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Abstract
Bolted unions especially designed for concrete are becoming a quite usual solution for connecting
these elements to framed structures of any material. Its behaviour under fatigue loads -especially
when the concrete member can be described as thin- must be carefully studied from a durability point
of view. The objective is to assess these connections used in combination with ultra-high performance
fibre-reinforced concrete under dynamic loads. In particular, the dynamic effects caused by the wind
on these connections. The study consists of a theoretical and an experimental approach.
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Experimental study of ultra-high performance fibrereinforced concrete bolted connections under fatigue
loads
De Meulenaere An-Sophie
Promotor: Llorens Miquel
INTRODUCTION

The use of ultra-high performance fibrereinforced concrete (UHPFRC) became more
popular because of the increasing demand for
slender structures. A study was made about
UHPFRC slabs in combination with bolted
connections for a building in Marseille.[1] In this
report, the actual tensile strength and the bonding of
the bolt to the concrete was evaluated.
This master thesis was developed because of a
lack of information about fatigue failure in such
joints. The aim is to investigate the impact of cyclic
wind loads on bolted connections with UHPFRC.
II.

PROCEDURE

Wind can be separated in four components to
determine the necessary parameters to simulate the
wind forces: the mean wind velocity component,
the ramp component, the gust and the turbulence
component. Fatigue failure is induced by dynamic
loads, therefore only the gust component and
turbulence component should be taken into account.
A servo hydraulic testing machine was used to
perform the fatigue test. The used procedure was
amplitude controlled and measured the maximum
forces applied on the connection to generate a
predefined displacement for every wind cycle. The
output of the test should be transformed in a
graphic represented in figure 1. [2]

700 cycles. The requiered amount of cycles applied
on the connection with a controlled maximum
displacement to induce fatigue failure, could not be
determined anymore because of this change.
Instead, the weakest part of the connection was
investigated. The amplitude was increased twice
more to 9mm and 12mm for only 200 cycles. The
maximum force was set out to the number of cycles
applied on the test piece in figure 2.
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Figure 2: measured maximum force

The main observations of the test were the
deformation of the metal plate to absorb the forces
on the connection and the rotation of the slab to
adjust itself to the applied forces, shown in figure3.

Figure 1: Different stage of fatigue failure

III.

RESULTS

A. Experimental test
The first 3500 cycles with an amplitude of
3,55mm did not have any worth mentioning effect.
Therefore, amplitude was increased to 6,3mm for

Figure 3: Deformation of the connection (A=12mm)
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B. Comparison with numerical model
The bolted connection did not fail due to
fatigue in the experimental test. Together with the
change of amplitude of the gust, no value could be
sustain in order to compare the test with an
numerical model.
IV.

CONCLUSION

The tests resulted in the deformation of the
metal plate. This plate connects in reality the bolts
and the concrete slab to a steel profile on the
building. The bolts, the bonding to the concrete and
the concrete itself did not receive any noticeably
negative influences of the cyclic loads. The main
conclusion of the tests was that the welds of the
metal plate to the steel profile would probably be
the weakest component of the connection. Further
research should include studies about the various
components of the connection and the different
combinations of these elements.
Unfortunately, the tests did not result in a
comparable value with a numerical model. A test

with a longer duration and only one set of
parameters should be excited to obtain such a value.
To verify the result, the same experiment should be
repeated several times.
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Nomenclature
Afr
Aref
B²
cd
cdir
ce(z)
cf
cf,o
cfr
cp
cr
co
cs
cscd
cseason
d
Ffr
fL
Fw
Iv
k
kp
kr
L
ni
n1,x
qb
qp
R²
Rh, Rb
SL

vb
vb,0
vm
W
Z

z0
ze, zi
zmax
zmin
zs
Δ
δa
δd
δs
η
ϕ
λ
ν
Ρ
Σv
Ψr
Ψλ

Area swept by the wind
Reference area
Background response factor, allowing for the lack of full correlation of the pressure on the
structure surface
Dynamic factor
Directional factor
Exposure factor
Force coefficient
Force coefficient of structures or structural elements without free-end flow
Friction coefficient
Pressure coefficient
Roughness factor
Orography factor
Size factor
Structural factor
Seasonal factor
Depth of the structure (the length of the surface parallel to the wind direction)
Resultant friction force
Non dimensional frequency
Resultant wind force
Turbulence intensity
Equivalent roughness
Peak factor
Terrain factor
Turbulent length scale
Natural frequency of the structure of the mode i
Fundamental frequency of along wind vibration
Reference mean (basic) velocity pressure
Peak velocity pressure
Resonant response factor, allowing for turbulence in resonance with the vibration mode
Aerodynamic admittance functions
Non dimensional power spectral density function
Basic wind velocity
Fundamental value of the basic wind velocity
Mean wind velocity
Wind pressure
Height above ground
Roughness length
Reference height for external wind action, internal pressure
Maximum height
Minimum height
Reference height for determining the structural factor
Logarithmic decrement of damping
Aerodynamic logarithmic decrement of damping
Logarithmic decrement of damping due to special devices
Structural logarithmic decrement of damping
Variable
Solidity ratio, blockage of canopy
Slenderness ratio
Up-crossing frequency
Air density
Standard deviation of the turbulence
Reduction factor of force coefficient for square sections with rounded corners
Reduction factor of force coefficient for structural elements with end-effects
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Introduction
Fatigue life became a very common topic the last couple of decades. This forms, together with a rising
interest for ultra-high performance fibre-reinforced concrete (UHPFRC), a perfect combination for a
new study. A lot of research has been done surrounding bolted connections, especially in combination
with roof claddings. Nonetheless, there is a lack of information about fatigue life of bolted connections
for ultra-high performance fibre-reinforced concrete.
UHPFRC slabs were used as wall claddings for a building in Marseille. They were attached to the
main frame by bolted connections. Before the construction, different tests were performed to
determine the tensile and compressive strength. The behaviour of the bolt in this type of concrete was
investigated as well. These tests and results are described in a study made by M. Llorens (2015).
The aim of this report is to develop an experimental fatigue test for this bolted connection and to
compare it with a numerical model. Generally, a wind tunnel test would be used to perform such kind
of tests. Most universities and companies are not in the possession of this device because of the high
purchase costs and the required space. Therefore a procedure should be developed to perform a
fatigue test with a servo hydraulic machine.
In chapter one the state of the art of ultra-high performance fibre- reinforced concrete is summarized,
followed by information about the mixture and properties of the concrete itself. The last topic of this
chapter is a detailed description of the purpose of the concrete. The second chapter entails a
comparison between different types of bolts together with previous tests performed on the concrete
slab and the connection. The third chapter focusses on the simulation of the wind. In this chapter the
necessary parameters for the experimental test, described in chapter four, are determined. This test
was simulated according to the methods designed by Z. Major (2013). A theoretical approach to
simulate this problem in a numerical model is discussed in chapter five. Finally some possible further
research is summarised.
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1 State of the art
1.1 Introduction
An increasing demand for innovation and expansion of techniques and materials in the construction
industry, led to the development of stronger and more sustainable concrete types. In the last couple of
decades, research offered new insights which resulted in the design of high performance concrete
(HPC). Later on, the discovery of fibre-reinforced concrete and the need for secure, indestructible and
sustainable concrete structures, arose a new wave of inventions from which emerged ultra-high
performance fibre-reinforced concrete (UHPFRC) along with other concrete mixes.
Ultra-high performance fibre-reinforced concrete consists of a combination of cement with a higher
strength than conventional cement, and steel or synthetic fibres. Adding fibres has several beneficial
effects:
.- Improve the structural strength and ductility
.- Reduce the steel reinforcement requirements
.- Enhance resistance to impact- and abrasion.
.- Improve freeze-thaw resistance
.- Reduce crack widths and control the widths tightly, thus increasing durability
.- Enhance fire resistance
Concretes are declared as ultra-high performance concretes (UHPC) when their mixtures have a
higher compressive strength than strength class C100/115. The typical compressive strength and
uniaxial tension of UHPFRC is 150-200MPa and 7-15MPa respectively. This means that it can be
classified under the category of UHP concretes. This new hi-tech material is perfect for structures or
elements that demand a higher tensile, high compressive strength, high energy absorption capacity
and a small thickness. Therefore, ultra-high performance fibre-reinforced concrete will be used in the
context of this thesis. A short overview of the history of UHPFRC is given in paragraph 1.2 along with
some examples. The mixture and properties are examined in the paragraph 1.3. In order to better
comprehend the purpose of the UHPFRC-slabs, the objective is discussed paragraph 1.4 .

1.2 History
In the sixties, the creation of a high performance concrete with a compressive strength up to 800
N/mm² within laboratory conditions was the state of the art. Since then, the idea of developing a
usable HPC was born. This subject became very popular two decades ago when Lafarga and
Bouygues, two French construction companies, cooperated to initiate a research program about ultrahigh performance concretes. The development period includes, inter alia, testing of the
characterisations and the production of prototypes. Ten years later, their research was finished and a
new material was developed with a high compressive strength, enhanced flexural resistance and an
improved ductile behaviour, known as DUCTAL.
When UHPC was used more frequently, the need for guidelines arose and in 2002, Setra, a French
company specialised in infrastructures and transport engineering, produced the first guidelines with
recommendations about the use of the concrete. (Batoz, 2009). These guidelines can be divided in
three main parts.
The first part contains the recommendations for the mechanical characteristics that should be
obtained. Also the procedures for placement of the product and inspection during and after the
process are mentioned. The second part provides the guidelines for the addition of fibres, nonprestressed reinforcements and non-reinforced elements. The third part discusses every component
that influences the durability of the concrete.
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1.2.1 Bridges
UHPFRC is often used for the construction or renovation of pedestrian and road bridges. In 1997, the
first completed prestressed pedestrian bridge in ultra-high performance concrete was built in
Sherbrooke (Canada), illustrated in Figure 1.1. Since then, UHPFRC caught the worldwide attention
of a lot of engineers, academics and many governmental departments. Especially the government of
Germany, Japan, USA and France financed an extensive research program which resulted in the
development of new infrastructures around the world. Examples of the use of UHPFRC in bridges are
shown in Figure 1.1 to Figure 1.3.
Figure 1.2 represents the Bourg-Les-Valence bridges in France. This experimental bridge was the first
completed road bridge in UHPFRC in the world. It was unique for a bridge to have a bridge deck made
of the fibre-reinforced concrete and even the joints between the precast beams consisted of a mix of
UHPFRC cast in place.
One year later, the Seonyo Sunyudo footbridge in Seoul (South Korea), better known as the bridge of
peace, shown in Figure 1.3, was finished as well. It connects the Sunyudo island to the city. For the
first time in history, a footbridge was built with such a large span, 120metres, in this type of concrete.
The characteristics of the fibre-reinforced UHPC made it possible to construct a slender arch in the
middle of the bridge with various thin sections. The arch itself consist six precast segments which were
joined together by cast in place joints.

Figure 1.1 Sherbrooke bridge,
Canada 1997

Figure 1.2 Bourg-Les-Valence
bridge, France 2001

Figure 1.3 Seonyo Sunyudo
footbridge, South-Korea 2002

1.2.2 Civil and architectural examples
UHPC was initially used for constructions in the security business such as vaults and protective
defence constructions. Because of the outstanding characteristics of this concrete, the use of it
became more popular in civil, structural and architectural applications as well.
One of the first structural renovation applications with UHPFRC is the restoration of the Cattenom
nuclear power plant in France, shown in Figure 1.5. The work consisted of the renovation of the
thermal exchange supporting structure of the cooling towers. The lightness and the durability when
exposed to an aggressive environment with varying temperature cycles, made girders in UHPFRC the
perfect match for the renovation. These beams were manufactured on site and had the ability to be
constructed under normal weather conditions.
UHPFRC was also used in the construction of the
Viaduct-de-Millau, more precisely for the tollgate
canopy which is situated about 4km before the
viaduct. The canopy is 100m long and almost 28m
wide resulting in a surface area of 2,800m². This
helicoidally structure, shown in Figure 1.4, contains 53
precast elements reinforced by metal fibres. One
central prestress ties the elements together over the
Figure 1.4 Tollgate canopy Viaduct-de-Millau,
length of the canopy. It was the first structure of this
France 2004
size made out of metal fibre-reinforced UHPC.

13

An architectural example is the Zonnestraal Folly, located in Amsterdam (Netherlands) and
constructed in 2005. The sunshade structure, Figure 1.6, was designed to represent the progression
in the concrete industry of the past century. The roof has a surface of 8m by 8m and is divided in four
precast ultra-high performance fibre-reinforced concrete squares supported by four beams. The four
segments are connected by bolted joints and have a thickness of 25mm.
A Last example of civil applications is the expansion of the Airport Haneda in Tokio. As visible on
Figure 1.7, the airport expanded their territory on sea. This brought a lot of difficult issues that had to
be solved by engineers. The main topics to be discussed were: the durability, strength and low
maintenance costs. Because of the low permeability, light weight and salt resistance, UHPFRC was
chosen above conventional concrete for the concrete area of 192 000 m². In 2010, this impressive
structure was completed.

Figure 1.5 Cooling towers of
Cattenom, France 1999

Figure 1.6 Zonnestraal Folly,
Netherlands 2005

Figure 1.7 Expansion Airport
Haneda in Tokio, Japan 2010

1.3 Materials
1.3.1 Mixture
The most important ingredients of UHPFRC are cement, a significant volume of fibres, a low
water/cement ratio, more micro-silica than in conventional concrete and the absence of aggregates
bigger than 4mm. Table 1.1 contains the mixture of the ultra-high performance fibre-reinforced
concrete used for the experimental study in chapters 0 and 5.
Table 1.1 Mixture of UHPFRC

Material

Characteristics

Cement

White CEM I 52.5 R

Filler

Limestone filler

Admixtures

Super plasticizers (high range water reducer)

Water

Without any impurities or silt

Granulates

Aggregates up to 1.5mm

Micro-silica

Aluminosilicate pozzolan

Fibres

Resistant to alkaline (synthetic fibres)
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Usually the fibres behave as a highly anisotropic material. When pouring the concrete, they are
oriented in a disorderly way. But during the horizontal spread of the concrete in the precast mould, the
fibres are given an orientation in the longitudinal direction along with the streamlines of the viscous
flow. Because of the volumetric geometry and differences in thickness of the concrete slabs, it is
impossible to control the fibre direction for the elements during the filling process. Therefore, the
reaction of the fibres will not be the same as described in the previous case.
The slab is water and oil repellent because of a treatment based on an aqueous solution with a
fluorinated acrylic copolymer. The humectant does not form a film on the concrete which gives the
possibility for the threated substrate to evaporate.
Other advantages of the water repellent treatment:
.-The product is resistant to abrasion and UV.
.-It is invisible when it is dry. Thus it does not change the colour or external appearance of the
concrete.
.-It modifies the surface tension of the substrate, preventing the penetration of water, air pollution, etc.
.-The appearance of efflorescence, mushrooms and lichens on the outer surface of the slab will be
reduced.
.-It protects the UHPFR concrete against damage caused by frost.
.-The product is non-toxic, biodegradable and inflammable.

1.3.2 Properties
Three main influences on ultra-high performance fibre-reinforced concrete determine most of the
characteristics: fibres, a low water-cement ratio and a high micro-silica ratio.
Fibres reduce the initial requirements of conventional reinforcement for concrete. They increase the
tensile, shear and bending tension strength which leads to an improvement of the ductility. The
deformation behaviour changes as well. Fibres also cause and increase of resistance to impact- and
abrasion, fire resistance and freeze-thaw resistance.
The second major influence on concrete is the water-cement ratio. This is the amount of water
compared to the amount of cement used in the concrete mix. The w/c-ratio used in UHPFRC is very
low, around 0.20 or 0.25, to reduce the fraction of the capillary pores and to gain a higher strength and
durability. The viscosity increases as well, therefore, plasticizers or super-plasticizers are needed to
adjust the workability because otherwise the concrete mix would become too dense to use.
Micro-silica, also known as a supplementary cementitious material, is used to obtain a bigger
compressive strength and higher brittleness than conventional concrete. By adding micro-silica, the
pores between the cement parts are filled with this compound and resulting in a better packing
density. The smaller pores lead to a reduced permeability of the concrete and a better protection for
the UHPFRC against sulphates and chlorides.
Summarized improvement of properties of UHPFRC:
.- Improvement of the structural strength (tensile, shear and bending tension) and stiffness.
.- Reduction of the steel reinforcement requirements due to the steel fibres.
.- Enhanced resistance to impact, fire and abrasion.
.- Reduced crack widths and control the widths tightly, thus increased durability.
.- Low permeability which improves thermal resistance.
.- Need for plasticizers or super-plasticizers.
.- Cost-effective.
.- Low self-weight.
.- Could be used for very thin structures.
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1.4 Aim
The assistance from concrete-engineers was invoked for the design of a new hospital in Marseille. As
illustrated in Figure 1.8 and Figure 1.9, the façade elements were designed in concrete. The choice
was made to use ultra-high performance fibre-reinforced concrete for the slabs due to the properties of
the concrete. Because of the characteristics of the fibre reinforcements, as previously discussed, it
was possible to design the slabs with a small thickness.

Figure 1.8 Design of the new hospital in Marseille

Figure 1.9 Completed realisation of the hospital in
2013

The façade elements, Figure 1.10, have a length of 2,85m and a minimum thickness of 9mm. They
are connected to the building with bolted joints. Studies have been made about the characteristics of
the slabs, the strains and deformation under various loads. (Llorens, 2015) Chapter 4 contains an
experimental study to evaluate how certain connections will react over time under dynamic loads and
in particular under wind loads.

Figure 1.10 UHPFRC slab

1.5 Conclusion
The use of ultra-high performance fibre-reinforced concrete for structures is rapidly gaining more
popularity due to the important improvements of properties. The thickness of structures or elements
can be reduced because of the higher structural strength of the concrete. This creates a lot of new
opportunities in terms of structural and architectural design. Within the scope of this thesis, thin
concrete slabs of 2,85 meter will be used. However, UHPFRC is also adequate for the construction of
high buildings, bridges, light-weighted structures etc.
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2 Bolted connections
The connection between different elements is one of the most important aspects of structures and
should be carefully designed. Failure of a connection could have an influence on many members of
the construction. One of the main advantages by using mechanical bolted connections instead of cast
in place mixtures, is the immediate strength of the connection. There is no curing time required, thus
the construction time could be decreased causing a reduction of the installation costs. In this chapter
various bolted connections will be discussed and compared in order to select the most suitable joint.

2.1 Failure modes
According to EN 1993-1-8 (2005), individual fasteners could be susceptible to failure if they are
inadequate by one of the different resistance modes:
.- Due to tension strength failure
.- Due to shear resistance = Bolt shear failure mode
.- Due to bearing resistance = Bearing failure mode
Aside from the failures modes in EC 3 especially for the steel member, other ways of failure can occur.
.- Net section tension failure
.- Pull out (Tear out) failure
.- Fatigue failure

2.1.1 Tension strength failure
Bolts possess a certain tensile strength and are therefore divided in bolt classes.

Figure 2.1 EC3, Nominal values of the yield strength fyb and the ultimate tensile strength f ub for bolts

Bolts must not exceed the tension resistance:
With:

fub: Ultimate tensile strength
As: Tensile stress area of the bolt
γM2: Partial safety factor for joints
k2: Stiffness coefficient

Figure 2.2 EC3, Tension resistance

2.1.2 Shear failure mode
As the name of the failure mode already gives it away, this mode is related
with shear strength. Shear stresses are generated by perpendicular loads
acting on the bolts. The resistance of the bolts against shear depends on
the bolt grades. The shearing of bolts may occur in two different parts of
the bolts. In the threaded part of the bolt which is the area at the root of the
bolt, and in the unthreaded part of the bolt, alias the upper part of the bolt.
A and αv are determined by through which part the shear plane passes.

Figure 2.3 Shear
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The shear resistance not to be exceeded is:
With

Fv,Rd: Shear resistance
αv: Correction factor (threaded)
fub: Ultimate tensile strength
A: Tensile stress area of the bolt (threaded)
A: gross cross-section of the bolt (unthreaded)
γM2: Partial safety factor for joints

Figure 2.4 EC3, Shear resistance

2.1.3 Net section tension failure mode
Thin plates are especially sensitive to net section failure. When holes are drilled in the concrete,
discontinuities are caused in the geometry of the plates. This causes higher stress concentrations in
the areas close to the holes. The stresses could initiate necking of the bolt, which results in a rupture
of the bolt. It depends of the tensile strength and the ductility of the concrete if the bolt cracks
immediately (brittle failure) or not.

2.1.4 Bearing failure mode
Bearing failure will occur to individual bolts due to
compressive strength on the bolt. This is induced by a high
stress concentration on the steel bolt.

Figure 2.5 Bearing stresses

The bearing resistance not to be exceeded is:
With
Fb,Rd: The design bearing resistance
per bolt.
αb: Correction factor
fub: Ultimate tensile strength
fu: Nominal tensile strength
d: Nominal bolt diameter
t: Plate thickness
γM2: Partial safety factor for joints
k1: Stiffness coefficient

Figure 2.6 EC3, Bearing resistance
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2.1.5 Pull out failure
Pull-out failure is related to the bonding between the bolts and the concrete, and to the material tensile
strength. In this failure mode, the fastener is pulled out of the concrete because the concrete was not
able to develop strength high enough to resist tensile forces on the bolt. In other words, the bonding to
the concrete is not sufficient enough. Related to this failure mode is end-pull out failure. If the distance
from the end of the concrete and the centre of the bolt is less the three times the diameter of the bolt,
the bolt could be pulled out as well.

2.1.6 Fatigue failure
Materials exposed to dynamic/cyclic loads such as wind could rupture before one of the previous
failure modes can occur. This type of failure is known as fatigue failure. Fatigue is a progressive
process where damage increases by fluctuating stresses. It is initiated by small micro-cracks of the
material caused by geometrical discontinuities which causes higher local stresses. The small cracks
grow and coalescence until the cross-section is reduced to a remaining area of the bolt that cannot
longer bear the loads which finally leads to rupture.

2.2 Types of connections
To determine a sustainable connection between ultra-high performance fibre-reinforced concrete slabs
and a framed structure of any material, two main groups of fasteners can be distinguished based on
the method of binding with the concrete: Chemical fasteners and mechanical fasteners.
Chemical anchors are fastened in the concrete by bonding the metal components to the inner surface
of a predrilled hole with an adhesive or epoxy. These mortars need some time to cure, which is a
significant disadvantage compared to the mechanical or expansion anchors. Once the adhesives or
epoxies are hardened, they have gained their full strength and the fastener will be able to transmit the
equal loads as the mechanical anchors depending on the type of bolt. The predrilled hole should be
carefully cleaned because loose particles or dust can reduced the strength of the bonding. The quality
of bonded connections must be strictly monitored since creep deformations can occur.
The second type of fasteners is the mechanical anchors. A broad variety of mechanical fasteners has
been developed. Best known are screw anchors, bolts and nuts, undercut anchors and expansion
fasteners. The latter type of fasteners is anchored to the concrete by expansion of the outer parts after
inserting them in pre-drilled holes. Tensile forces can be transferred by friction and through the
expanded parts. For most of the mechanical anchors, predrilled holes should be made and carefully
cleaned out as well. Another solution is placing and positioning the bolts in the mould before the
concrete is casted.
In view of the function of the ultra-high performance fibre-reinforced concrete slabs, both types of
fasteners could be used. Therefore, in the next section, some chemical and mechanical anchors shall
be analysed and compared in order to select the best type of connection in the purpose of the slabs.

2.3 Comparison
In order to select which connection is most suitable, three main features should be analysed:
.- Structural behaviour of the connection under bending and shear.
.- The quality of the binding system to the surrounding concrete.
.- Length of the bolts to make it possible to place it within the available limited space (less than 70
mm)
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The following paragraphs contain a comparison of these characteristics of the bolts, based on
technical files from Confast, Hilti, Construction fixings, Pfeifer and Halfen. Not all the characteristics
were given by the supplier. Therefore some spaces were marked with a ‘/’. As first, the anchor length
will be taken into account. Followed by the structural strength (tensile, shear and bending resistance),
to finish with comparison of the bolts based on the quality of the binding system.

2.3.1 Anchor length and strength
The anchor length of the bolt, is the length needed in the concrete to secure the anchor. In most
cases, two different lengths are given in technical data files, the length of the bolt and the minimum
length that the bolt has to be inserted. This latter is called the anchor length.
In this case, the maximum anchor length allowed is 70mm because of the shape of the concrete slab.
For each type of connection, there exist various bolts with different lengths and strengths.
If more than one bolt of a certain type occurs to be sufficient, the choice has been made to compare
those with the biggest length less than 70mm, in combination with the highest tension and shear
resistance. Thirteen different types of connections are compared in Table 2.1.
Table 2.1 Comparison Anchor length

Brand

Sort of bolt

Type

Chemical or
Mechanical

Anchor
length [mm]

Sufficient

Confast
Hilti

Concrete lag shield anchor
Screw anchor
Concrete wedge anchor
Heavy duty expansion
anchor
Anchor rod + injective
mortar
Anchor rod + injective
mortar
Sleeve anchor
Undercut anchor
Recison anchor stud steel +
solvent free pure epoxy
Fixing socket with bolt
Drop in anchor + screw 8.8
High load anchor
Anchor stud + 2-component
adhesive, Styrene free

¾’’ Short
HUS3-H8
HSA M8

Mechanical
Mechanical
Mechanical

51
< 70
54

X
X
X

HSL-3 M8

Mechanical

80

Chemical

80

Chemical

80

Mechanical
Mechanical

50
>100

Gr5.8 ZYP

Chemical

80

No 05.000.183
HB -E M 12
HB-SZ-S 10-0 M6
HB-VMZ-A 40 M815/65 GV

Mechanical
Mechanical
Mechanical

65
50
67

X
X
X

Chemical

65

X

Constr.
Fixings
Pfeifer
Halfen

HIT-Z M8x80
HIT-HY 200-A
HIT-V-5.8 M8x80
HIT-RE 500
HLC M8
HDA-TR RVS M10

X

2.3.2 Structural strength
Another subdivision can be made of the use of the anchorage system and the magnitude of the loads
it can manage. It should be mentioned that the tensile- and shear strength is bigger in non-cracked
concrete than in cracked concrete. In Table 2.2 (Comparison quality bolted connections with tension,
shear en bending resistance) it is assumed that the ultra-high performance concrete is non-cracked.
The data was provided by the different suppliers. Each has its own manner of presenting the
necessary information. The characteristic tensile and shear resistance was the most evident to
compare for the various technical files.
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Table 2.2 Comparison quality bolted connections with tension, shear en bending resistance

Type

Specifications

Lag shield anchor

-Has to be used with a lag bolt
-Light to medium duty in concrete
-Reusable
-Sufficient for high loads
-Only in non-cracked concrete
-Medium to heavy duty
-Only exposed to indoor conditions
-Heavy duty
-Usable in external conditions
- Medium to heavy duty
-High loading capacity
-High corrosion resistant
-Various head shapes
-Light duty in concrete
-Indoor, dry conditions
-Heavy duty in concrete
-High chemical resistance
-High performance
-Installation in the edge of structural
elements
-Installation in column shaped
elements
-To be used in dry room
-Medium to heavy duty
-To be used in non-cracked concrete
-Medium to heavy duty
-Usable in external conditions
- Medium to heavy duty

Screw anchor
Wedge anchor
Heavy duty
expansion anchor
Anchor rod HIT-Z
Anchor rod HIT-V
Sleeve anchor
Undercut anchor
Anchor stud +
pure epoxy
Socket with bolt

Drop in anchor +
screw 8.8
Highload anchor
Anchor stud +
Styrene free

Tensile
[kN]

Shear
[kN]

Bending
[Nm]

Useful

10,43

11,92

60

X

9,0

12,8

46

X

16,5

10,6

21,7

X

31,1

30

24

12

24

X

18

9

10

X

2,1

3,2

5

46

71

60

19

9,5

10,9

X

16

8,0

/

X

11

12

60

7,6

10,1

6,9

X

6,6

8

17,1

X

23,4

2.3.3 Binding to the concrete
All of these bolted connections are chosen for their capacity to be used in concrete but the quality of
the binding system could differ significantly. Analysing the anchor length of the different types of bolts
in Table 2.1, resulted in seven usable bolted connections. Six of the connections require too much
space for anchorage. In Table 2.2, all thirteen fasteners are compared based on their structural
strength and their usage. Only eight out of the thirteen connections could be called sufficient for the
use in external environmental conditions.
In Table 2.3, a ranking is presented from the best suitable connection to the weakest. Bolted
connections failing to one of the two conditions were not taken into account in this ranking.
Table 2.3 Ranking bolted connections

Type

Anchor length
[mm]

Tensile
[kN]

Shear
[kN]

Bending
[Nm]

1)
2)
3)
4)
5)
6)

54
65
51
<70
67
65

16,5
16
10,43
9,0
7,6
6,6

10,6
8,0
11,92
12,8
10,1
8

21,7
/
60
46
6,9
17,1

Concrete Wedge anchor
Socket With bolt
Lag shield anchor
Screw anchor
High load anchor
Anchor stud + styrene
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Another characteristic of the bolted connections should be analysed before the best connection could
be identified is the binding and insertion in the concrete. According to Table 2.3, the most suitable
connection would be the concrete Wedge anchor. However, because of the mass production of the
precast UHPFRC slabs, the most beneficial choice according to production and installation costs is the
socket with bolt. For the installation of the remaining anchors, the concrete should be predrilled which
would take a lot of time compared to the pre-embedded socket.
The second main advantage of the fixing socket is that it has the ability to enlarge its anchorage. A
steel bar through the socket can be added in the same direction as the length of the concrete slab,
perpendicular to tensile forces. This causes a better behaviour of the connection while subjected to
tensile or shear forces compared to the other fasteners. When comparing the behaviour of mechanical
and chemical anchors due to tensile forces, it occurs that chemical anchors damage the inner surface
of the concrete more. This results in a final ranking, presented in Table 2.4.
Table 2.4 Final result

Type

Anchor length
[mm]

Tensile
[kN]

Shear
[kN]

Bending
[Nm]

1)
2)
3)
4)
5)
6)

65
65
54
51
<70
67

16
6,6
16,5
10,43
9,0
7,6

8,0
8
10,6
11,92
12,8
10,1

/
17,1
21,7
60
46
6,9

Socket With bolt
Anchor stud + styrene
Concrete Wedge anchor
Lag shield anchor
Screw anchor
High load anchor

2.4 Fixing socket with bolt
Former tests and a paper, Etude de brises soleil on béton fibre ultra haute performance (2015), have
been made about this connection to the UHPFRC slabs. An experimental study has been carried out
to investigate the actual tension resistance and the behaviour of the concrete in the contact area with
the bolt.

2.4.1 Fixing Socket Pfeifer

Figure 2.7 PFEIFER socket

The fixing socket was primarily designed as a lifting anchor. It consists of galvanized or stainless steel
tube. Approximately a little more than the half of the tube is provided with a thread-system at the
inside surface of the socket. The other part contains a plastic internal cap and a cross hole through the
tube. A steel bar can be put through this hole as an extra reinforcements. If the socket is used as a
lifting anchor, ropes or steel wires can be inserted.
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2.4.2 Bolt hole

Figure 2.8 Model in ANSYS

The slab is connected to the framed structure by two metal connectors. Primarily, a structural
calculation was made by the finite element method. This resulted in precautions to avoid stress
concentration in the vicinity of the connectors and the external face of the prefabricated piece.
Secondly, a computer simulated model was constructed in ANSYS to observe the stresses. In
particular the outer face of the bolt hole suffers due to higher stress concentrations. This causes
crumble of the concrete at the entrance of the bolt hole. Together with the experimental test, the
model was adjusted and the conclusion was made to shape the bolt hole near the outer surface
conical, as shown in Figure 2.8.

2.4.3 Tensile strength

Figure 2.9 Connection slab with structure

Before the experimental tests, the capacity of tensile resistance of the connection was calculated.
Theoretically, the connection could endure a maximum strain of 111,54 s or 9,74kN. In order to
obtain the maximum force, two strain gauges were applied on the connection and the maximum strain
was measured. Because steel is known to be a linear material, hook’s law can be used to convert the
measured strain, 164,5s, into a tensile resistance of 14,50kN which is sufficiently more than the
calculated strength.

2.5 Conclusion
Mechanical and chemical bolted connections can fail due to static loads or dynamic loads. In the view
of this thesis, the fixing socket with bolt is stated to be the best solution. To investigate the actual
tensile strength and bonding to the concrete, static tests were carried out. Its behaviour subjected to
cyclic loads, in particular fatigue failure, should be tested.
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3 Wind
3.1 Characterization
3.1.1 Development
Energy from the sun is extracted by the earth and is given to the atmosphere which has a lower
temperature. Regions of higher and lower temperatures will be initiated in the atmosphere causing
large regions with a difference in air pressure. This latter phenomena excites wind flow from regions
with a higher pressure to regions with a lower pressure.
A horizontal pressure difference could be caused due to solar radiation, humidity, rotation of the earth
and surface cooling. This develops a pressure gradient or horizontal force determining the wind
velocity and the direction of the motion of the wind. As the pressure gradient increases, the force on
the air grows, resulting in a higher wind speed.
The rotation of the earth evokes variation in solar heating. Every morning, the sun heats the earth its
surface and causes a temperature difference. The warmer parcels intend to rise and are subjected to
an upwards acceleration until an layer with the same temperature is found. Colder parcels descend to
take the first parcel its place and tend to have a higher horizontal velocity than the mean velocity of the
parcels near the ground with which it mixes. When a parcel has a higher wind speed than the mean
velocity, it is called a gust. Gusts are not only produced by thermal turbulence but by mechanical
turbulence as well. This implies that a wind flow over the surface of the earth is influenced by the
roughness and orography of the ground.

3.1.2 Variation in velocity
Variation in wind speed can be distinguished in three categories: Seasonal variation, daily variations
and variations in very short periods, called gusts.
In many geographical areas, global winds are suffering from various different seasonal variations
derived from solar radiation, the position of the anticyclones, depressions, etc. In fact, trends can be
detected more or less according to cyclical variations depending on the seasons of the year. These
are called the seasonal variations.
Daily variations are depending on the effects of heating or cooling from day or night, the proximity of
the sea or the terrain orography. These characteristics result in many areas with cyclical wind
variations. For example, coastal breezes or mountains.
In a short time, wind can suffer considerable variations in speed and direction. Defining gusts depends
on the instantaneous wind speed from the average wind and on the duration of the gusts itself.
Gusts are divided in three categories:
Gust
: increase of wind speed with respect to the mean wind of 5-8 m/s.
Strong gust
: increase of wind speed with respect to the mean wind of 8-15 m/s.
Violent gust
: increase of wind speed with respect to the mean wind up to 15 m/s.
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3.1.3 Estimation mean velocity
An estimation of the average wind speed in Marseille can be formed, based on the wind statistics
which are represented in Figure 3.1. The annual mean velocity is identiefied as 11kts (knots). To
convert this speed to km/h and m/s, it should be multiplied by 1,852 or 0,5144 respectively. The
average velocity on ground level is 19,8km/h or 5,5m/s.

Figure 3.1 Wind statistics Marseille

The average speed can be compared to the Beaufort scale in Table 3.1. The 11kts wind in Marseille is
equal to four Beaufort. This implies a moderate breeze. On landscape level this means that small
branches of trees will move, leaves and paper can be uplifted, dust can be moved, etc.
Table 3.1 Beaufort Wind scale
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3.2 Test conditions
3.2.1 Wind forces
Wind is affected by many variable parameters. To simulate the wind in the experiments conducted in
chapter 4, some key issues should be defined. Therefore, the wind velocity and amplitude of the wind
fluctuations or gust magnitude will be determined in the following paragraphs. Assumptions in the
calculations for the main parameters are made in the in the purpose of the building discussed in
paragraph 1.4.
The calculations in this paragraph are made according to EN 1991-1-4 (2005). Wind forces can be
calculated by two different methods. The first calculation method is based on surface pressures,
shown in Figure 3.2. While the second method uses force coefficients, represented in Figure 3.3. All
parameters used, can be found in the nomenclature.
Two different cases should be considered according to the influence of the wind:
.- Frontal wind on the cladding.
The slab will be considered as a canopy with an inclination and the output of the wind is completely
obstructed. When isolated canopies are considered, the combined effect of wind acting on the upper
and lower surfaces should be taken into account.
.- Suction induced by wind on the opposite façade.
In this situation, a vertical wall is considered. The effect of the wind force perpendicular on the wall,
will be projected on the inclined surface of the slab.

Figure 3.2 Flowchart Wind forces based on surface pressure according to EC 1.4
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Figure 3.3 Flowchart Wind Forces based on force coefficients according to EC 1.4
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3.2.1.1

Wind force calculation based on force coefficients

The total wind force, 𝐹𝑤, on structures or elements can be established by the combination of four
parameters:
𝐹𝑤 = 𝑐𝑠 𝑐𝑑 ∗ 𝑐𝑓 ∗ 𝑞𝑝 ( 𝑧𝑒 ) ∗ 𝐴𝑟𝑒𝑓

(3.1)

𝑐𝑠 𝑐𝑑 is the structural factor defined in paragraph 3.2.1.1.3
𝑐𝑓 represents the force coefficient for the structure (see 3.2.1.1.1)
𝑞𝑝 ( 𝑧𝑒 ) is the peak velocity pressure at reference height, 𝑧𝑒 , discussed in paragraph 3.2.1.1.2
𝐴𝑟𝑒𝑓 the reference area of the structure (see 3.2.1.1.1)
Assumed is that the maximum building height is 20m, in this case, 𝑧𝑒 can be taken into account as the
maximum height.
3.2.1.1.1

𝐶𝑓 and 𝐴𝑟𝑒𝑓

𝐴𝑟𝑒𝑓 is taken as the reference area, the blade length multiplied by its height. With length: b = 2850mm
and height: h = 250mm. 𝑨𝒓𝒆𝒇 = 0,7125m²
𝑐𝑓 is the force coefficient for the structure or structural element expressed in (3.2):
𝑐𝑓 = 𝑐𝑓,0 ∗ 𝜓𝑟 ∗ 𝜓𝜆

(3.2)

cf,0, the force coefficient for structural elements with rectangular sections with sharp corners and
without free-end flow should be used, given by Figure 3.4. Consideration: the value of 𝑐𝑓,0 is for the
wind blowing perpendicular to one side. In the section of the bridge deck, it is possible that the wind
blows on a non-perpendicular surface. With this consideration 𝑐𝑓,0 can reduce the wind pressure with
30%.
In this case is d = 250mm and b = 250mm→ 𝒄𝒇,𝟎 = 2,1 ∗ 0,7 = 𝟏, 𝟒𝟕

Figure 3.4 Force coefficient in function van d/b
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𝜓𝑟 is the reduction factor for square sections with rounded corners. This factor should not be applied.
Therefore, 𝝍𝒓 = 𝟏, 𝟎. 
𝜓𝜆 is the end-effect factor for elements with free-end flow and depends on the slenderness of the
structure, 𝜆, given in Table 3.2, and the solidity ratio φ.
The structure has a rectangle. The length is 2,85m thus less than 15m. l/b = 2,85/0,05 = 57.
Therefore expression (3.3) should be used and thus 𝝀 = 𝟕𝟎.
𝜆 = min{2 ∗ 𝑙/𝑏 ; 70 }

(3.3)

Table 3.2 Recommended values of the slenderness

The solidity ratio φ is known as the fraction of the sum or the projected areas of the members to the
overall envelope area. In other words, ratio of surface area exposed to the wind and the total area.
Here it can considered as equal which results in φ = 1.
𝜓𝜆 can be found in Figure 3.5. 𝝍𝝀 = 0,92.
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Figure 3.5 Values of the end-effect in function of the solidity ratio versus the slenderness

This means according to expression (3.2) that 𝒄𝒇 = 𝟏, 𝟑𝟓𝟐𝟒 
Table 3.3 Parameters and results of cf

Parameters

Results

𝒄𝒇,𝟎

1,47

𝝍𝒓

1

𝝍𝝀

0,92

𝒄𝒇

1,3524

3.2.1.1.2

Peak velocity pressure, 𝑞𝑝 ( 𝑧𝑒 )

The parameter 𝑞𝑝 ( 𝑧𝑒 ) is characterized by the terrain category with corresponding factors and by the
wind climate at a certain reference height 𝑧𝑒 and can be calculated by two different approaches.
𝑞𝑝 ( 𝑧𝑒 ) = [1 + 7 ∗ 𝐼𝑣(𝑧)] ∗

1
2 (𝑧)
∗ 𝜌 ∗ 𝑣𝑚
= 𝑐𝑒 (𝑧) ∗ 𝑞𝑏
2

(3.4)

𝝆 is the air density, the recommended value in the National Annex is 1,225 kg/m³. 𝐼𝑣(𝑧) is the
turbulence intensity expressed in (3.5). The wind velocity, 𝑣𝑚 (𝑧) at a height z above the terrain is
obtained in expression (3.6).
𝐼𝑣(𝑧) represents the turbulence intensity at height z and is influenced by terrain parameters which
depend on the terrain category:
𝐼𝑣( 𝑧𝑠 ) =

𝜎𝑣
𝑘1
=
𝑣𝑚 (𝑧) 𝑐0 (𝑧) ∗ ln(𝑧/𝑧0 )

𝐼𝑣(𝑧) = 𝐼𝑣( 𝑧𝑚𝑖𝑛 )

𝑓𝑜𝑟 𝑧𝑚𝑖𝑛 ≤ 𝑧 ≤ 𝑧𝑚𝑎𝑥
𝑓𝑜𝑟 𝑧 ≤ 𝑧𝑚𝑖𝑛

(3.5)
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𝒌𝟏 is the turbulence factor. This factor can be found in the National annex if not, the recommended
value is 1,0.
𝒄𝟎 (𝒛) is the orography factor. Supposing that the terrain is flat (no hills or cliffs present that can
increase the wind velocities) the effects of the orography can be disregarded and 𝑐0 (𝑧) is taken into
account as 1,0.
𝑧𝑚𝑎𝑥 should be taken as 200m. The reference height z is equal to 20m.
𝑧0 , the roughness length and 𝑧𝑚𝑖𝑛 , minimum height are defined in Table 3.4. Assumed is the terrain
category 0 because Marseille is situated at the Mediterranean Sea. Thus, 𝒛𝟎 = 0,005 and 𝒛𝒎𝒊𝒏 = 1. This
means 𝑧𝑚𝑖𝑛 ≤ 𝑧 ≤ 𝑧𝑚𝑎𝑥 = 1𝑚 ≤ 20𝑚 ≤ 200𝑚 → 𝑰𝒗( 𝒛𝒔 ) = 𝟎, 𝟏𝟔𝟔𝟗.
Table 3.4 Terrain categories with parameters according to the National annex of France

The mean wind velocity depends on various parameters:
𝑣𝑚 (𝑧) = 𝑐𝑟 (𝑧) ∗ 𝑐0 (𝑧) ∗ 𝑣𝑏

(3.6)

𝑐𝑟 (𝑧) is the roughness factor is taken into account because of the variability of the wind speed at the
site due to the height above to terrain and the terrain roughness:
𝑐𝑟 (𝑧) = 𝑘𝑟 ∗ ln(𝑧/𝑧0 )

𝑓𝑜𝑟 𝑧𝑚𝑖𝑛 ≤ 𝑧 ≤ 𝑧𝑚𝑎𝑥

𝑐𝑟 (𝑧) = 𝑐𝑟 ( 𝑧𝑚𝑖𝑛 )

𝑓𝑜𝑟 𝑧 ≤ 𝑧𝑚𝑖𝑛

(3.7)

𝑘𝑟 is the terrain factor, calculated by using expression (3.8) with 𝑧0,𝐼𝐼 equal to the roughness
length of terrain category II (Table 3.4).
𝑘𝑟 = 0,19 ∗ (

𝑧0 0,07
)
𝑧0,𝐼𝐼

𝒌𝒓 = 𝟎, 𝟏𝟔𝟏𝟕 which gives for 𝒄𝒓 (𝟐𝟎) = 1,3413.

(3.8)
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𝑐0 (𝑧) is the orography factor. This factor was previously determined: 𝒄𝟎 (𝒛) = 𝟏
𝑣𝑏 is the basic wind speed, see expression (3.9), and depends on the wind climate (seasonal and
directional effects) on a terrain with terrain category II:
𝑣𝑏 = 𝑐𝑑𝑖𝑟 ∗ 𝑐𝑠𝑎𝑒𝑠𝑜𝑛 ∗ 𝑣𝑏,0

(3.9)

𝒄𝒅𝒊𝒓 is the directional factor and is taken into account with a value equal to 1,0.
𝒄𝒔𝒂𝒆𝒔𝒐𝒏 is the seasonal factor with a recommended factor of 1,0.
𝑣𝑏,0 is the fundamental value of the basic wind velocity. EN 1991-1-4 (2005) states: “𝑣𝑏,0 is
the characteristic 10 minutes mean wind velocity, irrespective of wind direction and time of
year, at 10 m above ground level in open country terrain with low vegetation such as grass
and isolated obstacles with separations of at least 20 obstacle heights.” The fundamental wind
speed depends on the wind zone where the structure is situated, shown in Table 3.5. Marseille
is situated in department 13: Bouchee-du-Rhone which results in wind zone 3. In Figure 3.6,
the zones and their corresponding fundamental basic wind velocity is giving: 𝒗𝒃,𝟎 = 𝟐𝟔 𝒎/𝒔
for zone 3.
By using expression (3.9), this gives a value of 26 m/s for 𝒗𝒃 which results with the roughness and
orography factor into a mean speed velocity, 𝒗𝒎 (𝟐𝟎) = 34,8738 m/s.

Figure 3.6 Classification of the wind zones accompanied by the fundamental wind speed
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Table 3.5 Classification of the wind zones

Combining the different parameters and inserting them expression (3.4): 𝒒𝒑 ( 𝒛𝒆 ) = 𝟏, 𝟔𝟏𝟒 [kN/m²].
Table 3.6 Parameters and results of qp(ze)

Parameters

Results

𝑰𝒗( 𝒛𝒔 )

0,1667

𝝆 [kg/m³]

1,225

𝒗𝒎 ( 𝒛𝒔 ) [m/s]

34,8738

𝒒𝒑 ( 𝒛𝒆 ) [kN/m²]

1,614
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The second approach for the calculation of 𝑞𝑝 (𝑧𝑒 ), by determining the right part of expression (3.4):
𝑞𝑝 (𝑧𝑒 ) = 𝑐𝑒 (𝑧) ∗ 𝑞𝑏 .
𝑞𝑏 is known as the velocity pressure. The basic wind velocity, 𝑣𝑏 , and the air density, 𝜌, has
been previously assumed. Therefore 𝒒𝒃 = 𝟒𝟏𝟒, 𝟎𝟓 N/m².
𝑞𝑏 =

1
∗ 𝜌 ∗ 𝑣𝑏 2
2

(3.10)

𝑐𝑒 (𝑧) is the exposure factor. This factor is captured in five different graphics according to the
terrain categories. For a reference height of 20m and terrain category 0, the exposure factor
is: 𝑐𝑒 (𝑧) = 3,4.
This indicates that 𝒒𝒑 (𝒛𝒆 ) = 𝟏, 𝟒𝟎𝟕𝟖 𝒌𝑵/𝒎²

Figure 3.7 Exposure factor in function of terrain category and height

3.2.1.1.3

Structural factor, 𝑐𝑠 𝑐𝑑

The structural factor could be divided in two effects: “The effect on wind actions from the nonsimultaneous occurrence of peak wind pressures on the surface ( 𝑐𝑠 ) together with the effect of the
vibrations of the structure due to turbulence (𝑐𝑑 ).”
𝑐𝑠 𝑐𝑑 =

1 + 2 ∗ 𝑘𝑝 ∗ 𝐼𝑣( 𝑧𝑠 ) ∗ √𝐵2 + 𝑅2
1 + 7 ∗ 𝐼𝑣( 𝑧𝑠 )

(3.11)
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With 𝑘𝑝 , the peak factor determined in expression (3.21), 𝐼𝑣( 𝑧𝑠 ), the turbulence intensity obtained in
expression (3.5), 𝑧𝑠 , the reference height (20m), 𝐵2 , the background factor defined in expression
(3.12) and 𝑅2 , the resonance response factor (3.14).

The background factor is used to bring the lack of correlation of the wind gusts over the structure
surface into account and is expressed by the following calculation:
𝐵2 =

1
𝑏+ℎ
1 + 0,9 ∗ (𝐿( 𝑧 ))0,63
𝑠

(3.12)

b and h, the width and the height of the concrete slab exposed to wind, 2850mm and 250mm
respectively. L( 𝑧𝑠 ) is the turbulent length scale which represents the mean gust size for naturally
occurring winds. For heights z lower then 200m, the turbulent length scale could be defined by using:
𝑧
𝐿(𝑧𝑠 ) = 𝐿𝑡 ∗ ( )𝛼
𝑧𝑡

(3.13)

𝑧𝑡 is the reference height for 𝐿𝑡 and is equal to 200m. 𝐿𝑡 is a reference length scale of 300m.
𝛼 = 0,67 + 0,05 ln(𝑧0 ) = 0,3795. Which gives 𝐿(𝑧𝑠 ) = 125,193𝑚 → 𝑩𝟐 = 0,9195.
𝑅2 known as the resonance factor, should be calculated by:

𝑅2 =

𝜋
∗ 𝑆 ( 𝑧 , 𝑛 ) ∗ 𝑅ℎ (𝜂ℎ ) ∗ 𝑅𝑏 (𝜂𝑏 )
2𝛿 𝐿 𝑠 1,𝑥

(3.14)

𝛿 is the total logarithmic decrement of damping, 𝑆𝐿 is the non-dimensional power spectral density
function and 𝑅ℎ , 𝑅𝑏 are the aerodynamic admittance functions.
The logarithmic decrement of damping 𝛿 may be estimated for the fundamental bending by:
𝛿 = 𝛿𝑠 + 𝛿𝑎 + 𝛿𝑑

(3.15)

𝛿𝑠 is the logarithmic decrement of structural damping. Approximate values of 𝛿𝑠 are given in
Table 3.7. In this case the 𝛿𝑠 should be exerted on a concrete bridge with cracks. The value of
𝜹𝒔 = 𝟎. 𝟏𝟎
𝛿𝑑 is the logarithmic decrement of damping due to special devices (tuned mass dampers,
sloshing tanks etc.). There are damping devices present: 𝛿𝑑 = 0.
𝛿𝑎 is the logarithmic decrement of aerodynamic damping for the fundamental mode which
depends on the mass per unit area of the structure and modal deflections. Because of the fact
that model deflections (in most cases) are constant for a certain height, the natural
fundamental frequency of the structure, 𝑛1 , could be used in combination with the mass per
unit length:
𝛿𝑎 =

𝑐𝑓 ∗ 𝜌 ∗ 𝑏 ∗ 𝑣𝑚 (𝑧𝑠 )
2 ∗ 𝑛1 ∗ 𝑚𝑒

(3.16)

𝑛1 is the frequency corresponding to mode 1. EN 1991-1-4 (2005) does not provide an
expression to calculate 𝑛1 for the UHPFRC slabs. Therefore numerical data obtained from
tests( (Llorens, 2015) will be used. 𝑛1 = 22,41Hz shown in Table 3.8.
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𝑚𝑒 is the equivalent mass = 66,408 kg. (value from experimental study (Llorens, 2015))
𝑣𝑚 (𝑧𝑠 ) wind velocity calculated with expression (3.6) = 34,8738 m/s.
𝜌 is the air density = 1,225 kg/m³.
𝑏 is the length of the slab = 2850 mm.
𝒄𝒇 is the force coefficient determined in paragraph 3.2.1.1.1 with a value of 1,3524.
Table 3.7 Approximate values of δs



Inserting all parameters in expression (3.16) gives for 𝛿𝑎 = 0,055321.
With 𝛿𝑎 = 0,055321, 𝛿𝑑 = 0 and 𝜹𝒔 = 0,10:
𝜹 = 𝟎, 𝟏𝟓𝟓𝟑
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Table 3.8 Numerical and experimental frequencies

The wind velocity distributed over different frequencies is expressed as 𝑆𝐿 ( 𝑧𝑠 , 𝑛1,𝑥 ), the nondimensional power spectral density function, determined by using expression (3.17):

𝑆𝐿 ( 𝑧𝑠 , 𝑛1,𝑥 ) =

𝑛 ∗ 𝑆𝑣 ( 𝑧, 𝑛)
6,8 ∗ 𝑓𝑙 ( 𝑧, 𝑛)
=
2
5/3
𝜎𝑣
(1 + 10,2 ∗ 𝑓 ( 𝑧, 𝑛))

(3.17)

𝑙

Hereby is 𝑆𝑣 ( 𝑧, 𝑛) is the one-sided variance spectrum.
𝑓𝐿 ( 𝑧, 𝑛) is a non-dimensional frequency, depending on the eigenfrequency of the structure, the
turbulence length scale, L(z) =125,2 m and the average wind speed, 𝑣𝑚 (𝑧) =35,73 m/s:
𝑓𝐿 ( 𝑧, 𝑛) =

𝑛 ∗ 𝐿( 𝑧)
𝑣𝑚 (𝑧)

(3.18)

These factors were previously discussed. Thus, 𝑓𝐿 ( 𝑧, 𝑛) = 80,4539
𝑺𝑳 ( 𝒛𝒔 , 𝒏𝟏,𝒙 ) = 0,00759
𝑅ℎ (𝜂ℎ ) and 𝑅𝑏 (𝜂𝑏 ), the aerodynamic admittance functions for a fundamental vibration mode may be
approximated by using expressions (3.19)and (3.20) with h = 0,25m and b = 2,85m:

𝑅ℎ (𝜂ℎ ) =

1
1
(1 − 𝑒 −2∗𝜂ℎ )
−
𝜂ℎ 2 ∗ 𝜂ℎ2

𝑤𝑖𝑡ℎ

𝜂ℎ = 4,6 ∗

ℎ
∗ 𝑓𝐿 ( 𝑧𝑠 , 𝑛1,𝑥 )
𝐿(𝑧𝑠 )

(3.19)

𝑏
∗ 𝑓𝐿 ( 𝑧𝑠 , 𝑛1,𝑥 )
𝐿(𝑧𝑠 )

(3.20)

𝑎𝑛𝑑 𝑅ℎ = 1 𝑓𝑜𝑟 𝜂ℎ = 0

𝑅𝑏 (𝜂𝑏 ) =

𝜂ℎ = 0,7390
𝜂𝑏 = 8,4245

1
1
(1 − 𝑒 −2∗𝜂𝑏 )
−
𝜂𝑏 2 ∗ 𝜂𝑏2

𝑤𝑖𝑡ℎ

𝜂𝑏 = 4,6 ∗

𝑎𝑛𝑑 𝑅𝑏 = 1 𝑓𝑜𝑟 𝜂𝑏 = 0

𝑹𝒉 = 𝟎, 𝟔𝟒𝟔𝟓
𝑹𝒃 = 𝟎, 𝟏𝟏𝟏𝟕
With previously become values, expression (3.14) is equal to: 𝑹𝟐 = 0,005548
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𝑘𝑝 is defined by the parameters v, the up-crossing frequency obtained by expression (3.22) and T, the
averaging time for the mean wind velocity = 600 seconds, in expression (3.21):
𝑘𝑝 = max { √2 ∗ ln(𝑣 ∗ 𝑇) +

𝑣 = 𝑛1,𝑥 √

𝐵2

0.6
√2 ∗ ln(𝑣 ∗ 𝑇)

; 3}

𝑅2
+ 𝑅2

(3.21)

(3.22)

𝑣 = 1,7355 → 𝒌𝒑 = 3,8887
With the parameters collected in Table 3.9, the structural factor can be calculated with expression
(3.11) : 𝒄𝒔 𝒄𝒅 = 1,0367.
Table 3.9 Parameters and results of CsCd

Parameters

Results

𝑰𝒗( 𝒛𝒔 )

0,1669

𝑩𝟐

0,9195

𝑹𝟐

0,005548

𝒌𝒑

3,8887

𝒄 𝒔 𝒄𝒅

1,0367

3.2.1.1.4

Total wind Force

According to expression (3.1), the total wind force should be:
𝐹𝑤 = 𝑐𝑠 𝑐𝑑 ∗ 𝑐𝑓 ∗ 𝑞𝑝 ( 𝑧𝑒 ) ∗ 𝐴𝑟𝑒𝑓 = 1,0367 * 1,3524 * 1,614 * 0,7125 = 1,623 kN.

Table 3.10 Resulting wind force

Parameters

Results

𝒄 𝒔 𝒄𝒅

1,0367

𝒄𝒇

1,3524

𝒒𝒑 ( 𝒛𝒆 ) [kN/m²]

1,614

𝑨𝒓𝒆𝒇 [m²]

0,7125

𝑭𝒘 [kN]

1,6123
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3.2.1.2

Wind force calculation based on surface pressure

A second method to calculate wind force is the summation of external, internal and friction forces with
their expressions based on pressure coefficients:

3.2.1.2.1

𝐹𝑤 = 𝐹𝑤,𝑒 + 𝐹𝑤,𝑖 + 𝐹𝑓𝑟

(3.23)

𝐹𝑤,𝑒 = 𝐶𝑠 𝐶𝑑 ∗ ∑ 𝑤𝑒 ∗ 𝐴𝑟𝑒𝑓

(3.24)

External forces, 𝐹𝑤,𝑒

𝐶𝑠 𝐶𝑑 is structural factor, discussed and calculated in paragraph 3.2.1.1.3, 𝐶𝑠 𝐶𝑑 = 1,0367
𝐴𝑟𝑒𝑓 is the reference area, determined in paragraph 3.2.1.1.1, 𝑨𝒓𝒆𝒇 = 0,7125m²
𝑤𝑒 is the external pressure at height 𝑧𝑒 , depending on the external pressure coefficient, 𝐶𝑝𝑒 and the
peak velocity pressure at that height:
𝑤𝑒 = 𝑞𝑝 (𝑧𝑒 ) ∗ 𝐶𝑝𝑒

(3.25)

𝑞𝑝 (𝑧𝑒 ) has been approached by two different ways. The first approach will be used for the calculations
because it is the most negative value thus: 𝑞𝑝 (𝑧𝑒 ) = 1,614𝑘𝑁/𝑚².
To be able to define 𝐶𝑝𝑒 , some considerations should be made:
-

The concrete slabs behave like an insulated roof and is situated in zone A. Although the angle
of the roof is greater than indicated in the table, the value of 𝐶𝑝𝑒 is descending.
Coefficients of the overall strength (𝐶𝑓 ) and net pressure (𝐶𝑝,𝑛𝑒𝑡 ) reflect the combined effect of
wind acting on both the upper and lower surfaces
Degree of total blockage (φ = 1).

In the paper, Etude de brises soleil en beton fibre ultra haute performance (Llorens, 2015) 𝐶𝑝𝑒 -factor
was determined as -1,60 for frontal wind and -0,49 for wind on the opposite façade.
𝐶𝑝𝑒 = -1,60 and 𝑞𝑝 (𝑧𝑒 ) = 1,614𝑘𝑁/𝑚2 → 𝑤𝑒,1 = 2,593 𝑘𝑁/𝑚2 .
𝐶𝑝𝑒 = -0,49 and 𝑞𝑝 (𝑧𝑒 ) = 1,614𝑘𝑁/𝑚2 → 𝑤𝑒,2 = 0,79086 𝑘𝑁/𝑚2 .
Worst case: 𝐶𝑝𝑒 = -1,60
3.2.1.2.2

→ 𝑭𝒘,𝒆 = 1,9075 𝒌𝑵.

Internal forces, 𝐹𝑤,𝑖
𝐹𝑤,𝑖 = ∑ 𝑤𝑖 ∗ 𝐴𝑟𝑒𝑓

(3.26)

𝐴𝑟𝑒𝑓 is the reference area, determined in paragraph 3.2.1.1.1, 𝑨𝒓𝒆𝒇 = 0,7125m²
𝑤𝑖 is the internal pressure at height 𝑧𝑖 , depending on the internal pressure coefficient, 𝐶𝑝𝑖 and the peak
velocity pressure at that height. 𝑤𝑖 = 0,70 (Llorens, 2015).
𝑭𝒘,𝒊 = 0,49875 𝒌𝑵.
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3.2.1.2.3

Friction forces, 𝐹𝑓𝑟
𝐹𝑓𝑟 = 𝑐𝑓𝑟 ∗ 𝑞𝑝 ( 𝑧𝑒 ) ∗ 𝐴𝑓𝑟

(3.27)

Noted in EN 1991-1-4 (2005) is that for elements, the total wind force should be taken as the
difference between the total of the external and the resulting internal forces. Friction forces can be
neglected.
3.2.1.2.4

Resulting wind force

In paragraph 3.2.1.1 all the values and parameters are defined for the calculation of the wind force, 𝐹𝑤 .
In paragraph 3.2.1.2: expression (3.23) is converted to (3.28) when the considerations are applied:
𝐹𝑤 = 𝐹𝑤,𝑒 + 𝐹𝑤,𝑖

(3.28)

This results in 𝐹𝑤 = 𝐹𝑤,𝑒 + 𝐹𝑤,𝑖 = 1,9075 + 0,49875 = 2,41kN.
3.2.1.3

Partial conclusion

The wind force based on force coefficients was calculated as 1,623kN. This is 0,8kN less than wind
force based on pressure coefficients (2,41kN). The biggest value should be used for safety reasons
when wind forces are simulated and the pressure should be applied on the entire blade. Equally
important is the mean wind velocity determined in expression (3.6) equal to 34,87 m/s.

3.2.2 Gusts
Wind is divided in four components when it is modelled for a numerical test, Figure 3.8.

Figure 3.8 Components for numerical approach (Amaya, Cooz, Gonzalez-Longatt, & Duran, 2012)
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The mean speed and ramp component represent the static part of wind forces. The gust component
and turbulence component are the dynamic loads of the wind. Fatigue appears under dynamic loads,
therefore only the last two components should be taken into account. In our case, the effect of gusts is
tested. A gust of wind is characterized by using three different parameters:
.- Amplitude of the gust (Ag) in m/s.
.- start time of the gust (Tsg) in s.
.- completion time of the gust (Teg) in s.
Before the fatigue test can be performed, the vertical displacement must be defined by using ANSYS
Workbench 15.0 and Solidworks 2013. The displacement can be seen as the amplitude or the gust
magnitude. As first, the bolted connection is constructed in Solidworks, shown in Figure 3.10. The
concrete slab is reduced to 30cm of the original piece because only this length will be tested with a
hydraulic pump. The Solidworks-model is inserted in ANSYS Workbench along with the characteristics
of the concrete and steel determined in previous tests (Llorens, 2015), found in Table 3.11.
Table 3.11 Characteristics steel and concrete

Property

Value for steel

Value for concrete

Density [ton/mm³]
Coefficient of thermal expansion [°𝑪−𝟏 ]
Reference temperature [°𝑪]
Young’s Modulus [MPa]
Poisson’s ratio
Tensile Ultimate Strength [MPa]
Compressive Yield Strength [MPa]
Tensile Ultimate Strength [MPa]
Compressive Ultimate Strength [MPa]

7,85 E-09
1,2*E-05
22
2*E+05
0,3
250
250
460
0

2,6 * E-09
1,4*E-05
22
36370
0,3
0
0
8
80

An alternating stress curve, should be added for the concrete. In the x-axis the number of loading
cycles (N) is given, the y-axis contains the alternating stress amplitude (S). There is no graphic
available, therefore an estimated curve is invented, refer to Figure 3.9. For example, when an
alternating stress of 200MPa is applied, a specimen will fail due to fatigue after 450 cycles. An error
has occurred while inventing the S-N curve. If a bigger stress amplitude is applied, the amount of
cycles should decrease. More information surrounding this subject, is given in the next chapter.

Alternating stress [MPa]

The real values should be determined by experimental tests and be inserted afterwards in ANSYS to
calculate the fatigue life and safety factor of the connection. However the estimated values are
sufficient for the study of the vertical displacement.
350
300
250
200
150
100
50
0

Number of cycles
Figure 3.9 Alternating Stress Mean Stress curve
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To subject a 3D-model to different loads and extract information such as deformations or stresses, it is
necessary to define the mesh, Figure 3.11. A mesh is a collection of vertices, edges and faces that
represent the shape of the 3D-model. Different shapes can be used to create a mesh, alter alia,
triangles (2D), quadrilaterals (2D), tetrahedras (3D), pyramids (3D), prisms (3D), and hexaedres (3D).
The mesh should be constructed as regular as possible to achieve better results. The smaller the
mesh is designed, the more accurate the results will be. On the contrary, it will cost more time for the
model to run and perform calculations if the mesh is designed small.

Figure 3.10 Construction in Solidworks

Figure 3.11 Mesh generation in Workbench

The two bolts are appointed to be the fixtures to the building. The next step is to apply the loads on the
connection: Self-weight of the concrete, the effect of the wind on the opposite façade and frontal wind.
The values for wind force has been determined in paragraph 3.2.1 and in Etudes de brises de soleil en
beton fibre ultra haute performance (Llorens, 2015). In this particular case, the values from this latter
study will be used. In reality, the slab has a length of 2,85m. The forces applied on half of the slab
should be taken into account for one connection.
Actions can be classified in different categories :
.- Permanent actions (G), which is in our case self-weight of the structure.
.- Variable actions (Q), here known as wind force.
.- Accidental actions (A)
.- Prestressing (P)
Because of the different loads, combinations should be made for the Ultimate limit state and
Serviceability limit state. (EN 1990: Eurocode 0: Basis of structural design, 2002) Ultimate limit states
concern the safety of the and/or of the structure. Serviceability limit states concern the comfort of
people, appearance of the construction works, the functioning of the structure or structural members
under normal use.
Safety coefficients and combination coefficients for expression (3.29) in different situations can be
found in Table 3.12. All parameters are included in the table, although snow is not relevant here.
Combination of loads for the Ultimate limit state and Serviceability limit state:
∑ 𝛾𝐺,𝑗 ∗ 𝐺𝑘,𝑗 + 𝛾𝑝 ∗ 𝑃 + 𝛾𝑄,1 ∗ 𝑄𝑘,1 + ∑ 𝛾𝑄,𝑖 ∗ 𝜓0,𝑖 ∗ 𝑄𝑘,𝑖
𝑗≥1

𝑖≥1

(3.29)

42

Table 3.12 Safety coefficients and combination coefficients

Combinations of actions
Combination coefficients
Action
Imposed loads on
buildings
Wind

Snow (h< 1000m)

Type
Combination value for variable action
Frequent value for variable action
Quasi–permanent value for variable action
Combination value for variable action
Frequent value for variable action
Quasi–permanent value for variable action
Combination value for variable action
Frequent value for variable action
Quasi–permanent value for variable action

Combination coefficient
𝜓0 = 0,7
𝜓1 = 0,5
𝜓2 = 0,3
𝜓0 = 0,6
𝜓1 = 0,2
𝜓2 = 0,0
𝜓0 = 0,5
𝜓1 = 0,2
𝜓2 = 0,0

Safety coefficients
Ultimate limit states
Permanent actions
Variable actions

𝛾𝐺 =
𝛾𝑄 =

1,35
1,50

Serviceability limit states
Permanent actions
Variable actions

𝛾𝐺 =
𝛾𝑄 =

1,00
1,00

Wind cannot be applied on the structure in two different directions on the same time. This gives three
usable combinations in the ultimate limit state:
1,35 ∗ 𝐺𝑘,𝑗

(3.30)

1,35 ∗ 𝐺𝑘,𝑗 + 1,50 ∗ 𝑄𝑘,1

(3.31)

1,35 ∗ 𝐺𝑘,𝑗 + 1,50 ∗ 𝑄𝑘,2

(3.32)

𝐺𝑘,𝑗 is automatically calculated by the program, based on the density and the standard earth gravity
acceleration of 9806,6mm/s². The self-weight of the half of the slab should be taken into account.
Therefore, an extra acceleration is added because ANSYS only calculates the self-weight of the piece
inserted in the program (30cm). The wind forces determined in chapter 3.2.1 should be multiplied by a
factor for the same reason. Factor: (2,85m/2)/0.30m = 4,75. Given for 𝑄𝑘,1 = -7,0390E-4MPa, 𝑄𝑘,2 =
2,21984E-3MPa, a value of 3,344E-3MPa and 1,0544E-2MPa respectively.
The vertical deformations are calculated with ANSYS for the ultimate limit state and the results of the
combinations are shown in Figure 3.12, Figure 3.13 and Figure 3.14. Maximum deformations of the
different combinations:
For expression (3.30)(3.20) = 0,42186mm.
For expression (3.31) = -0,57163mm.
For expression (3.32) = 3,5545mm.
The maximum value of vertical deformation will be used: 3,5545mm.
The frequency can be found by using Table 3.13 and depends on the type of structure (cladding). This
indicates a value for the duration of the gust of three seconds or in other words, a period of three
seconds.
𝑓 = 1/𝑇
T is the period and f is the frequency. The necessary frequency is equal to 1/3Hz = 0,33Hz.

(3.33)

43

Figure 3.12 Vertical deformation, self-weight

Figure 3.13 Vertical deformation under self-weight and wind on opposite façade

Figure 3.14 Vertical deformation under self-weight and wind on cladding
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Table 3.13 Gust duration

Structural type

Duration of the gust

Elements and fixtures
- Isolated structural elements
- Substructures (e.g. cladding, roofing, etc.) and their attachments to the
structure

3 seconds

- Structures or parts whose greatest horizontal and vertical dimension
does not exceed 50m

5 seconds

- Structures or parts whose greatest horizontal and vertical dimension
does exceed 50m

15 seconds

Elements and mobile facilities
- Equipment
- Equipment and facilities for transport of goods

3 seconds

-Small boats and floating elements with a length up to 25m

15 seconds

-Ships and floating elements with a length bigger than 25m

1 minute

3.3 Conclusion
Wind can be separated in static and dynamic components. Fatigue failure of structures and elements
is induced by the cyclic dynamic components known as the wind gusts and turbulence. The
characteristics for the simulation of a wind gust in Marseille are determined and joined in Figure 3.15.
Table 3.14 Test conditions

Test conditions
Frequency

0,33Hz

Displacement

3,55mm

Threshold conditions

[ 0,4mm/sec ; 2mm/sec]
Figure 3.15 Simulation of 1 gust

The boundary conditions, shown in Table 3.14, are specified based on experience. Testing below a
velocity 0,4mm/sec is too slow and above 2mm/sec is too fast.
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4 Test in laboratory conditions
4.1 History of wind performance evaluation
The last three decades, wind induced failure gasped more attention because of the construction of
higher and slimmer buildings. Tests and studies were conducted to simulate the wind effect. In the
beginning, static test were applied on construction. Due to the investigation of premature failures,
especially on roofcladdings, the knowledge has grown that wind should be evaluated with dynamic
experiments. The well-known wind tunnel test is most used today.

4.1.1 FM 4470 and UL 580 standard
Fatigue has been tested by many various procedures. In
Canada, Baskaran and Dutt (1995) described and simulated
wind on roofs as loads sequences in two different standard
tests: The load sequence for the Factory of Mutual 4470
standard (FM 4470) and the load sequence for the Underwriters
Laboratories 580 standard (UL 580), shown in Figure 4.1. The
wind gusts are simulated by conducting pressure cycles for a
certain timespan.
Figure 4.1 UL 580 , uplift test

The FM 4470 load sequence is a test, designed to investigate
the ability to resist to foot traffic on a roof. Later on, it was further developed to simulate wind. Initially it
starts with a constant pressure of 1400Pa for one minute. Every minute, the pressure is increased by
700Pa until failure. It can be stated that this test applies static loading and therefore doesn’t qualify to
be used for fatigue testing. The test does not ask for a lot of time, one test can be finished in
10minutes.
The UL 580 test is designed to test uplift wind and starts as well with subjecting the roof to a constant
pressure. However, the initial pressure is a negative pressure of 2330Pa and is applied for 5minutes.
During the tests, positive and oscillating negative pressures are excited in different phases. The test
area is a room from 10x10m.
Because of the lack of ability to simulate the realistic field conditions, these tests were evaluated as
inadequate to test fatigue. In Europe, fatigue testing was already in a more advanced stage.

4.1.2 European and Norwegian load sequences
The UEAtc load cycle, Europa, by Gerhardt and Kramer (1986) was one of the first dynamic tests,
containing time-varying loads applied on mechanical fixings.
The wind forces are represented by different cycles of gusts,
shown in Figure 4.2. The process contains four main steps:
- 4 x 1415 gusts with a maximum load of 300N
- 200 000 fluctuations (frequency: max 10Hz) with a load of 100
N
- 1415 gusts with a maximum load of 400N
- Increase with 100N every 1415 gusts until failure.
It takes one day to complete the test which is very timeFigure 4.2 Gusts UEAtc load cycle
consuming.
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Another test procedure based on applying pressure on the tested specimen by simulating gusts, is the
NBI 162-90 evaluation standard developed by the Norwegian Building Research Institute (1987). An
upper and a lower box are installed with in the middle the specimen. A simulated wind is excited by a
static pressure in the lower box and a pulsating suction in the lower box. The gusts have a length of 15
seconds for one hour, subsequently the pressure is increased every hour until failure.

4.1.3 Wind tunnel
In the 20th century, approximately in the thirties, fundamental development for the current techniques
for wind tunnels was done in Gottingen in Germany. The wind tunnels were used to do tests for
aerospace engineering. The experiments were conducted in flows with a low turbulence. The basic
principles for wind tunnel study today were determined at that time.
To this present day, wind tunnel testing became one of the most common methods to simulate wind.
Because of the limited dimensions of a wind tunnel, a scale model of the building and surroundings
should be created. The wind velocity and wind gusts should be increased or reduced according to the
scale. Guidelines for this scaling and the use of the wind tunnels were made by ASCE, WTG and
BLTWL.
Inside the tunnel, the wind velocity, forces, pressure, accelerations and moments can be measured.
The used data is mostly transferred into non-dimensional coefficients for studies about wind loads. In
the next paragraph, wind forces will be determined based on non-dimensional pressure coefficients.
Wind is excited in long tunnels by ventilators to create a natural environment. Other elements such as
devices to control the flow coming from the fans, an adjustable working section, an outlet for the flow,
etc. can be found inside the wind tunnel to simulate realistic conditions. The types of tunnels can be
distinguished: open and closed section tunnels. In this latter, the wind flow is recirculated through
ducts.

4.2 Fatigue
4.2.1 S-N curve
A material gradually deteriorates when subjected to cyclic loads. Fatigue life is separated in three
different stages: crack initiation, crack growth and finally, rapid rupture. The amount of necessary
cycles (N) at a varying constant amplitude stress (S) to cause rupture is shown in Figure 4.3. Fatigue
life is commonly plotted in an S-N diagram and can be defined as the total number of stress cycles
required until failure occurs.
For some materials, an endurance limit, 𝜎𝑒 , can be
found. Below this stress, the material will not fail
due to fatigue. In other words, the amount of cycles
can be infinite below the endurance limit. Other
materials do not exhibit such a behaviour. Fatigue
life is not a fixed property of a material but can be
influenced by a lot of parameters such as surface
finish, size, temperature, stress concentration, etc.
The scale of the number of alternating stress cycles
is a logarithmic scale because the necessary
amount of can rapidly increase to 10 000 or 100000
cycles.
Figure 4.3 Stress-life curve
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4.2.2 Cyclic stress
A cyclic stress is determined by its mean stress, alternating stress, maximum stress and minimum
stress. The mean stress, 𝜎𝑚𝑒𝑎𝑛 , is the value exactly in the middle of the maximum stress and the
minimum stress of one cycle. The alternating stress, 𝜎𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑛𝑔 , is the difference between the peak
stresses and the mean stress, this is the so called stress amplitude:

𝜎𝑚𝑒𝑎𝑛 =

𝜎𝑚𝑎𝑥 + 𝜎𝑚𝑖𝑛
𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛
𝑎𝑛𝑑 𝜎𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑛𝑔 =
2
2

(4.1)

The stress ratio, R, and the amplitude ratio, A, depend on these four stresses:

𝑅=

𝜎𝑎𝑙𝑡𝑒𝑟𝑛𝑖𝑛𝑔
𝜎𝑚𝑖𝑛
𝑎𝑛𝑑 𝐴 =
𝜎𝑚𝑎𝑥
𝜎𝑚𝑒𝑎𝑛

(4.2)

Based on the stress ratio and amplitude ratio, a loading cycle can be called fully reversed (R = -1 and
𝐴 = ∞), zero reversed (R = 0 and 𝐴 = 1), or fluctuating ( R= value and A= value). These three types
are shown in Figure 4.4, Figure 4.5 and Figure 4.6.

Figure 4.4 Fully reversed

Figure 4.5 Zero reversed

Figure 4.6 Fluctuating

4.3 Design of the setup and procedure
To test the fatigue resistance of the bolted connections, a hydraulic fatigue testing machine is used,
namely the Servosis ME 402E. This machine has the ability to test tensile strength, compression
strength and fatigue life of a material. Two different tests can be performed to determine fatigue life
with this apparatus. For the first one, a load is applied on the test piece with a certain frequency. The
induced displacement will be measured. Based on the changes in displacement, fatigue life can be
calculated. The second approach is the approach used in the following tests. A vertical displacement
will be given to the test piece while the force needed to obtain this displacement is measured. The
necessary parameters are determined in chapter 3 and could be found in section 3.3.

4.3.1 First approach
First, the connection of the test specimen of 30cm was secured to the base of the apparatus (Figure
4.7). Followed by drilling four holes in the slab (Figure 4.8) to secure a metal plate on it (Figure 4.9).
This plate is used to transfer the loads from the apparatus on the slab to excite the vertical
displacement. The next step is to adjust the parameters (Figure 4.11). The frequency is a constant
value. The amount of cycles and the amplitude changes for three different phases. These variables
are based on a fatigue loading sequence designed for hurricanes according to the Florida Building
Code. In our case, p is the amplitude. The connection is tested to resist this fatigue load sequence.
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Figure 4.7 Tested connection

Figure 4.8 Drilled holes

Figure 4.9 Metal plate

Figure 4.10 Loads directly on slab

Figure 4.11 Set-up of the test conditions
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Table 4.1 Fatigue loading sequence

Range of test
0 to 1,0𝒑
0 to 0,6𝒑
0 to 1,3𝒑

Number of Cycles
600
70
1

4.3.2 Conclusion of first approach
The first test with this procedure failed, due to a space between the metal plate and the slab. The
second test was performed by applying the loads directly on the slab (Figure 4.10). Hence, the metal
plate was removed and the test was performed once more. It did not lead to failure of the connection.

4.3.3 Second approach
The second approach entails applying loads on the test specimen to generate the same displacement
for every cycle until failure occurs. The program, used in previous procedure, is unable to output only
the maximum forces. Therefore a load cell, shown in Figure 4.12 and Figure 4.13, is used which
makes it able to register the force every 0,5 seconds. The results of this test, are discussed in the
following paragraph.

Figure 4.12 Attaching load cell

Figure 4.13 Test with load cell
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4.4 Experimental results
The parameters of the previous approach were used. This means an amplitude of 3,55mm and a
frequency of 0.34Hz. The difference in this approach is that the amount of cycles is not predefined.
The first 500 cycles are represented in Figure 4.14 and indicate that the initial force needs a certain
amount of cycles to stabilise. The x-axis is the displacement, it variates between circa 20mm and
23,5mm. The y-axis is the force needed to obtain this displacement. Figure 4.15 Shows a stable loop
of forces after 1500 cycles.

Figure 4.14 First 500 cycles (A = 3,5545mm)

Figure 4.15 After 1500 cycles (A= 3,5545mm)

Figure 4.16 Example Fmax-cycles graphic (Major, 2012)

The purpose is to compose a graphic were
the different phases of fatigue can be shown
based on the maximum required force.
(Major, 2012) An example of such a graphic
is shown in Figure 4.16. A high force should
initially be required and should decrease
rapidly in the softening phase (crack
initiation), followed by a stationary phase
(crack growth) until the damage phase (final
rupture). Figure 4.17 shows that the tested
specimen behaves differently. The specimen
requires approx. 750 cycles to obtain a
constant maximum force. Hereafter it arrives
at the stationary phase.
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Figure 4.17 Fmax - number of cycles (A= 3.5545mm)
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After applying 3500 cycles, no variation in forces appeared. Therefore the procedure was changed. At
first a bigger displacement, 6,3mm, was applied on the same construction for 700 cycles. Next, the
amplitude was increased to 9mm for 200 cycles and at last a maximum displacement of 12mm was
used for again 200 cycles. The frequency remained the same. The required maximum forces
according to the number of cycles are shown in Figure 4.18.
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-100
-80
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-60
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A = 12,0mm

-40
-20
0
0

200

400
600
Number of Cycles (N)

800

1000

Figure 4.18 Fmax-Cycles (A = 6,3mm; A = 9mm; A = 12 mm)

It was unexpected that the maximum force would be lower for a displacement of 6,3mm than for a
vertical deformation of 3,55mm. This phenomenon can be explained when comparing Figure 4.19 with
Figure 4.20 and Figure 4.21. The metal plate bends which indicates that it suffers more under a bigger
amplitude than the slab. Before performing the tests, the focus was on the connection of the bolts and
the concrete slab. The fact that the metal plate deforms points out that not only the connection should
be carefully studied but the secondary structure as well.

Figure 4.19 A=3,55mm

Figure 4.20 A = 6,3mm

Figure 4.21 A =12mm

The slab was unscrewed after applying 200 cycles at an amplitude of 12mm to evaluate the bolts,
Figure 4.22, and the socket, Figure 4.23. Observation: the bolts and the socket did not deform.
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Figure 4.22 Bolts after test

Figure 4.23 Connection after test

4.5 Conclusion
The metal plate deforms and the bolts did not bend after applying the cyclic loads. Therefore the
assumption can be made that the weakest part of the system could be the welds of the secondary
structure.
The behaviour of the connection does not only depend on the connection between concrete and bolts.
The joint to the secondary structure should also be taken into account to improve the behaviour of the
system. A consequence of this is that more attention should be paid to welds.
Avoid contact between the concrete and the steel. When the test was performed with a bigger
deformation, the concrete slab rotated in such a manner that the distance between the top edge of the
slab and the metal plate increased and the bottom edge was pressed against the plate. The UHPFRC
crumbled where it touched the metal plate.
Since the deformation is partly absorbed by the steel plate, the entire system must be studied. The
steel profile of the secondary structure was fixed on the workbench for this test. This profile is much
longer in reality and will experience a bigger displacement.
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5 Theoretical approach
5.1 ANSYS procedure
The following sections are a description surrounding the calculation of fatigue life in ANSYS. The
beginning of this procedure is already described in section 3.2.2 (Gusts).

5.1.1 Fatigue tool
The procedure resumes after defining the mesh. From there on the fatigue analysis should be chosen
to determine the safety factor and fatigue life by inserting a fatigue tool. The fatigue tool entails the
constant amplitude load and the different mean stress correcting theories that can be used.

Figure 5.1 Fatigue tool screenshot

The constant amplitude load is discussed in paragraph 4.2.2 and is shown in Figure 4.4, Figure 4.5
and Figure 4.6. The four different options are: fully-reversed, zero-reversed, fluctuating (in ANSYS is
this called ratio) or historical data could be inserted. To simulate the experimental test as much as
possible, zero-reversed should be selected.
For the mean stress correction theory, the choice should be made between the Goodman, the
Soderberg, the S-N or the Gerber fatigue life stress theory. S-N represent the default theory. These
empirical methods determine different curves to link the endurance limit on the alternating stress axis,
(vertical axis) to either ultimate stress, 𝜎𝑢 , the yield stress, 𝜎𝑦 or the true fracture stress 𝜎𝑓 on the
mean stress axis (horizontal axis). Empirical curves to estimate mean stress effects on fatigue life are
shown in Figure 5.2.
General remarks: These methods should be used for tensile mean stress values only. Mostly used or
accepted are the Goodman and Gerber curve. The Goodman approach is the simplest method and
therefore the least accurate but in general there is little difference for all methods when the stress ratio
is small. If the stress ratio approaches 1, a large difference is shown in the models. The Soderberg
method is only valid when fatigue failure of yielding does not occur.
Taking all this information into account, the Goodman theory is assumed to be best suitable in this
particular case with as stress component the Von Mises stress.
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Figure 5.2 Graphical comparison empirical curves (Fatigue Life evaluation, 2011)

5.1.2 Further process
After inserting the parameters in the fatigue tool, the loads should be applied and the bolts should be
appointed as the fixtures (paragraph 3.2.2). A last adjustment should be made: the realistic fatigue life
curve of the concrete should be inserted in the Engineering data-window. The next step is to let the
program solve this case and generate fatigue life and the safety factor. The safety factor variates
according to the chosen mean stress correction theory.

5.2 Conclusion
It was not possible to compare the results of the experimental test with those from the calculations due
to the inconclusiveness of the experimental tests. Instead the procedure to generate the safety factor
and fatigue life is given.

55

6 Further research
The aim was to design a procedure to calculate fatigue life. More tests should be performed at
different amplitudes to construct an S-N life cycle. If more tests are performed, the possibility arises to
compare the results with the numerical model constructed in ANSYS. The final experimental
procedure in this study was only performed once. The tests should be repeated on least five elements
with the same constant amplitude during all the tests to verify the result.
Noticing the complexity of the situation, it would be recommended to split the set of test in different
components. Not only the connections with the bolts and the concrete should be designed in ANSYS
and experimentally tested but also the entire system. This gives the following options:
.- Study the behaviour of the complete system.
.- Perform different fatigue tests for the individual components: Bolts, connection between concrete
and bolt, concrete, metal plate, secondary structure and connection with the secondary structure.
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General conclusion
The use of ultra-high performance fibre-reinforced concrete for structures is rapidly gaining more
popularity due to the important improvements of properties. Slimmer structures or elements can be
designed because of the improved characteristics of this kind of concrete. This creates a lot of new
opportunities in terms of structural and architectural design. Within the scope of this report, thin
concrete slabs with a length of 2,85 meter were used.
For the purpose described in this thesis, the fixing socket with bolt is stated to be the most adequate
for the bolted connections. These latter can fail due to two types of loads: static loads or dynamic
loads. The static tests were already carried out to investigate the actual tensile strength and the
bonding of the socket with the concrete. The behaviour if the connection subjected to cyclic loads on a
long-term basis remained undetermined. Hence, an experimental test was designed to investigate the
fatigue life of the connection.
A procedure was designed to apply cyclic wind loads on the test specimen by using a servo-hydraulic
fatigue testing machine. Before the test was conducted, some key parameters were determined such
as the frequency and the amplitude of a wind gust, the wind forces and the wind velocity. The
assumptions necessary for the calculations were based on the site of Marseille.
The tests resulted in the deformation of the metal plate. This plate connects in reality the bolts and the
concrete slab to a steel profile on the building. The bolts, the bonding to the concrete and the concrete
itself did not receive any noticeably negative influences of the cyclic loads. The main conclusion of the
tests was that the welds of the metal plate to the steel profile would probably be the weakest
component of the connection. Further research should include studies about the various components
of the connection and the different combinations of these elements.
Unfortunately, the tests did not result in a comparable value with a numerical model. A test with a
longer duration and only one set of parameters should be excited to obtain such a value. To verify the
result, the same experiment should be repeated several times.
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