensile capacity of the screw can be evaluated as

7 d? 76,62

Fiheoretical — fu,k . = 1150

= 39,34 MPa

7.7.2.3 Comparison between analytical estimation and experimental re-
sults

Table summarizes the experimental values of the ultimate tensile capacity of the
screws, the calculations according to the Eurocode 5 and the theoretical calculations.

Method Ultimate capacity [kN]
Experimental test screw 1 41,60
Experimental test screw 2 42,12
Experimental test screw 3 42,35
Eurocode approach 38,73
Theoretical approach 39,34

Table 7.14: Comparison between the ultimate tensile capacity of the screws.

By viewing the previous table, it can be said that the theoretical calculations, the
Eurocode formulations and the experimental outcomes are very precise and give va-
lues very close to each other. The mean value of the ultimate tensile capacity of the
screws is 42,02 kN and the percentage error of Eurocode approach is 8, 5% to the safe
side instead the percentuage error of the theoretical approach is 6,8% to the safe side
as well. It must be also remembered that the values calculated from the theoretical
approach and from the Eurocode 5 approach are characteristic values, while instead

158



Ezxperimental campaign

the values obtained from the tensile tests are mean values, thus in reality the manual
estimation are a little bit higher and hence even closer to the tests values.

It can be concluded that the design formulae give realistic values which can be used
during the design phases.

7.8 Determination of the elastic modulus of the glu-

lam beams

Since one of the glulam beams for each specimens have not been broken during the
short-term bending tests, it has been decided to conduct bending tests on these
integral timber beams (A1l and C1) in order to investigate the modulus of elasticity
of the glulam beam. At the same time it has also been investigated the global density
of the wood. Actually, timber beam C1 has been damaged at one side during the
short-term bending test of the full-scale specimen C, so it has been cutted a piece. In
the next Table [7.15[ are reported the geometrical properties of the two glulam beam
used to investigate the modulus of elasticity.

ID beam Length [mm| Depth [mm| Width [mm] Mass |kg| pnlkg/m?]
Al 7198 355 112 136, 60 477,30
C1 6595 356 111 117,23 449, 83

Table 7.15: Geometric data of the timber beams used to investigate the modulus of ela-
sticity.

It is know that in order to have a good estimation over both the specific gravity
and the modulus of elasticity it has to make these non-destructive tests before the
preparation of the full-scale composite specimens on all the timber beams. Anyway,
these investigations have been conducted only on timber beam Al and C1 after
the bending tests. The average value of the specific gravity for this case is thus
491,20 kg /m3.

As the elastic modulus is concerned, with reference to UNI EN 408:2004, see pa-
per [33], two bending non-destructive tests have been carried out on the two glulam
beams. The non-destructive bending tests have been performed with same machinery
used for the short-term bending tests and the equipments shown in Figure and
in agreement with the loading pattern reported in Figure The load has been
applied on two lines through a partitioning IPE profile, whose weight was 1,52 kN.
The force has been applied through an hydraulic jack jointed to a reply beam con-
strained to the laboratory floor, located on axis to the midpoint of the testing beams,
and to the partitioning beam. The maximum load applied has been less than the
40% of the estimated failure load of the glulam beam in order to not damage the
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beam. The tests have been carried out with a displacement control test with speed
equal to 0,003-h = 1,1mm/s and in order to estimate the ultimate limit capacity of
a single timber beam, mean values without safety factors have been used as done for
the previous bending test. The distance of the supports (one hinge and one roller)
and the position of the two lines has been reported in Table [7.16] The distance bet-
ween the two supports is equal to 18 - h = 6480 mm. The calculations can be easily
done and are not here reported, but with reference to Figure the value estimate
of the force F was equal to 92kN. Thus, the maximum load applied by the hydraulic
jack has been F' = 37kN.

Figure 7.57: Equipment used to perform the bending non-destructive tests.
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Figure 7.58: Pattern of the bending non-desctructive tests.
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Values of the load F/2 F/2
Distance from each supports 2160 [mm]| 2160 [mm]

Table 7.16: Distance and positions of the loads for the non-destructive tests.

During the experimental tests it has been observed and monitored the total load
applied to the specimens, the evolution of the mid-span deflections in the middle
through one resistive gauge. From this test the following load-strain curves have

been obtained, see Figures and
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Figure 7.59: Load-strain curve for beam Al up to 40% of the ultimate load.
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Figure 7.60: Load-strain curve for beam Al up to 40% of the ultimate load.

It has to be remembered that to the load given from the hydraulic jack it has to be
added the self-weight load of the partitioning steel IPE 300 profile, whose weight is
1,52 kN.
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By using the following formula, reported in the paper [33|, the global modulus of
elasticity F,, , has been evaluated for both the beams:

S el (CORGE

where

F—F is the increase load on the straight stratch of the load-strain curve, in N;
wg —wp 18 the increase deflection corresponding to Fy — F, in mm;

a is the distance between the application point of the load and the support;
[ is the distance between the two supports.

Table reports the modulus of elasticity of the two glulam beams and the average
value is equal to 12334 MPa, a little bit lower than the design value assumed which
was 12500 MPa. The value given from the specific legislation for designing phase is
reported in Table Which is derived from paper [31] and gives average values based
on a statistical analysis of many samples. The modulus of elasticity depends a lot on
the beam, on its dimensions, on the seasoning, on the amount of nodes and so on,
thus is reasonable to expect fluctuating values between 12000 and 13000 MPa.

ID F2 — F1 Wy — W1 Em,g
Al 35,91 — 8, 18kN 33 —9mm 12480 MPa
Cl 35,70 —7,48kN 33 —8mm 12189 MPa

Table 7.17: Elastic modulus of the glulam beams.
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Chapter 8

Conclusions and comparison between
the three approaches

This chapter presents the conclusions over all the research project and the compari-
son between results from numerica model, analytical calculations and experimental

results.

8.1 Conclusions over the used connector system

For an industrial perspective, joining concrete and timber through self-tapping screws
as shear connectors in a full-prefabricated system offers several advantages, inclu-
ding:

(i) Reduction of construction times, since no time is needed for curing con-
crete on-site and for joining prefabricated slabs with timber beams. The
time required in traditional systems for placing shear connectors in timber
beams on-site and needed for curing concrete on-site is eliminated when
prefabricated systems are built out moving work from the building site
to the workshop. Thus, all that needs to be done on-site is to lift and to
put the composite structure in place.

(ii) Avoidance of use of “wet” components during the generally “dry” process
of constructing timber buildings. The elimination of “lost” formwork also
reduces the self-weight of the structure.

(iii) Realization of the full stiffness of the timber-concrete composite structure
before to put the composite system in place on-site (in contrast to tra-
ditional wet systems, which require time to develop sufficient stiffness to
sustain the full self-weight of the concrete).

163



Master thesis

(iv) The shear connectors are quite cheap and need only to be screwed in the
wood. As it has been shown from the bending tests, the efficiency of this
kind of shear connectors is very high, around n = 0, 85. It means that also
if the connection used is classified as deformable, in reality it shows a very
highly stiff behavior. The full prefabricated system is very convenient for
new buildings, especially it allows to get more simplicity and rapidity of
erection, better quality that means more durability as well. It can be
also used for rehabilitate floors for old buildings. For this last case also
only prefabricated slab and connected to timber beam on-site may be
considered.

To predict the behavior of the composite structure a finite element model has been
realized and also to support and to compare the theoretical calculations which are
reported in Eurocode 5 for the design of the timber-concrete composite structure.
Furthermore, three full-scale specimens have been performed where on two of them
bending tests have been carried out. On the other hand, on the last one dynamic
and long-term test have been carried out.

In the next sections are reported the comparison of the results from the three
approaches related to the most important variable which needs to be checked during
the designing phase.

8.1.1 Comparison between the mid-span deflections

In this section it has been compared the mid-span deflection obtained with analytical
calculation, FE result and registered from the two bending tests. For the analytical
calculations, in order to get the necessary parameters to evaluate the mid-span de-
flection, see paragraph 7.3.2.1.1. Therefore, Table reports the deflection obtained
by applying a uniformed distributed load Q equal to 80 kN/m?, which is close to the
ultimate load on both the specimens. It has been also reported the deflection for a
live load @ = 5kN/m?. Analytical mid-span deflection for ultimate limite load can
be estimated as:
5 (Q-by)-1* 5 (80-0,4) - 7055

inst = L, 1+ oo m—— =11+ — =82
Hginst 384 Edsrsio 384 1,38 x 101% mm

and the estimation for the live load load is

L5 @byt 5 (5:0,4)-7055"
Ug,inst = L, L~ : =Ll = omm
grimst 384  FElJorsis 384 1,49 x 10'3
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Uniformly distributed load Failure load @@ = 80kN/m? Live load @ = 5kN/m?

Approach Mid-span deflection Mid-span deflection
FEM model 77 mm 5 mm
Analytical calculation 82 mm 5mm
Results from Specimen A 65 mm 4mm
Results from Specimen C 67 mm 3mm

Table 8.1: Comparison of the mid-span deflection between the three approaches.

From the Table it can be concluded that the mid-span deflection predicted for the
ultimate load from the “y—method” is greater than the one which results from the FE
model. For live load it has been obtained the same result. By comparing theoretical
calculation and FEM result with bending test results it can be seen that for live load,
the discrepancy is less than for ultimate load. Thus using the “y — method” during
designing phase allows to get results on the safe side.

8.1.2 Comparison between the fundamental frequencies

This section shows the comparison between the fundamental frequencies obtained
from the dynamic test with the one given from the FE model and from analytical
calculations. The values are summarized in Table[8.2] As far as analytical calculations
is concerned, the fundamental frequency has been evaluated referring to Eurocode 5
by the following expression

theoretical __ ™ g o
=g Ay Pl =

™ 9,81 x 103
- ) -2,98 x 1013 =
270552 \/ 22,9550 - 800 x 106 + 2 - (420 - 9,81) - 115 - 360 x 10~9

= 15,21 Hz

where the parameters used have been reported in the previous chapter 7.

Approach Frequency [Hz|
FE model 14,80
Analytical calculation 15,21
Experimetal value gets from static stiffness, specimen A 16,19
Experimetal value gets from static stiffness, specimen C 15,86
Results from dynemic test on specimen B 12,89

Table 8.2: Comparison of the fundamental frequency between the three approach.

By viewing the Table it can be concluded that the fundamental frequencies ob-
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tained by FE model and analytical calcultation give fairly results and a higher value
than the frequency measured by the dynamic test performed on the specimen B. It
is common that FEM programs give higher frequencies than the one measured and
it means that the FE models are usually more stiff. On the other hand, frequencies
derived by using the real stiffness from the bending tests provide higher values of
frequency.

8.1.3 Comparison between the bending stiffness

Figure 8.1 reports the comparison between stiffness of the composite structure for the
different approaches. The bending stiffness from the bending tests has been obtained
considering the simply supported beam loaded by four lines load.
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I I I I
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EJeff theoretical ===EJO no composite action
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= EJ full composite action EJ FEM

N
S
£

4E+13
Z \ -
g \Mf'

———

]
C 36413 | e —
= \_ T
o]
17} A\
(o))
C 28413
©
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Uniformly distributed load [KN/m?]

Figure 8.1: Bending stiffness of the specimen A (EJpeq4 = 3,38 X 10' Nmm?) and of
specimen C (EJyear,c = 3,24 x 10" Nmm?) compared to the theoretical cases
of k = 0 and k = oo , the effective (EJerr = 2,76 x 10" Nmm?) and the
numerical stiffness (EJppy = 2,68 x 10 Nmm?).

Figure [8.1] shows the different bending stiffness evaluated from the different approa-
ches. The real stiffness for both the specimens are higher than the effective one,
evaluated on the basis of the stiffness of the shear connectors obtained from the re-
sults of the shear tests performed and described in chapter 2. The bending stiffness
evaluated from the FE model is a bit lower then the effective one. This could be due
to the fact that FE model and analytical calculations does not take into account the
contribution of friction. All the approaches have as assumptions elastic and linear
behavior of the structure up to the failure.
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8.1.4 Comparison between the efficiencies

Figure [8.2] shows the comparison between the efficiencies which has been obtained
from the different approaches. For such a purpose, efficiency for each approach has
been evaluated by using the formula proposed by Piazza

_ EJ—-FEJ
1= Ele—EJ
where
EJy is the bending stiffness of the structure with no-composite action;
EJ, is the bending stiffness of the strucutre with full-composite action;
EJ is the bending stiffness evaluated case by case from the different approa-

ches.
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Figure 8.2: Comparison between the real efficiencies (1yeq;,.4 = 0,88 and 9yeqr,c = 0,82),
the effective efficiency (n.rs = 0,64) and the numerical (nrgy = 0,61).

Figure 8.2 depicts the comparison of the different efficiencies. The efficiency evaluated
by the FE model and the theoretical calculations are very close to each other and as
well as this, both are lower than the real one obtained from the two bending tests. As
a conclusion, it can be remark that both the system has shown a resistant and rigid
behavior if related to normal floor-loads evaluated at SLS. The most important result
concerns the huge real bending stiffness of the composite system, whose efficiency is

very close to 1.

167



Master thesis

8.1.5 Comparison between the maximum shear forces on the
connector

The maximum shear force acting to the fastener at the supports, for the analytical
approach has been obtained with the next expression already presented in chapter 5:

T EiA - a - Seq
F = -V
EJ

determining the parameters v, and a; and stiffness EJ related to specific limit state.
FE approach provides directly the value of the shear force. The comparison over this
values have been reported in Table [8.3

Uniformly distributed load Failure load @ = 80kN/m? Live load @ = 5kN/m?

Approach Maximum shear force acting on the screw |[kN]
FEM model 51 kN 3,3kN
Analytical calculation 72kN 4,8kN

Table 8.3: Comparison between the maximum shear force acting on the screw by the
different approaches.

By viewing Table , it can be concluded that for a live load equal to Q = 5kN/m?,
the FE model and the theoretical calculation provide very close values of the maxi-
mum shear force acting on the screw at the supports. On the other hand, for load
close to the failure @ = 80kN/m?, the analytical calculation provides a greater value

than the numerical one.

8.2 Conclusions over the three different approaches

In this master thesis timber-to-concrete connections with inclined self-tapping screws
were analysed and also a well and quick way to obtain a good level of prefabrication of
these types of composite structure has been considered. Short- and long-term bending
and even dynamic tests have been performed in order to check the performance of the
composite structure, especially the degree of the composite action. Both the two full-
scale specimens tested at short-time can be considered highly resistant, by referring
to normal floor-loads at SLS. The efficiencies of both the two specimens A and C,
were 11 = 0,88 and 1 = 0,82, respectively. With regard to analytical calculations
and FEM results, from the previous comparisons it can be concluded that the results
from both the approaches are very close to each other and to the major part provide
value to the safe side. Thus, FE model is useful and reliable during the designing
phase in order to predict the forces, the mid-span deflections and the frequency for
the structure which is designed.
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Chapter 9

Future research

The investigations presented in this thesis consider the possibility of full-prefabrication
degree in which composite structures are totally producted by moving all the pro-
duction process to the workshop. The presented studies explore ways to improve the
industrial process, to make prefabrication of composite floors more quick and even
cheaper. The investigations answered many questions, about the way of production
and the way to predict the behavior of the structure by means of theroretical calcu-
lations and development of FE models, but raised new questions how can be used
these structures for various purposes.

9.1 Experimental investigations

The experimental campaign presented in this thesis is fairly completed and all the
parameters have been checked. The self-tapping screws used to join the concrete
slab to the glulam beams well responded to their purpose. The composite structures
show high level of bending stiffness and degree of efficiency, and a high load-carrying
capacity as well. As far as short-term behavior is concerned, it has been catch very
well, instead for long-term behavior more analysis have to be conducted. It is here
remembered that in this thesis only the results after one month has been reported and
discussed, but the experimental campaign still goes on at Lunds Tekniska Hogskola
for at least six mounths. Further experimental investigations are needed to draw
definitive conclusions regarding the long-term behavior of the proposed composite
systems. Creep tests (in variable and conditioned environmental conditions) should
be performed on push-out specimens incorporating a few connectors subjected to
shear in order to evaluate the reduction in slip modulus of the screws due to relaxation.

As regards durability, the composite system is well working against wheatering,
since the concrete on the top side ripares the beams. Only special attention must
be taken when more of these types of system are placed close to each other in order
to realize an horizontal floor by providing a waterproof joint. Last, since the fire
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resistance of timber-concrete composite elements is heavily dependent on the effects
of fire on the timber and shear connectors, and composite beams will inevitably lose
stiffness when subjected to fire, the fire-resistance of the full-prefabricated timber-
concrete composite system should be investigated.

9.2 Numerical analysis

The FE model which has been realized is in agreement with theoretical calculations
and allows to well predict the behavior of the composite structure for short-term and
can be used to extend the experimental results to composite beams with different con-
figurations, geometrical and mechanical properties. Furthermore, FE investigations
to improve the analysis on these systems should include parametric studies to identify
the optimal cross-sections, numbers and locations of the connectors for systems with
different properties. Long-term numerical analysis should be carried out, since the
FE model here realized does not contemplate long-term behavior of the materials,
which may lead to fail the serviceability limit state deflection criteria.

9.3 Industrial implementation

The choice of using self-tapping full-threaded screws for connecting the two members
turns out to be the cheapest and fastest. Further, considering the high degree of
prefabrication here proposed, it allows to save money and time. Other ways to
develop this type of system completely at the workshop should be investigated.

SFRC concrete slab

Specific shape of the
concrete slab for conec-
ting each other the

Glulam beams Glulam beam  Ccomposite  structures

Figure 9.1: Possible interconnection between composite floors for full-prefabricated sy-
stem.

One aspect of the system which is not discussed in the thesis, but not least from a
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manufacturability point of view, is the connection detail between composite floors and
vertical element. These aspects need to be considered to ensure that any developed
composite floor structure is compatible also for seismic requirements, which need that
the horizzontal floors for new buiding must be not deformable in their plane in order
to well distribute the horizontal forces.

A possible connection between composite systems, that can be considered for a high
degree of prefabrication, is presented in Figure In this case, a specific shape of
the formwork for the concrete slab is needed.

The proposed prefabricated system should eventually be used to construct a full-scale
floor in a real buildings in order to verify its feasibility on-site, expecially in case of
earthquake, and monitor possible problems during constructions.
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Chapter 10

Example of application

This annex presents a calculation example of a particular application for these com-
posite structure based on the theoretical method for composite sections according to
Eurocode 5. There have been reported the analytical calculations and verifications
for short- and long-term according to Eurocode rules.

10.1 Background

The Stromvallen is a football stadium is Gavle, Sweden. The stadium holds 7300 peo-
ple and was built in 1923. Currently, Sweco architects are studying a way to renovate
the stadium. One of the main proposal idea is to use timber-concrete composite
beam as stands. The composite structures reflect, with the identical dimensions, the
composite systems realized and tested a Lund Tekniska Hogskola, see chapter 4 and
7. Figure [10.2] shows a plan view of the stadium and the red circles shows the stands
where the composite structure are used as benches. Figure [10.1] shows a 3D-view of
the stands.
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Figure 10.1: 3D-view of the stands.
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Figure 10.2: Plan view of Stromvallen stadium.

10.2 Materials

The materials used for the design of the stands are the same used to build out the
full-scale specimens and presented in chapter 4 and chapter 7. Anyway, the main
properties of materials has been reported in the following paragraphs.

10.2.1 Steel-fibre reinforced concrete

In Table [I0.T] are reported the main properties of the concrete which has been used
for the design.
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Description Symbol Value

Characteristic compressive

cubic strength R.. 50, 83 MPa

Characteristic compressive

cylinder strength fek 42,19 MPa

Equivalent elastic

modulus of the SFRC E,, 36105 MPa

Specific gravity Ve 22.95kg/m?

Design compressive

strength

of the concrete fea = a“i/'fc’“ 23,91 MPa

Mean value of

axial tensile strength fetm = 3,64 MPa
0,3 (for)*

Mean value of axial tensile

strength due to bending fetmm 4,36 MPa

fctm i 17 2

Characteristic value at 5%

fractile

of tensile strength of fetw = 3,05 MPa

concrete fetmm - 0,7

Design tensile strength

of the SFRC forad = fT 2,04 MPa

Table 10.1: Main properties of the concrete.

The partial safety factors reported in the Table and required for the design of
concrete according to Eurocode 2 are: partial safety factor . = 1,5 and the factor
for long-time effects a.. = 0, 85.

10.2.2 Glulam beams

With regard to the glulam beam, the main properties need for the design phase has
been reported in Table [10.2]

Description Symbol Value
Bending strength fmgk 30 MPa
Tensile strength parallel to the grain fr.0..k 20 MPa
Shear strength fo.g.k 3,5 MPa
Specific gravity Dok 390 kg/m3

Mean elastic modulus perpendicular to the grain  Ey g mean 12500 MPa

Table 10.2: Main properties of the glulam beams.
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The project values of general resistance properties (X;) can be obtained from cha-
racteristic X values by following relation:

Xa = kimod - i

Y™

where 7,/ is the partial safety factor for the material properties, such as recommended
from Eurocode 5 and for glued laminated timber assumes the value v, = 1,25. The
kmoq factor is the modification factor for service class which considers the effect of, on
resistances parameters, both the load duration and the moisture content. Since the
glulam beam used to realize the stand stay outdoors but protected from the wheather
such as covered by a roof, it has been referred to the Service Class 2.
Effects must be assigned at one of the load duration categories given in Table 2.1 of
Eurocode 5, indicating a class for each known load duration. In this case, it has been
referred to two different load duration categories: permanent, in which there are only
the elements self-weights, structural and non, and a medium duration category, in
which in addiction to self-weight there is also the live load. Thus for this factor it
has been assumed the following values

kmod,pe?"manent = 07 6 kmod,mediumfterm = 07 8

Regarding serviceability checks (SLS), it has to take into account kg s factor to esti-
mate viscoelastic deformation, according to the relative service category. In this case,
according to Table 3.2 of Eurocode 5, for glued laminated timber and for service class
2 the value of this factor is

kger = 0,8

The characteristic density of the wood can be estimated as
Yrer = g+ 390 = 3,82kN/m?

Successively, it has been calculated and reported in Table [10.3] and Table the
design strength values with regard to the load duration category as previously shown.

Description Symbol Value

Bending strength fm.d 14,4 MPa
Tensile strength parallel to the grain ~ f, 04 9,6 MPa
Shear strength Jod 1,68 MPa

Table 10.3: Design strength values for the glulam beams for permanent load duration
(kmoa = 0,60).
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Description Symbol Value

Bending strength fm.d 19,2 MPa
Tensile strength parallel to the grain fro4d 12,8 MPa
Shear strength Jod 2,24 MPa

Table 10.4: Design strength values for the glulam beams for medium duration conditions
(kmoda = 0,80).

In order to take into account the load-duration and the moisture influences on de-
formation at long-term the modulus of elasticity of the wood has to be taken as

follow > 19500
Eme(m 0o — mean == = 8446 MPa
SLS, (1+ s - kgey) (140,6-0,8)
12500
Erean o = —— = 6944 MP
ULSee = (1770, 8) &

10.3 Load combinations

For the limit state verifications it has been referred to the following combination

rules:
— Basic combination, used for ULS
Ye - (Grisiab + Gt peam + Gr2) + 70 - Qk + ...
— Characteristic combination, used for SLS
Gri,stab + Gripeam + Gra + Qr + ...

— Quasi-permanent combination, used for long-term effects
Gristab + Gripeam + G2 + P21 - Qp + ...

For the stand applications only Gy (structural permanent load), Gy (non structural
permanent load) and Q; (leading live load) has been considered. The partial safety
factors v¢ and 7q and the combination factor 15 used are reported in Table [10.5 It
is worth to point out that in this case it has been considered only the unfavourable
case since there is only one span between the supports.

Type of load Structural permanent Non structural Live Combination
load permanent load load factor
Factor 1,2 1,2 1,5 0,6

Table 10.5: Partial safety factor used for the design of the stands.
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10.3.1 Structural permanent load

The permanent structural load G is given by self-weight of timber beam and concrete
slab above. In accordance with the Figure the procedure for calculating the
structural load per unit length g; and per unit area G is:

91 = Gic+ 91,61 = Ve,sFRC - h1 i+ VoL - ha - by
g1c=122,95-0,05-0,4 =0,46kN/m
qicr = 3,82-0,360- 0,115 = 0, 16kN/m

-+
Gl — gi,c Z'gl,GL — 0,460+40716 — 1755 kN/m2

10.3.2 Non structural permanent load

In addition to structual permanent load there is also a carried permanent action, for
such a case of stands, a waterproof membrane is placed over the slab which self-weight
can estimated as 0,2kN/m? or 0,08 kN /m.

10.3.3 Live load

The live load which must be considered for the design load, according to Eurocode 1,
belongs to environments susceptible to crowding (category C). The live load which
must be considered is a uniformed distributed load equal to 5kN/m? (2kN/m) which
also includes the dynamic effects.

10.3.4 Load combinations and external actions

Checks to consider the different load duration categories and long-term behaviour will
be done both at early time (implementation of the system) and at infinite time. In
early time ULS checks has been considered two different combinations of actions: one
made up by only permanent loads (Combination I) and the other one with all loads,
included live load (Combination IT). On the other hand, at final time check has been
considered with only the second combination, including all loads. By substituting
the loads values and cosidering the load combination rules previously reported it has
been obtained:

sy =1,2-g1.+1,2-g1.¢+1,2-go = 1,2-0,46+1,2-0,1641,2:0,08 = 0,84 kN/m

qursir=1,2- g1+ 1,2 -g1ar +1,2- g2+ 1,5- ¢ =

=1,2-0,46+1,2-0,16+1,2-0,08+1,5-2 = 3,84kN/m

While the values of actions combined at SLS are equal to:
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qSLS,characteristic — Y1,c + 91,GL + g2 + q= O, 46 + O, 16 + Oa 08 + 2= 27 70 kN/l’Il

q5LS,quasi—permanent — Y1,c + 91,GL + g2 + w21 q =

=0,4640,16 40,084 0,6 -2 = 1,90kN/m

By considering the span length equal to [ = 7200 mm it has been calculated the design
value of bending moment at mid-span (M) and shear at the supports the beam (7})
according to the two significant load combinations at ULS:

Tdy[ — QULQSA,I _ 0,8@7,2 — 37 01 kN

12 792
My, = PE5E= = 052 = 5 42kNm

1 38472
Ta = 505 = 25502 = 13,81kN

.12 4. 22
My, p = 2802 = 3802 — 24 86 kNm

10.4 Geometry and data

10.4.1 Cross-section

The geometry of the composite beam is the same as the one used for the bending
tests. Anyway, Figure shows the cross-section of the composite structure, where
the length of the span is 7200 mm. The spacing between the glulam beams has been
assumed equal to ¢ = 585 mm.

SFRC Rck 55
800

0 9
) s .
S.0s . v

50

FULL THREADED SCREWS
TYPE VGS 11250 @11mm |=250mm |-

360

GLULAM BEAM
115x360x7200 mm GL30c

50, 115 470 M5 150
585

Figure 10.3: Cross-section of the composite structure.

10.4.2 Connection system and its properties

Timber beams are connected to the concrete slab by using self-tapping full-threaded
screws as it has been done for the full-scale specimens tested and reported in chapter
7.
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Description Symbol Value
Inclined angle between the

screw axis and the timber plane al’| 15
Number of screw for connection n 1
Minimum spacing between screws at the supports Smin [mm] 200
Maximum spacing between screws in the middle part Smaz M| 300
Equivalent spacing Seq [mm| 225
Nominal diameter GOnom [mm] 11
Core diameter Geore |mm]| 6,6
Shank diameter Gshank [mm] 7,7
Head diameter Ohead |mm| 19,3
Effective diameter Geff [mm|] 7,26
Length of the screw lp [mm)| 250
Penetration depth of the threaded part minus one diameter  [.; [mm)| 186
Penetration depth of the screw in the concrete l. [mm] 64

Characteristic value for the yielding moment of the screw M, [MPa] 45900
Effective number of screws Nef 1

Table 10.6: Properties of the connection system with full-threaded inclined screws.

According to Eurocode 5, paper [27], the strength check for the connection system
made up by screws loaded both axially and laterally provides the satisfying of the

Furpa\®  (Fopa\’
( ,Ed) N ( ,Ed) <1
Foz ra Fy ra

If it is called « the angle between the screw axis and the longitudinal direction of the

following relation

beam, previous expression becomes:

F - cosa\? F - sina\?
— ) + =) <1
Fax,Rd FV,Rd
where F'| fastener load, has to be taken as (as suggested at point B.5 of Eurocode 5):

T EiA - a - Seq

F =
EJeff

v

where V' is the maximum shear load.
The withdrawal strength Fj, , rr has to be taken by using the following expression

0,8
Faac,oz,Rk = Nef - <7T -d - lef) : fa:v,oc,k:

where
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Jazk = 3,6 x 1073 p,lf = 27,73 MPa is the characteristic withdrawal strength per-
pendicular to the grain;

pr = 390kg/m? is the characteristic density of the timber;

_ Saz,k _ 27,73 _ . .. .
Jazok = ST ()T 15 c0s2(@) — SinE(AE) 1.5 o (d5) — 22,18 MPa is the characteristic with-

drawal strength at an angle « to the grain;
nesf =n = 1 is the number of screws acting together in a connection;
d = 11mm is the diameter of each connector (outer diameter of the threaded part);
ley = 186 mm penetration depth of the screws minus one diameter;

Thus, by substituting the single values the characteristic withdrawal capacity of the
connections with axially loaded screws has been taken as

Frvore=1-(m-11-186)%% .22 18 = 24, 69 kN

The characteristic shear strength of screw laterally loaded can be calculated by using
expression 8.10 of Eurocode 5, which also considers the rope effect caused by screws
withdrawal strength and evaluable, in absence of experimentation, with the quantity
Foz ri/4. The concrete slab can be seen as a thick steel plate as the central member
of a double shear connection and thus the formulae to consider are:

frig-ti-d
. 4'M FG.IIJ
Fype = min § faap-ti-d- [ 2+ ;e 1] + =5
Foaw. Rk
2,3 /My gk fran-d+ =5
where
ty is the pointside penetration length of the threaded part minus one screw
diameter in mm;
M,y g is the characteristic value for the yield moment, in Nmm;
Ihok is the characteristic embedment strength in MPa.

The connection check imposes to calculate the characteristic embedment strength of
the screws (evaluable with expression 8.16 of Eurocode 5):

fh,O,k == 0, 082 - (1 — 0, 01 - deff) * Pk

Fros = 0,082+ (1 —0,01-7,26) -390 = 29,66 MPa
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The characteristic value of the yield moment is declared from the producer and its
value is 45900 Nmm. It must be considered d.s¢ = 1,1-d because the previous relation
is valid if the screws have not a threaded part.

By substituting the values if the previous equations, the characteristic load-carrying
capacity per shear plane per fastener for the different mode of rupture are:

36,41 kN
Fv,Rk = min 21,461{N
13,07kN

The connection system used to join timber beams with the concrete slab are screw
VGS11250 where the outer diameter is ¢ = 11 mm and the length is equal to | =
250 mm. These screws are the same used to realize the full-scale specimens presented
in chapter 4 and also in previous research as presented in chapter 3. Besides, in
order to estimate the slip modulus of the connection specific shear tests have been
performed and reported in chapter 2. Anyway, the slip modulus of the connection
system for the different checking conditions are:

— for short-term:
Kger = 35000 N/mm
K, = 23333 N/mm

— for long-term, in order to take into account the load-duration and the moisture
influences on deformations an easy way is to reduce the slip modulus by using
the following expressions:

K., 35000
Keeroo = = = 23649 N
T 144y kay 110,608 jmm
Kyoo = K 23333 = 12962 N /mm

1+ kg 140,8

10.5 Stiffness properties of the composite system

In this section it has been assessed the stiffness values, first relative to single items
and then relative to composite system. These values have been evaluated both for
short-term (¢ = 0) and for long-term (¢ = 00). Since to report all the calculation
takes lot of pages, it has been decided to report before only the equations used (which
are actually already presented in chaper 5 and also used in chapter 7) after that the
results for each limit state and time checking have been reported in the following
table. The symbols whom it has been adoped refers to Figure [10.4
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1 (1) oy Oy,
' ’ <>
, ‘ io,sn _’1 | |
A, I, E, > |
|
y a—t!
AZ’ "2' E2 > l
b2 |
-
\
z

Figure 10.4: Cross-section (left) and distribution of bending stresses (right). All mea-
surements are positive except for as which is taken as positive as shown.

The procedure is:

hi.
127

E1J1 :Ecml

by-hd
E2J2 = EO,mecm : 1227

ElAl - Ecm e hl;
E2A2 = EO,mean . 62 : h27

EJO = E1J1 + EQJQ;

_ FE1A1-EA; .
EAO T E1A1+ExAp?

a=h1/24 hy/2+t;

v1-E1Ar-a
Y1 E1A1+72-E2 Az

a9 =

ElJep =31 EiJi + 72 - By Ay - a3 + 1 - E1A; - af;

EJe =Y (Eidi + BiA; - a}) = EJo+ EAo - %

_ EJy—EJ
= EJo"EJo"

The parameter dimensionless n quantifies the connection efficiency.
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Symbol Value for ULS at Value for SLS at
t=0 t =00 t=0 t=o0

Ei Ji|[Nmm? 1,50 x 10" 1,50 x 10" 1,50 x 10" 1,50 x 10!

E1A; |N| 7,22 x 10°% 7,22 x 10% 7,22 x 10%® 7,22 x 10!

EyJy [Nmm?| 5,59 x 1012 5,59 x 102 5,59 x 1012 3,78 x 102

EyAs|N| 2,88 x 10°® 2,88 x 10%® 5,18 x 10%® 3,50 x 108

EJy [Nmm? 5,74 x 1012 3,26 x 10'? 5,74 x 101 3,93 x 102

EAq [N] 3,01 x 10% 2,06 x 10%® 3,01 x 10°® 2,36 x 108

Yeoo [mm| 299 327 299 318

Y 1 1 1 1

" 0,43 0,30 0,53 0,43

a [mm] 205 205 205 205

as [mm)| 7 87 87 97

ay [mm] 128 118 118 108

EJs [Nmm?| 1,84 x 10" 1,19 x 10" 1,84 x 10'3 1,38 x 103

EJ.; [INmm? 1,39 x 10'* 8,40 x 10" 1,50 x 10" 1,09 x 10"

n 0,64 0,60 0,73 0,70

Table 10.7: Values of the stiffness and efficiencies for the different conditions.

10.6 Verifications

10.6.1 Strength verifications

Strength verifications regard the glulam beam, the concrete slab and the connection
system, and have to be performed both at short-term (¢ = 0) and long-term (¢ = o),
according to the load duration conditions (short and long-term). It has been refered
to the symbols reported in the Appendix of Eurocode 5 and already presented in
chapter 5. Verifications that must be checked are:

— Compressive stress of the concrete at the upper side of the slab;

— Tensile stress on concrete at lower side of the concrete slab;

Combined bending and axial tension in glulam at the lower edge of the glulam

beam;

— Shear stress in the glulam beam:;

Combined shear and axial load on the connection system.

Below there are reported the formulations suggested in Appendix B of Eurocode 5,
in order to evaluate the stresses in the elements:
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o; = vi-Fiai |z

EJey
o 05:Eih;
Omi = “E1, M
_0,5-Ey-(az+ho/2)?
Tmaxr = ElJ.s -V

Ocl,e = O1,c + Oml,c

Otl,e = Oml,e — Ol
The stresses calculated for each load condition by the previous formulas are reported
in the following Table [L0.8] The symbols used refers to Figure [10.4] There have been

also reported the values of the maximum shear force acting on the screw and the
relative component parallel and perpendicular to the shear connector.

Symbol Permanet load at t =0 Allload at t =0 All load at t = oo
01 [MPa] 0,78 3,56 3,71
Omi,e |M Pal 0,35 1,62 2,67
et |[MPal 1,13 5,17 6,39
0410 [MPal 0,42 1,94 1,04
To.wo0d | M Pal 0,38 1,72 1,79
Tm2wood | M Pal 0,88 4,03 3,70
Timazwood |M Pal 0,1 0,41 0,41
Fy connection [FN] 1,94 8,90 9,29
Foppq [kN] 1,37 6,29 6,57
Fyga [kN] 1,37 6,29 6,57

Table 10.8: Stresses in the cross-section for each load condition.

The Ultimate Limit States checking have been conducted by using the formulas pro-
vided from Eurocode 5 and below reported:

— Combined bending and axial tension

Formula Checking for ~ Checking for Checking for
permanent load all loads all loads
att =0 att =0 at t =00
et o Zmgmeot <] 0,1<1 0,32<1 0,32 <1

— Shear stress on the glulam beam

Formula Checking for ~ Checking for Checking for

permanent load all loads all loads
at t =0 att =0 at t =00
Tmaz.wwod ] 0,05 <1 0,17 <1 0,17<1

fv,d
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— Compressive stress on the concrete

Formula Checking for ~ Checking for Checking for
permanent load all loads all loads
att =20 att =20 at t = oo
%gl 0,06 <1 0,22<1 0,27<1

— Tensile stress on the concrete

Formula Checking for ~ Checking for Checking for

permanent load all loads all loads
att =20 att=20 at t = oo
%gl 0,21 <1 0,95 <1 0,51 <1
— Connection checks
Formula Checking for ~ Checking for Checking for
permanent load all loads all loads
att=20 att=20 at t = oo
Fv.pa )2 F 2
(F—Ed> +<FV—Ed> <1 0,01<1 0,30 <1 0,32 <1
az,Rd V,Rd

Eventually, trend of internal stresses have been reported for the relative load condition
in the following Figures. Figure shows the comparisons between the short- and
long-term internal stresses at Ultimate Llimit States.

-1.50 -1.00 -0.50 0.00 0.50 1.00 1.50
0

% \
100

150 \\
200 \

250 \

300 \

350 \

N\

400 \

o [MPa]

Depth of the cross-section [mm]

Figure 10.5: Internal trend of the stress on the cross-section with only the permanent load
acting, at t = 0.
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Depth of the cross-section [mm]
/

w
@
o

400 N
o [MPa]

Figure 10.6: Internal trend of the stress on the cross-section with all loads acting, at ¢ = 0.
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Figure 10.7: Internal trend of the stress on the cross-section with only the permanent load
acting, at ¢ = oo.
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Figure 10.8: Comparison between the internal trend of stresses, for ultimate limit states
at t =0 and ¢ = co.
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10.6.2 Verifications of serviceability limit states

Serviceability limit states verifications provide the direct evaluation of the beam mid-
span deflection and the checking of the vibrations. The value of the mid-span deflec-
tion has to be compared with appropriate limit values:

— Instantaneous mid-span deflection has to be less or equal to /400 (18 mm);

— Net deflection at long-time has to be less or equal to [/300 (24 mm).

10.6.2.1 Mid-span deflection check at t =0

The instantaneous mid-span deflection is evaluated on the basis of the characteristis
SLS action combination. Conservatively it has been assumed a shear deflection equal
to about 10% of the bending deflection. The mid-span deflection has been eventually
evaluated by using the following expression:

w; —1.1- i _4SLS,characteristic * 4 _ ‘ i ‘ 2770.—72()()4 .
inst,t=0,SLS ) 334 EJeff,t:QSLS ) 384 1’ 50 % 1013
)
Winst 4=0,5L5 = (mm < 100 = 18 mm

thus the previous check is satisfied.

10.6.2.2 Mid-span deflection check at t =

The net final deflection is evaluated on the basis of the quasi-permanent load combi-
nation. Conservatively it has been assumed a shear deflection equal to about 10% of
the bending action. The mid-span deflection has been eventually evaluated by using
the following expression:

1.1 5 4SLS,quasi—permanent * l4 1.1 5) 1, 90 - 72004
Whet,t=co0 =L Ll-o57 =1,1- . = 7mm
Bizee 5L 384 EJefi—so5LS 384 1,09 x 1013
7 < l 24
Whet,t=co =/mm < — = mim
t,t ,SLS 300

thus the previous check is satisfied.

10.6.2.3 Vibration check at t =0

According to point 7.3 of standard reference [27], the fundamental frequency for re-
sidential floors has to be higher than 8 Hz. For the particular case of the stands it
has been decided that the fundamental frequency has to be higher than 10 Hz. Sub-
sequently, calculations for the vibrations check are reported using the same symbols
given in Eurocode 5.
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=(22,95-0,05-0,800 +2-3,83-0,115-0,360) - 220 . 1 = 157 kg/m?

9,81 0,800

(BJ) = Blerezosts - L30A0E — 3 75 x 107 Nm?/m

fr=ofm B = o rn /2 = 5 Hz > 10 Hy

(EJ)y = B - 1 = 36210 - 32 . 1073 = 3,77 x 10° Nm?/m

- L 7,23 12 _
"~ 48-EJegt=0,5Ls ~ 181 5><1013 x 107 = 0,52 mm/kN

T

Entering with this value in Figure [10.9|it has been obtained the limit value b = 150.

150 €
120 — M\ X 1
130
120
110
b 100
90
80
70
60
50

a [mm/kN]

Figure 10.9: Recommended range of and relationship between a and b according to Euro-
code 5.

YrE=) = 150050011 — 1 4] x 102

where the recommended value for the modal damping ratio of residential floor is
£ =0,01;

40 2 i\4 EJ 0% 40\2 0400\ % 3.75%107 0.2
1 _ 5 ,(OX _
Tao = {(<_f1> 1) ) (Z) ) _Ejf,} - {((E) - 1) ) (7,200) ) 3,55x105} = 0,28

4:(0,440,6-n40) __ 4:(0,44+0,6:0,28) 3
m-b-14-200 ~ 157-0,4-7,24+200 3,48 x 10

v =

By substituting the values it can be seen below that the system is verified also with
respect to the vibration

v=3,48 x 1073 < bU1¢=D =1 41 x 1072
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10.6.2.4 Vibration check at ¢t = ©

According to point 7.3 of standard reference [27|, vibration check for long-term has
been done and following reported:

=(22,95-0,05-0,800 +2-3,83-0,115-0,360) - g57 - 5555 = 157 kg/m?

(EJ), = EJeft 0,SLS __ 103201(())13 2,73 x 10" Nm? /m

fr=gm B = I /20 = 13Hz > 10 Hy

EJ)y = Eep - 4 = 36210 - 22 1073 = 3,77 x 10° Nm2/m

wo_ 3 _ 7,23 12
F = 48FEJepi=o0,5Ls  481,09x1013 x 10 =0,71 mm/kN

Entering with this value in Figure [10.10]it has been obtained the limit value b = 140.

150
140 <—)\ X 1
130
120
110
b 100
90
80 y‘
70
60
50

0 1 2 3 4
a [mm/kN]

Figure 10.10: Recommended range of and relationship between a and b according to Eu-
rocode 5.

p(fr6=1) — 14013-0,01-1) _ 1,36 x 102

where the recommended value for the modal damping ratio of residential floor is
&=0,01;

2 4 0,25 ) 4 ., 0,25
= 40) _ L (1)*. EL _ 40\2 (04007 | 2,73x10 o
Mo = { <(f1> 1) () EJb} = { <(13) 1) <7,200> 3,55><105} =0,28
4:(0,440,61920) _ 4:(0,440,6:0,28) __ 3
mbI+200  — 15704724200 — 048 X 10

v =

By substituting the values it can be seen below that the system is verified also with
respect to the vibration

v=3,48 x 1073 < p1¢-1) =136 x 1072
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