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ABSTRACT

With an increasing demand for renewable energy sources worldwide, a promising
alternative is wind power. During the last decades the number of wind power plants
and their size has increased. Wind power plant foundations are subjected to a centric
load, resulting in a 3D stress distribution. Even though this is known, the common
design practice today is to design the foundation on the basis of classical beam-theory.
There is also an uncertainty of how to treat the fatigue loading in design. Since a wind
power plant is highly subjected to large variety of load amplitudes the fatigue
verification must be performed.

The purpose with this master thesis project was to clarify the uncertainties in the
design of wind power plant foundations. The main objective was to study the
possibility and suitability for designing wind power plant foundations with 3D strut-
and-tie modelling. The purpose was also to investigate the appropriateness of using
sectional design for wind power plant foundations.

A reference case with fixed loads and geometry was designed according to Eurocode
with the two different methods, i.e. beam-theory and strut-and-tie modelling. Fatigue
assessment was performed with Palmgren-Miners law of damage summation and the
use of an equivalent load. The shape of the foundation and reinforcement layout was
investigated to find appropriate recommendations.

The centric loaded foundation results in D-regions and 3D stress flow which make the
use of a strut-and-tie model an appropriate design method. The 3D strut-and-tie
method properly simulates the 3D stress flow and is appropriate for design of D-
regions. Regarding the common design practice the stress variation in transverse
direction is not considered. Hence the design procedure is incomplete. If the linear-
elastic stress distribution is determined, regions without stress variation in transverse
direction can be distinguished. Those regions can be designed with beam-theory while
the other regions are designed with a 3D strut-and-tie model.

Further, clarifications of fatigue assessment regarding the use of an equivalent load
for reinforced concrete need to be recognized. The method of using an equivalent load
in fatigue calculations would considerably simplify the calculations for both
reinforcement and concrete.

We found the use of 3D strut-and-tie method appropriate for designing wind power
plant foundations. But the need for computational aid or an equivalent load are
recommended in order to perform fatigue assessment.

Key words: wind power plant foundation, gravity foundations, 3D, three-dimensional
strut-and-tie model, fatigue, equivalent load, concrete
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SAMMANFATTNING

| takt med Okad efterfragan pa fornyelsebara energikallor de senaste decennierna har
bade antalet vindkraftverk och dess storlek vuxit. De storre kraftverken har resulterat i
storre laster och darmed storre fundament. Pa grund av en standigt varierande vindlast
maste fundamenten dimensioneras for utmattning. Vidare ar fundamenten centriskt
belastade vilket ger upphov till ett 3D spanningsflode. Det verkar dock vanligt att
dimensionera fundamenten genom att anta att spanningarna ar jamt utspridda o6ver
hela fundamentet och anvanda balkteori. Ett sétt att ta storre hansyn till det 3D
spanningsflodet ar att dimensionera fundamentet med en 3D fackverksmodell.

Det huvudsakliga syftet med examensarbetet var att undersoka mdjligheten att
dimensionera vindkraftsfundament med en 3D fackverksmodell, men &ven undersoka
om det ar lampligt att basera dimensioneringen pa balkteori. Dessutom har olika
armeringsutformningar studerats.

For att utreda namnda fragestallning utfordes en dimensionering av ett
vindkraftsfundament med givna laster och dimensioner grundat pd Eurocode.
Fundamentet dimensionerades bade med en 3D fackverksmodell och genom att
anvanda balkteori. Utmattningsberdkningarna utfordes med Palmgren-Miners
delskadehypotes och med en ekvivalent spanningsvariation.

Med héansyn till lastforutsattningen, vilket forutom att ge upphov till ett 3D
spanningsflode ocksa resulterar i D-regioner. Darav finner vi det lampligt att anvanda
sig av 3D fackverksmodeller. Gallande dimensionering grundad pa balkteori ar denna
ogiltig da spanningsvariationen den transversella riktningen inte beaktas.

Vi anser att det ar lampligt att anvanda sig av 3D fackverksmodeller, det kravs dock
en automatiserad metod eller en ekvivalent last for att kunna hantera hela
lastspektrumet. Gallande anvandandet av en ekvivalent last krévs vidare studier pa hur
denna skall berdknas.

Nyckelord:  vindkraftsfundament, gravitationsfundament, 3D, tredimensionell,
fackverksmodell, ekvivalent last, betong
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Notations

Roman upper case letters

As Cross sectional area of reinforcement in bottom

Al Cross sectional area of reinforcement in top

Asw Cross sectional area of shear reinforcement

Fy Characteristic load

Fsoir Soil pressure

Fe Compressive force component from moment

Fy Most eccentric tensile force component from moment
F Horizontal component of wind force in x direction

Fy Horizontal component of wind force in y direction
Eey Resulting horizontal component of wind force

G Total self-weight of foundation including filling material
M Bending moment

M, Bending moment around x-axis

M, Bending moment around y-axis

M,y Resulting bending moment

My k Characteristic moment

Neq Equivalent number of allowed cycles

N Normal force

Sy Range of load cycles

Sreq Equivalent range of load cycle

v Shear force

VRa,c Shear capacity for concrete without shear reinforcement

Roman lower case letters

b Width of soil pressure

¢ Concrete cover

d Effective depth

ds Distance between force couple from resisting moment
dsr Diameter of anchor ring eccentricity

e Eccentricity of soil pressure resultant

g Self-weight of slab including filling material
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fe Concrete compressive strength

fea Design value of concrete compressive strength

fer Characteristic value of concrete compressive strength
fya Design yield strength of steel

ky Design yield strength of steel

m Exponent that defines the slope of the S-N curve

n Number of cycles

7o Radius of anchor ring

zZ Length of internal lever arm

Greek upper case letters
o Stress

Oramax  Design strength for a concrete strut or node
Greek lower case letters

& Concrete strain

Es Steel strain

Yr Load partial factor

VF Fatigue load partial factor

Ym Material partial factor

v Reduction factor for the compressive strength for cracked strut (EC2)
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1 Introduction

There is a growing demand for renewable energy sources in the world and wind
power shows a large growth both in Sweden and globally. Both the number of wind
power plants and their sizes have increased during the last decades.

1.1 Background

In the beginning of 1980 the first wind power plants were built in Sweden. In 2009
about 1400 wind power plants produced 2.8 TWh/year, which corresponds to 2 % of
the total production in Sweden, Vattenfall (2011). The Swedish government's energy
goal for 2020 is to increase the use of renewable energy to 50 % of total use. This
means that the energy produced only from wind power has to increase to 30
TWh/year. As wind has become a more popular source of energy the development of
larger and more effective wind power plants has gone rapidly.

The sizes of wind power plants have increased from a height of 30 m and a diameter
of the rotor blade of 15 m in 1980 to a height of 120 m and a diameter of the rotor
blade of 115 m in 2005, se Figure 1.1.

. A
E ]
a "
o EE
B
» A
Rated power : 3000 kW 30 kW 80 kW 250 kW 600 kW 1500 kW 5000 kW
Rotor blade ©® : 100m i5m 20m 30m 46 m 70m 115m
X : 100m 30m 4a0m 50m 78 m 100 m 120 m
Hub height

Figure 1.1  How the size of rotor blade and height have changed from 1980 to 2005
adopted from Faber, T. Steck, M. (2005).

The increased sizes have led to larger loads and consequently larger foundations. In
addition to the need for sufficient resting moment capacity the foundations are
subjected to cyclic loading due the variation in wind loads. The cyclic loading
requires that the foundations are designed with regard to fatigue.

The tower is connected to the centre of the foundation where the rotational moment is
transferred to the foundation according to Figure 1.2. The concentrated forces cause
stress variations in three directions and also result in a Discontinuity region (D-
region) where beam-theory no longer is valid.
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D-region \f'\

Figure 1.2  The foundation is subjected to concentrated forces and centric loading
causing need for load transfer in two directions.

In contrast to B-regions (Bernoulli- or Beam-regions) the assumption that plane
sections remain plane in bending is not valid in D-regions. Figure 1.3 shows how a
centric loading resulting in a stress variation in three directions, similar to a flat slab.

PN ED

Figure 1.3  Left: boundary conditions. Middle: Loading applied along the full
width, no stress variations along the width. Right: Centric loading
results in stress variation in three directions.

Despite the centric concentrated load it appears to be common practice to assume that
the internal forces are spread over the full width of the foundation and base the design
on classical beam-theory.

D-regions can be designed with the so called strut-and-tie model, which is a lower
bound approach for designing cracked reinforced concrete in the ultimate limit state.
The method is based on plastic analysis and is valid for both D-regions and B-regions.
In addition the strut-and-tie model can be established in three dimensions to capture
the 3D stress flow. For this reason the strut-and-tie method seem to be a suitable
approach to design wind power plant foundations.

1.2 Purpose and objective

The purpose with this master thesis project was to clarify the uncertainties in the
design of wind power plant foundations. The main objective was to study the
possibility and suitability for designing wind power plant foundations with 3D strut-
and-tie modelling. The purpose was also to investigate the appropriateness of using
sectional design for wind power plant foundations.

1.3 Limitations

In the project, focus will be directed to the foundation, the behaviour of the
surrounding soil and its properties should not be investigated in detail. The master
thesis project only considers on-shore gravity foundations.
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1.4 Method

Initially a litterateur study was performed to gain a better understanding of the
difficulties in designing wind power plant foundations. Today’s design practice was
identified and the various design aspects were studied. Further information about the
strut-and-tie method was acquired from literature. For the purpose of studying the
suitability for designing wind power plant foundations with the different approaches a
reference case was used. The reference foundation was designed with both today’s
design practice, i.e. using sectional design, and the use of a 3D strut-and-tie model.
The design of the reference foundation with fixed geometry and loading was
performed according to Eurocode. The two different design approaches was compared
in order to find advantages and disadvantages with the alternative methods. To handle
the complex 3D strut-and-tie models the commercial software Strusoft FEM-design
9.0 3D frame was used.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2012:49



2 Wind power plant foundations

This chapter presents general information about the function and loading of gravity
foundations.

2.1  Design aspects of wind power plant foundations

The location of a wind power plant affects the design of the foundation in many
different ways. One of the most important is obviously the wind conditions. The
design of the foundation changes depending whether the foundation is located on- or
off-shore. On-shore foundation design is affected by the geotechnical properties of the
soil. Three different types of on-shore foundations can be distinguished, gravity
foundations, rock anchored foundations and pile foundations. In addition to the
geotechnical conditions off-shore foundations must also be designed for currents and
uplifting forces.

The most common type is gravity foundations, which is the only type of foundations
studied in this project. Gravity foundations can be constructed in many different
shapes such as square, octagonal and circular. The upper part of the slab can be flat,
but often has a small slope of up to 1:5 from the centre towards the edges to reduce
the amount of concrete and to divert water.

2.2 Function of gravity foundations

The height of modern wind power plant can be over 100 m with almost the same
diameter of the rotor blades. Consequently the foundation is subjected to large
rotational moments. As the name gravity foundations suggest, the foundation prevents
the structure from tilting by its self-weight. In addition to restrain the rotational
moment the foundation must bear the self-weight of turbine and tower. Depending on
the height of the tower, size of the turbine and location of the wind power plant the
foundation usually varies between a thickness of 1.5 - 2.5 m and a width of 15 - 20 m.
Figure 2.1 shows how the structure resists the rotational moment with a level arm
between the self-weight and reaction force of the soil.

l

Figure 2.1  The structure is prevented from tilting by a level arm (e) between the
self-weight (G) and the eccentric reaction force of the soil (Fsi).
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Depending on load magnitude and soil pressure distribution the eccentricity varies. To
transfer the load, the foundation must have sufficient flexural and shear force
capacity, which must be provided for with reinforcement. Since the wind loads vary,
the foundation is subjected to cyclic loads which make a fatigue design mandatory to
ensure sufficient fatigue life. Figure 2.2 shows a wind power plant where the loss of
equilibrium has led to failure, even though the flexural capacity appears to be
sufficient.

Figure 2.2 A collapsed power plant due to loss of equilibrium SMAG (2011).

2.3  Connection between tower and foundation

There are different methods used to connect the tower to the foundation Faber, T.
Steck, M. (2005). Figure 2.3 shows three common connection types, so called anchor
rings or embedded steel rings. All consist of a top flange prepared for a bolt
connection to the tower. The anchor rings is located in the centre of the foundation
surrounded by concrete. The first type (a) consists of an anchor ring in steel with an I-
section. Alternative (b) only has one flange casted in the concrete and is often used in
smaller foundations. This solution requires suspension reinforcement to lift up the
compressive load to utilise the concrete. The last solution (c) consists of a pre-stressed
bolt connection between two flanges.

s~ Connection flange - I——I|
—/— / B "\-..__‘_‘_\
Need for
reinforcement
————
a) b) c)

Figure 2.3  Three common types of connections between the tower and foundation,
adopted from Faber, T. Steck, M. (2005).
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3 Design aspects of reinforced concrete

This chapter gives a general description of design aspects regarding internal force
transfer and fatigue in reinforced concrete.

3.1 Shear capacity and bending moment capacity

For beams and slabs a linear strain distribution can be assumed since the
reinforcement is assumed to fully interact with the concrete. Hence sectional design
using Navier’s formula can be used for design of reinforced concrete beams and slabs.
The design must ensure that both the flexural and shear capacity is sufficient. In
addition limitations on crack widths and deformations must be fulfilled to achieve an
acceptable behaviour in serviceability limit state.

Three types of cracks can be distinguished in beams:

e Shear cracks, Figure 3.1 (1): develop when principal tensile stresses reach the
tensile strength of concrete in regions with high shear stresses.

e Flexural cracks, Figure 3.1 (3): develop when flexural tensile stresses reach
the tensile strength of concrete in regions with high bending stresses.

e Flexural-shear-cracks, Figure 3.1 (2). A combination of shear and flexural
cracks in regions with both shear and bending stresses

v v v v

1% 2 3

o @ 9

T T T

Figure 3.1  Example of crack-types in a simply supported beam. (1) Shear crack
(2) flexural-shear-crack (3) flexural crack.

To avoid failure due to flexural cracks, bending reinforcement is placed in regions
with high tensile stresses. The model shown in Figure 3.2 can be used to calculate
bending moment capacity, assuming compressive failure in concrete. In the model
tensile strength of concrete is neglected and linear elastic strain distribution is
assumed.
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b

Figure 3.2  Calculation model for moment capacity in reinforced concrete
assuming full interaction between steel and concrete. This results in a

linear strain distribution.

The ultimate bending moment capacity can be calculated with the following
equations:

F,=F. - 0,A; = agf.qxb (3.2)
= Mgq = agfeaxb(d — Bgrx) (3.2)
where:
ag Stress block factor for the average stress
Br Stress block factor for the location of the stress resultant

Shear forces in crack concrete with bending reinforcement are transferred by an
interaction between shear transferring mechanisms shown in Figure 3.3.

— V, = aggregate interlock (interface shear)
\

«—C
b V., = shear
0 resistance
&
:
<
Jt_—’ T
V; = dowel
force

}4——3_—%
]‘L 74 e

Figure 3.3 Shear transferring mechanisms in a beam with bending reinforcement.
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The shear capacity for beams without vertical reinforcement is hard to calculate
analytically and many design codes are based on empirical calculations. To increase
the shear capacity vertical reinforcement (stirrups) can be used resulting in a truss—
action as shown in Figure 3.4.

094

_f
\,ﬁl

A AR AAas

} - : A f;'--v v
‘ ' F; 6{A =

09d | N

Figure 3.4  Truss action in a concrete beam with shear reinforcement.

The model in Figure 3.4 is used to calculate the shear capacity for beams with vertical
or inclined reinforcement; in calculations according to Eurocode effects from dowel
force and aggregate interlock are neglected. The inclination of the compressive stress
field (F.,) depends on the amount of shear reinforcement; an increased amount
increases the angle. In order to achieve equilibrium an extra normal force (N) appears
in the bending reinforcement. The relationship between the additional tensile force of
the shearing force and the angle of E,,, is that if one increases, the other decreases and
vice versa.

To ensure sufficient shear capacity the failure modes described in Figure 3.5 must be
checked.

7 (T

! ' crushing

yielding
Figure 3.5  Different shear failure modes. Left: shear sliding. Middle: Yielding of
stirrups. Right: Crushing in concrete.

A special case of shear failure is punching shear failure which must be considered
when a concentrated force acts on a structure that transfers shear force in two
directions. When failure occurs a cone is punched through with an angle regularly
between 25 and 40 degrees, exemplified in Figure 3.6.
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Figure 3.6 Punching shear failure in a slab supported by a column. A cone is
punched through the slab.

3.2 Fatigue

Failure in materials does not only occur when it is subjected to a load above the
ultimate capacity, but also from cyclic loads well below the ultimate capacity. This
phenomenon is known as fatigue and is a result of accumulated damage in the
material from cyclic loading, fatigue is therefore a serviceability limit state problem.
American Society for Testing and Materials (ASTM) defines fatigue as:

Fatigue: The process of progressive localized permanent structural change
occurring in a material subjected to conditions that produce fluctuating
stresses and strains at some point or points and that may culminate in
cracks or complete fracture after a sufficient number of fluctuations.

The fatigue life is influenced by a number of factors such as the number of load
cycles, load amplitude, stress level, defects and imperfections in the material. Even
though reinforced concrete is a composite material, the combined effects are
neglected when calculating fatigue life. Instead the fatigue calculations are carried out
for the materials separately according to Eurocode 2. Concrete and steel behave very
differently when subjected to fatigue loading. One important aspect of this is that the
steel will have a strain hardening while the concrete will have a strain softening with
increasing number of load cycles. Another is the effect of stress levels which affects
the fatigue life of concrete more than steel.

Cyclic loaded structures such as bridges and machinery foundations are often
subjected to complex loading with large variation in both amplitude and number of
cycles. A wind power plant foundation loaded with wind is obviously such a case.
Therefore, there are simplified methods for the compilation of force amplitude, one
such example is the rain flow method. The basic concept of the rain flow method is to
simplify complex loading by reducing the spectrum. The fatigue damage for the
different load-amplitudes can then be calculated and added with the Palmgren-Minor
rule.

3.2.1 Fatigue in steel

Fatigue damage is a local phenomenon; it starts with micro cracks increasing in an
area with repeated loading which then grow together forming cracks. Fatigue loading
accumulate permanent damage and can lead to failure. Essentially two basic fatigue
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design concepts are used for steel, calculation of linear elastic fracture mechanics and
use of S-N curves. In general fatigue failure is divided in three different stages, crack
initiation, crack propagation and failure. Calculations of the fatigue life with fracture
mechanics is divided into crack initiation life and crack propagation life. These phases
behave differently and are therefore governed by different parameters. The other
method is Wholler diagram or S-N curves which are logarithmic graphs of stress (S)
and number of cycles to failure (N), see Figure 3.7. These graphs are obtained from
testing and are unique for every detail, Stephens R (1980).

biress range A
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1000

500

Detail category

=]
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Figure 3.7 S-N curves for different steel details. Note that the cut-off limit shows
stress amplitudes which do not result in fatigue damage.

3.2.2 Fatigue in concrete

Concrete is a much more inhomogeneous material than steel, Svensk Byggtjanst
(1994). Because of temperature differences, shrinkage, etc. during curing micro
cracks develop even before loading. These cracks will continue growing under cyclic
loading and other cracks will develop simultaneously in the loaded parts of the
concrete. The cracks grow and increase in numbers until failure. It should be noted
that is very hard to determine where cracking will start and how they will spread.

3.2.3 Fatigue in reinforced concrete

As stated before the fatigue capacity of reinforced concrete is determined by checking
concrete and steel separately. When a reinforced concrete structure is subjected to
cyclic load the cracks will propagate and increase, resulting in stress redistribution of
tensile forces to the reinforcement Svensk Byggtjanst (1994). Fatigue can occur in the
interface between the reinforcement bar and concrete which can lead to a bond failure.
There are different types of bond failure such as splitting and shear failure along the
perimeter of the reinforcement bar.

Regarding concrete without shear reinforcement the capacity is determined by the
friction between the cracked surfaces. The uneven surfaces in the cracks are degraded
by the cyclic load which can result in failure. When shear reinforcement is present, it
is the fatigue properties of the shear reinforcement that will determine the fatigue life.
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Fatigue failure in reinforcement can be considered more dangerous than in concrete,
since there might not be any visual deformation prior to failure. For concrete on the
other hand there is often crack propagation and an increased amount of cracks along
with growing deformations, which form under a relatively long time.
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4 Strut-and-tie modelling

In this chapter the basic principles of strut-and-tie modelling will be described. Design
of the different parts of strut-and-tie models will be explained, such as ties, struts and
nodes.

4.1  Principle of strut-and-tie modelling

The strut-and-tie model simulates the stress filed in reinforced cracked concrete in the
ultimate limit state. The method provides a rational way to design discontinuity
regions with simplified strut-an-tie models consisting of compressed struts, tensioned
ties and nodes in-between and where external concentrated forces act.

A strut-and-tie model is well suited for Bernoulli regions (B-regions) as well as in
shear critical- and other disturbed (discontinuity) regions (D-regions). A D-region is
where the Euler-Bernoulli assumption that plane sections remain plane in bending is
not valid. Consequently, the strain distribution is non-linear and Navier’s formula is
not valid. The stress field is indeterminate and an infinite number of different stress
distributions are possible with regard to equilibrium conditions. A D-region extends
up to a distance of the sectional depth of the member.

The strut-and-tie model is a lower bound solution in theory of plasticity, which means
that the plastic resistance is at least sufficient to withstand the design load. For this to
be true the following criteria must be fulfilled:

e The stress field satisfies equilibrium with the external load
o Ideally plastic material response
e The structure behaves ductile, i.e. plastic redistribution can take place

The strut-and-tie method is beneficial to use when designing D-regions since it takes
all load effects into consideration simultaneously i.e. N, V and M. Another advantage
is that the method describes the real behaviour of the structure. Hence, it gives the
designer an understanding of cracked reinforced concrete in ultimate limit state in
contrary to many of the empirical formulas found in design codes.

4.2  Design procedure

When designing structures with the strut-and-tie method, it is important to keep in
mind that it is a lower bound approach based on theory of plasticity. This means that
many solutions to a problem may exist and be acceptable, even if for example the
reinforcement amount or layout become different. The reason for this is that in the
ultimate limit state all the necessary plastic redistribution has taken place and the
reinforcement provided by the designer is utilised. However, it is still important that
the structure is designed so that the need of plastic redistribution is limited. This can
be achieved by designing the structure on the basis of a stress field close to the linear
elastic stress distribution, which will give an acceptable performance in serviceability
limit state.

There are no unique strut-and-tie models for most design situations, but there are a
number of techniques and rules which help the designer to develop a suitable model.
To find a reasonable stress flow there are different methods that can be used such as
the ‘load path method’ purposed by Schlaich, J. et.al (1987), ‘stress field approach’
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according to Muttoni, A. et.al. (1997) or by linear finite element analysis. These
methods can aid the designer in choosing an appropriate stress feild.

In order to show how a strut-and-tie model can be established the methodology will
be used on a simple 2D problem. The first step is to determine the B- and D-region.
The second step is to choose a model to simulate the stress field. To find the stress
filed the load path method will be used in the example bellow. When using the load
path method there are certain rules that must be fulfilled:

e The load path represents a line through which the load is transferred in the
structure, i.e. from loaded area to support(s)

e Load paths do not cross each other

e The load path deviates with a sharp bent curve near concentrated loads and
supports

e The load path should deviate with a soft bent curve further away from
supports and concentrated loads

e At the boundary of the D-region the load path starts in the same direction as
the load or support reaction

e The load must be divided in an adequate amount to avoid an oversimplistic
representation

When a load paths that fulfil all these requirements have been established, areas
where transverse forces are needed to change the direction of the load paths are
located. These are areas where there is a need for either a compressive or tensile force
in transversal direction. It is also important to note if the change in transverse
direction should develop abruptly or gradually, since this will decide if the
corresponding nodes will be concentrated or distributed, which is further explained in
Section 4.6 about nodes.

Figure 4.1 illustrates the creation of a strut-and-tie model by means of the load path
method. However before the strut-and-tie model can be accepted angle limitations and
control of concentrated nodes described below must be fulfilled.

I I |

B-region

D-region / \\ /

I_
I_ L+

Figure4.1  Example of how a strut-and-tie model can be established by means of
the load path method.
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4.3  Struts

The struts represent the compressed concrete stress field in the strut-and-tie model,
often represented by dashed lines in the model. Struts are generally divided in three
types, prismatic-, bottle- and fan-shaped struts, see Figure 4.2. The prismatic-shaped
strut has a constant width. The bottle-shaped strut contracts or expands along the
length and in the fan-shaped strut a group of struts with different inclinations meet or
disperse from a node.

The capacity of a strut is in Eurocode related to the concrete compressive strength
under uniaxial compression. The capacity of the strut must be reduced, if the strut is
subjected to unfavourable multi-axial effects. On the other hand, if the strut is
confined in concrete (i.e. multi-axial compression exists), the capacity of the strut
becomes greater.

If the compressive capacity of a strut is insufficient, it can be increased by using
compressive reinforcement.
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Figure 4.2  The different strut shapes with examples in a beam, Chantelot, G. and
Alexandre, M. (2010).

44  Ties

Ties are the tensile members in a strut-and-tie model, which represent reinforcement
bars and stirrups. Although concrete has a tensile capacity, its contribution to the tie is
normally neglected. There are two common types of ties, concentrated and
distributed. Concentrated ties connected concentrated nodes and are usually
reinforced with closely spaced bars. Distributed ties are in areas with distributed
tensile stress fields between distributed nodes and here the reinforcement is spread out
over a larger area.

A critical aspect when detailing especially concentrated ties is to provide sufficient
anchorage. It can be beneficial to use stirrups, since the bends provide anchorage.
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4.5  Strut inclinations

When a strut-and-tie model is established, it needs to fulfil rules concerning the angle
between the struts and ties. The reason for this limitation is that too small or large
angles influence the need for plastic redistribution and the service state behaviour.
The recommended angles vary between design codes, but also depending on how the
strut(s) and tie(s) intersect.

When designing on the basis of more complex strut-and-tie models, a situation may
arise where all angle requirements cannot be satisfied. Then the heavily loaded struts
should be prioritised and the requirements for less critical struts may be disregarded,
Engstrom (2011).

Recommended angles according to Schafer, K. (1999)

e Distribution of forces shall take place directly, with approximately 30° but
not more than 45°

Recommended minimum angles between struts and ties, Schafer, K. (1999)

e Between strut and tie, approximately 60° but not less than 45° Figure 4.3
(@) and (b)

e In case of a strut between two perpendicular ties, preferred 45°but not
smaller than 30°, see Figure 4.3 (c) and (d)

Figure 4.3  Angle limitations adopted from Schafer (1999).

4.6 Nodes

Nodes represent the connections between struts and ties or the positions where the
stresses are redirected within the strut-and-tie model. Nodes are generally divided in
two categories, concentrated and distributed. Distributed nodes are not critical in
design and therefore not further explained. The concentrated nodes are divided into
three major node types, CCC-, CCT- and CTT-nodes illustrated in Figure 4.4, Martin,
B. and Sanders, D (2007). The letter combinations explain which kind of forces that
acts on the node, C for compression and T for tension.
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Figure 4.4  The different nodes, from left to right CCC-node, CCT-node and CTT-
node.

When nodes are designed they are influenced by support condition, loading plate,
geometrical limitations etc. The node geometry for two common nodes is shown in
Figure 4.5.

Figure 4.5  Left: node region of a CCC-node. Right: node region for a CCT-node,
Schafer, K. (1999).

An example of idealised node geometries for a CCC-node and a CCT-node is shown
in Figure 4.5. The nodal geometry can be defined by determining the location of the
node and the width of the bearing plate. It is important that the detailing of
concentrated nodes are designed in an appropriate way, especially nodes subjected to
both compression and tension forces. For example it is important to provide sufficient
anchorage for reinforcement and confining the anchored reinforcement with for
instance stirrups.

Concentrated nodes should be designed with regard to the following stress limitations
according to Eurocode 2. The compressive strength may be increased with 10 % if at
least one of the conditions in Eurocode is fulfilled, EN 1992-1-1:2005 6.5.4. For
example, if the reinforcement is placed in several layers the compressive strength can
be increased with 10 %. Note that nodes with three-axial compression may have a
compressive strength up to three times larger than for a CCC-node.

CCC-nodes without anchored ties in the node

ORd,max = klvfcd (4-1)
where:
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k1:1

_ fek
250

CCT-nodes with anchored ties in one direction
ORdmax — kzvfcd (4-2)

v=1

where:
kz = 08

1_ka
250

v =
CTT-nodes with anchored ties in more than one direction

ORdmax — k3vfcd (43)
where:

_ fek
250

v=1

4.7 Three-dimensional strut-and-tie models

Structures subjected to load that result in a 3D stress variation are not adequate to
model in 2D. Examples of structures with a 3D stress variation are pile caps, wind
power plant foundations and deep beams. There are two different approaches for
construction a 3D strut-and-tie model, by model in 3D or by combining 2D models. A
3D strut-and-tie model for a centric loaded pile cap is shown in Figure 4.6.

Figure 4.6  Example of a 3D strut-and-tie model and corresponding reinforcement
arrangement for a pile plinth, Engstrém, B. (2011).

Figure 4.7 illustrates how two 2D strut-and-tie models can be used, one in plane of the
flanges and one in plane of the web. For such a model each strut-and-tie model
transfers the load in its own plane. The two models are joined with common nodes.
The result is a combination of 2D models which is applicable on structures with a 3D
behaviour.
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Figure 4.7 A combination of 2D strut-and-tie models, Engstrém, B. (2011).

4.7.1 Nodes and there geometry

A 3D strut-and-tie model can results in nodes with multi-axial stress for which there
are no accepted design rules or recommendations. This is not the case for angle
limitations in 3D which often can be adopted from the 2D recommendations. A
solution for designing 3D node regions is proposed in a master thesis ‘Strut-and-tie
modelling of reinforced concrete pile caps’, Chantelot, G. and Alexandre, M. (2010).
The basic concept was to simulate 3D nodal regions with rectangular parallelepiped
and struts with a hexagonal cross-section shown in Figure 4.8.

RAAARAR

Figure 4.8  Geometry of the 3D nodal zone above the piles, Chantelot, G. and
Alexandre, M. (2010)
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5 Reference case and design assumptions

This chapter contains a description of the reference case, used design codes and
assumptions made in design. The fixed parameters in design such as loads and the
geometry are presented along with specifications on concrete strength class and
minimum shear reinforcement prescribed by the turbine manufacturer is also
presented. The design of the foundation was performed with Eurocode 2 and IEC
61400-1. These codes were used for different design aspects. The design was mainly
performed with Eurocode 2, but the partial safety factors for the loads are calculated
according to IEC standard.

5.1 Design codes

Eurocode is a relatively new common standard in the European Union and replaced in
Sweden the old Swedish design code BKR in May 2011. The standard is divided in 10
different main parts, ECO-EC9, each with national annexes. ECO and EC1 describe
general design rules and rules for loads respectively. The other eight codes are
specific for various structural materials or structural types and EC2 “Design of
concrete structures” together with ECO and EC1 are relevant for this project. In order
to ensure safe design Eurocode uses the so called ‘partial coefficient method’. The
partial coefficients increase the calculated load effect and decrease the calculated
resistance, in order to account for uncertainties in design. This is done to ensure that
the probability of failure is sufficiently low, shown in Figure 5.1.

Af Condition: Rs= Ss

-~ S(F)
' ~R(M)

Sa= S(yrF)

v
A+ 7§ - —»
sty ROW) Pt
Ra=R(My/y)

Figure 5.1  Method of partial safety factors. S is the load effect and R the
resistance. The d index indicates the design value.

IEC 61400-1 is an international standard for designing wind turbines; the standard is
developed by the International Electrotechnical Commission, IEC (2005). The IEC
standard is based on the same principles as Eurocode concerning partial factors on
both materials and loads. The loads given by the turbine manufacturer follow the IEC-
standard and the standard was therefore used for load calculations. The standard
allows the designer to implement partial factors based on Eurocode.

The partial safety factors for loads are in IEC classified with regard to the type of
design situation and if the load is favourable or unfavourable. Instead of classifying
the loading in serviceability limit state and ultimate limit state, IEC uses normal and
abnormal load situations. The used partial factors for loads are presented in Table 5.1.
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Table 5.1 Partial safety factors on loads according to IEC 61400-1

Design situation Abnormal (ULS) Normal (SLS) | Fatigue

Wind loads | vy = 1.1 unfavourable yp=1 yp=1

Dead loads | ys = 0.9 favourable yr=1 -

5.2 General conditions

The considered wind power plant foundation located in Skane in the south of Sweden.
The soil consists of sand and gravel. The project has been limited to only study the
foundation and the ground conditions are assumed good and are not further
investigated.

5.3  Geometry and loading

The foundation is square shaped with 15.5 m long sides and a height that varies with a
slope of approximately 4.5 %. The tower is 68.5 m high and both the tower and
turbine are supplied by the turbine manufacturer. The wind power plant is designed
for a life time of 50 years. The foundation consists of concrete strength class C45/55
and is designed for the exposure class XC3. Figure 5.2 shows the section and plan of
the foundation with fixed geometry from the reference case. After construction the
foundation is to be covered with filling material, which in the design was included in
a constant surface load (g).

{ Future terrain
| \

l Foundation level

2900 ||
1700 |

1500
2200

4000
15500

15500

Figure 5.2  Section and plan of the foundation.
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The sectional forces at the connection between tower and foundation are specified by
the turbine supplier with safety factors according to the standard IEC 61400-1. The
following loads must be resisted; rotational moment from wind forces and the
unintended inclination of the tower, a twisting moment from wind forces (which are
excluded in this project), a transverse load from wind forces and a normal force from
self-weight of the tower (including turbine and blades). Besides the loads acting on
the anchor ring, described in Chapter 2 the foundation, is subjected to self-weight of
reinforcement, concrete and potential filling materials. Figure 5.3 shows the definition
of the load from the tower and the characteristic values are presented in Table 5.2.
The design loads are calculated in Appendix A.

Figure 5.3

Table 5.2

Fz‘

MG M.

M_‘-() ~SFr

Definition of sectional forces from the tower at the connection between
tower and foundation, adopted from ASCE/AWEA (2011).

Characteristic values of sectional forces acting on top in the centre of
the anchor ring and self-weight of foundation. The load effects are
based on “design load case 6.2 extreme wind speed model” with a
recurrence period of 50-years.

Load type Size Remark
E, 2121kN
Mo = M2+ M. 24AM Including moment from
xy = M+ My 1t 51 115 kNm | misalignment of 8mm/m and
AM, dynamic amplification
Fy = |E*+E}? 800 kN
M, 5863 kNm Excluded
G 12 575 kN Including filling material
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In serviceability limit state the characteristic crack width should be limited to 0.4 mm
specified in the national annex of Eurocode 2. The crack width limitation given in
Eurocode 2 depends on exposure class (XC3) and life time (50 years).

Since the wind power plant is subjected to large wind loads of variable magnitude, the
foundation’s fatigue capacity is of great importance. The fatigue load amplitudes are
supplied by the turbine manufacturer, consisting of 280 unique loads (presented in
Appendix ). The fatigue load amplitudes are presented in a table with number of
cycles. It is however unclear for how long time the presented load amplitudes are
valid. The mean values are also presented along with the used safety factor see Table
5.3.

Table 5.3 Mean values of sectional forces for fatigue design of reinforced
concrete structures

E kNI | |F | [kN] | My [kN] | M, [kN] | [M,] [kN] YF

316 4 1888 21293 222 1.0

5.4 Tower foundation connection

The reference case is designed with an anchor ring of type (b) described in Section
2.3. This type of anchor ring has only one flange in the bottom, which means that both
the compressive and tensile force is applied at the same level in the foundation. The
anchor ring used in the reference case is shown in Figure 5.4.

Figure 5.4  The anchor ring in the reference case during reinforcement
installation.

In the calculations the resulting moment (M,,) was replaced by a force couple
consisting of a compressive and tensile resultant. In order to calculate the level arm
between the force couple a linear elastic stress distribution was assumed at the
interface between concrete and the steel flange.

Navier’s formula was used to calculate the maximum stresses in concrete subjected to
compression by the flange of the anchor ring:
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Omax = (Mxy/1> T, + FZ/(TTTZZ _ 7TT12) (51)

The second moment of inertia (1) for an annular ring with dimension of the bottom
flange of the anchor ring is calculated as:

[=20f =) (52)
where:
r; = inner radius of flange

r, = outer radius of flange

To verify the assumption of linear elastic behaviour the calculated stresses were
compared with the stress-strain relationship for concrete shown in Figure 5.5.
According to Figure 5.5 the stress strain relation is almost linear to about 50% of f,;.
The maximum stress was calculated to approximately 56% of f.; and a linear elastic
stress distribution in the compressed concrete could be assumed.

T |

b e — = — = o

fea

=1
11
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™

Figure 5.5  Stress-strain relation for concrete in compression according to EC2

As a simplification the linear stress distribution was assumed to correspond to a
uniform stress distribution in two quarters of the anchor ring according to Figure 5.6.
The level arm was then calculated as the distance between the arcs centres of gravities
according to equation 5.3.

2\
d, =2 (n—ro) f_“% Ter COS @ d =3.6m (5.3)
where:
Top = Tl;—rz = radius of anchor ring=2m
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Assumed constant
stress

Figure 5.6  Resisting moment acting on the anchor ring with resulting force couple
and simplified stress distribution, d,=3.6m

The self-weight of the tower and turbine was assumed to be equally spread over the
anchor ring and the resultant, F,, was divided in 4 equal parts. Two of the E,
components coincide with the force couple from the moment. The model shown in
Figure 5.7 was used in calculations.

Mx}’fi F; F; Mx}rr:i F,

ds 4 d. 4
< ds >
< dsr >

Figure 5.7  Idealised model of the forces acting on the anchor ring, where dg, is
the diameter of the anchor ring (4m) and d; is the distance between the
resulting force couple from the rotational moment (3.6m).

As described in Section 2.1 anchor type (b) requires reinforcement in order to lift up
the compressive force and to pull down the tensile force. The compressive force is
lifted in order to utilise the full height of the section. The two other types of anchor
rings that are presented in Section 2.1 take the compressive force directly in the top of
the slab, i.e. does not need to be lifted by reinforcement to utilise the full height of the
section. The distance between the vertical bars of the suspension reinforcement or U-
bow reinforcement was prescribed by the turbine manufacture to be minimum 500
mm. How the compressive and tensile forces from the anchor ring are assumed to be
transferred is shown in Figure 5.8. Calculations are found in Appendix B.
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Figure 5.8  Force couple from the rotational moment acting in the bottom of the
anchor ring. The compressive force (F;) is lifted by the U-bow and the
tensile force (F;) pulled down by the U-bow.

5.5 Global equilibrium

As Dbriefly described in Section 2.1 the foundation must prevent the tower from tilting
by a resisting moment created by an eccentric reaction force (Fg,;). TO ensure
stability in arbitrary wind directions the stability was checked with two wind
directions, perpendicular and diagonal (wind direction 45 degrees), see Figure 5.9. By
fulfilling equilibrium demands these two load cases, stability for all intermediate load
directions were assumed to be satisfied.

Figure 5.9  Left: Wind direction perpendicular to foundation Right: Wind direction
45 degrees direction to foundation.

In order to be able to determine the soil pressure (oy,;;) and its eccentricity (e), the
stress distribution of the soil pressure needed to be assumed. The exact distribution of
the soil pressure is hard to determine, because of the complex loading situation, with
concentrated load at the centre of the foundation. As a simplification the soil pressure
was assumed to be equally spread in the transverse direction (over the full width of
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the foundation). In the longitudinal direction two different assumptions are
considered; uniform soil pressure and triangular soil pressure, see Figure 5.10.
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Figure 5.10 Different distributions of soil pressure within the length (b). Left:
Uniform soil pressure distribution. Right: Triangular soil pressure
distribution.

The resultant of the soil pressure (Fs,;;) and its eccentricity (e) can be determined
from global equilibrium with the following equations:

Foou=F+G (5-4)
— MuytFayha (5.5)
Fsoil

With triangular distribution the size of the soil pressure varies over the length. The
soil pressure is distributed over the length b, which is determined by the eccentricity.
The maximum soil pressures per unit width for a perpendicular wind direction can be
calculated as:

Fy+G

Osoiluni — Dot (5-6)
F,+G
Osoiltri — 127_/2 (5-7)

With a wind direction of 45 degrees and an assumed uniformed stress distribution the
soil pressure can be calculated in a similar manner as for the triangular soil
distribution in case of perpendicular wind direction. The uniformed soil pressures
resultant is then triangular because of the shape of the loaded area.

045,50iluni = % (5.8)
With known eccentricity and assumed soil distribution the bending moment and shear
force distributions in the foundation slab can be calculated. To identify the most
critical wind direction the different bending moment and shear force
distributions are compared in Figure 5.11 and Figure 5.12. These distributions
was only used for compression and the width of the slab is not considered.
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Bending moment diagram
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Figure 5.11 Bending moment distributions for different load cases. The index uni
correspond to uniform soil distribution and index 45 is with a wind
direction of 45 degrees.
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Figure 5.12 Shear force distributions for different load cases. The index uni
correspond to uniform soil distribution and index 45 is with a wind
direction of 45 degrees.

The conclusions that can be drawn from the diagrams are that the differences are
small and it was assumed sufficient to design the foundation for a perpendicular wind
direction. To simplify calculations the largest need for bending and shear
reinforcement is provided all the way to the edges of the foundation. By providing

reinforcement to the edges, more than sufficient capacity is assumed in the corners,
see Figure 5.13.
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Figure 5.13 To achieve sufficient capacity all reinforcement should be extended to
the corners.

Regarding the soil pressure distribution it is common to assume a uniform distribution
when designing in the ultimate limit state. In the serviceability limit state and for
fatigue calculations, a triangular soil pressure distribution is more appropriate. The
distributions with uniform soil pressure and triangular soil pressure was compared,
see Figure 5.14.
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Figure 5.14  Shear and bending moment distribution for uniform and triangular soil
pressure distribution.

The triangular soil pressure distribution resulted in slighter higher bending moment
and shear force. The differences are however small and in addition the real soil
pressure distribution is rather a combination of the two distributions, see Figure 5.15.

Figure 5.15 A combination of uniformed and triangular soil pressure distribution.

Therefore the design in the ultimate limit state was performed assuming uniform soil
pressure distribution, while the triangular distribution was used in the serviceability
limit state and for fatigue assessment. The full calculations are found in Appendix B.
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6 Design of the reference case according to common
practice on the basis of Eurocode

In this chapter it is described how the reference case is designed according to
Eurocode 2 considering the conditions and assumptions presented in Chapter 5.
Obtained results are presented. Detailed calculations are shown in Appendix A-H.

The sectional design was performed in various sections which are presented in Figure
6.1.

l/a /4 /4 /4 d=3.6m Ix=4.45m
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Figure 6.1  The sectional design was performed in four different sections on each
side of the foundation.

The design was performed according to the following design steps:

e Design of top and bottom reinforcement in the ultimate limit state using
sectional design (Appendix C).

e Design of shear reinforcement and the zone around the anchor ring in the
ultimate limit state (Appendix C)

e Design with regard to serviceability limit state (Appendix D)

e Design with regard to fatigue of reinforcement and compressed concrete
(Appendix E using equivalent stress range and G using full load spectra)

6.1 Bending moment and shear force distribution

The foundation was regarded similar to a flat slab where the load is transferred to the
support using crossed reinforcement in two perpendicular directions, see Figure 6.2.

fofot
yT;;‘_T_

Figure 6.2  Reinforcement in principal direction transfers the load in two
directions separately.
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The design of bending reinforcement was based on the assumption that the bending
moment in a section is uniformly distributed over the full width of the slab. The
assumption requires a redistribution of sectional forces since the linear elastic stress
distribution has a stress variation in the transverse direction. The assumption is used
when designing flat slabs according to the strip method. Hillerborg suggests that the
reinforcement should be concentrated over interior supports in flat slabs in order to
achieve a better flexural behaviour in the serviceability limit state, shown in Figure
6.3.
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Figure 6.3  Bending moment capacity in a corner supported slab with
reinforcement concentrated over the column

In design practise it appears to be common to assume that the sectional shear force is
uniformly distributed over the full width of the slab, i.e. the same assumption as for
bending moment. However, this assumption is not true near the reaction of the anchor
ring. Figure 6.4 illustrates the loaded slab with two different sections, 1 and 2.
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V(dlj + V(d}’) = Usoil * dl : d}’ V(X) + V(b'rgd(x) ) =0gp11" X~ b
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Figure 6.4  Equilibrium conditions in a slab

Section 1 is far away from the anchor ring and it is therefore reasonable to assume
that the sectional shear force is uniformly distributed over the full width of the slab:

30 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2012:49



V(X) + O = Ospil " X - b (61)
where:
b full width of the slab

Along section 2 this assumption is not reasonable because of the concentrated load,
i.e. the shear force varies in y-direction along section 2:

V(x) + V(brea(x)) = 050y x b (6.2)

The equilibrium condition is statically undetermined and it is hard to assume a
distribution without determining the linear elastic stress distribution. It is doubtful if a
redistribution of the sectional shear forces is possible in the same manner as for
bending moment. Since the common practice is to assume that the internal forces are
spread over the full width the assumption was used despite the lack of a transition
from a uniformed distribution to a more concentrated near the anchor ring. The
bending moment and shear force distribution are shown Figure 6.5 and Figure 6.6. As

previously stated a uniform soil distribution was assumed for design in the ultimate
limit state.

Bending moment diagram
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I
P

\/

Length [m]

Figure 6.5  Bending moment distribution used for sectional design. The moment
was assumed to be uniformly distributed in the transverse direction and
a uniform soil pressure is assumed.
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Shear force diagram
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Figure 6.6  Shear force distribution used for sectional design. The shear force was
assumed to be uniformly distributed in the transverse direction and a
uniform soil pressure is assumed.

6.2 Bending moment capacity

The reinforcement was designed according to Eurocode 2 assuming an ideal elasto-
plastic material model of the steel. For concrete the stress-strain relation presented in
Figure 5.5 was used. Since the height of the foundation varies both over the length
and across the foundation, the mean height over the width was used in each section,
see Figure 6.7.

Variation of mean height
L85 . . .

by

Figure 6.7  Variation of mean height along the length. The variation is equal on
both sides of the foundation.

To simplify both calculations and reinforcement arrangement required reinforcement
amounts was calculated only in section 0 shown in Figure 6.1. Special consideration
of the top reinforcement near the anchor ring was required, since it is not possible to
continue the bars through the anchor ring. The effect of the inclination of top
reinforcement with approximately 4.5 % was neglected.

The design of top reinforcement near the anchor ring was performed using so called
star reinforcement. Figure 6.8 shows the anchor ring and the layout of the star
reinforcement.
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Figure 6.8  Left: Example of an anchor ring with holes where star reinforcement is
placed. ESB International (2010). Right: Principle arrangement of star
reinforcement.

The star reinforcement was placed within 56 holes spread equally around the upper
part of the anchor ring. The capacity of the star reinforcement was determined by
calculating an equivalent reinforcement area of the star reinforcement. The equivalent
reinforcement area was then multiplied with the number of bars in the anchor ring.
The product corresponds to the equivalent amount of reinforcement bars, which can
be compared to the required amount of straight bars. If the equivalent star
reinforcement is greater than the required amount of straight bars, sufficient capacity
of star reinforcement was assumed. The following calculations were performed:

de M

Agreq = Asitop TMRfZ,p (6.3)
As,ekv = Asi,ring 2. cos(¢;) (6.4)

where:

Agi top Area of top reinforcement bar

dg, Diameter of anchor of ring

a Spacing of top reinforcement

Mg, Design moment in critical section

Mga top Moment capacity in controlled section (with bars only in x-

direction)
Agiring Area of star reinforcement bar
Q; Angle of each bar, see Figure 6.9
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90°

Figure 6.9  The equivalent amount of reinforcement is calculated as the equivalent
number of bars in x-direction within a 90 degree circle sector.

6.3 Shear capacity

The region near the anchor ring must be designed with regard to concentrated anchor
and compressive forces and with regard to punching shear. In other regions the design
with regard to shear capacity was based on the assumption that the shear force was
uniformly distributed in the transverse direction

The shear capacity without shear reinforcement was calculated according to EN 1992-
1-1:2005 6.2.2 equation 6.2.a:

1
VRa,c = [CRd,ck(looplfck) /3] bwd 2 Vi (6.5)
k =1+ /%<2,dinmm (6.6)
AS
P = bw_:i (6.7)
Vmin = 0.035k/2f,, /2 (6.8)
where
fex Characteristic concrete compression, in MPa
Cra,c Constant found in national annex
Ag Area of horizontal bars
b, Width of section
d Effective depth

According to the calculations the capacity without shear reinforcement was sufficient
except in the area closest to the anchor ring. Even though no shear reinforcement was
required in outer parts of the foundation, the turbine manufacturer specified a
minimum shear reinforcement amount depending on the concrete class. This is the
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reason for the chosen minimum shear reinforcement of ¢25 mm with spacing 500
mm.

In the analysis of the region near the anchor ring the maximum stress (G;,qx) Was
calculated according Section 5.4 with Navier’s formula and the second moment of
inertia for an annular ring. A bar diameter of $25 mm was used and the required
spacing was calculated according to the model in Figure 6.10. The maximum
compressive stress (g,,q) Was also compared with the compressive strength of
concrete.

F e \L ‘T‘Cl" .
MaX 5y how -4 ‘T‘ MaxX =y, how g

2 ‘ 2 Fubow

Loaded area

Figure 6.10 Model for calculating required spacing of the U-bows.

Regarding punching shear it is not obvious how the capacity should be verified. The
large bending moment could result in a punching failure where half the anchor ring is
punched down while the other half is punched up. Eurocode provides methods for
verification of punching shear at columns subjected to bending moment, but the actual
situation differs from the one described in Eurocode since the bending moment
dominates. Instead of treating the loaded area as a column that is punched, a cone
along the perimeter of the anchor ring was assumed to be punched according to Figure
6.11.

Figure 6.11 A cone under the anchor ring was assumed to be punched out. Note
that a similar cone must also punch through the upper part of the
foundation slab for punching shear to occur.

The critical sections were chosen according to EC2 and are shown in Figure 6.12.
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Figure 6.12 Left: Control perimeter for punching shear according to EC2. Left:
The used model.

The described assumptions were used together with equation 6.2 for determining the
punching shear capacity for concrete without shear reinforcement, see equation 6.2.
Instead of using the sectional area A = b,,d the perimeter area in Figure 6.12 was
used. The area of the control perimeter section, 2d from the applied load, marked A in
Figure 6.12 was calculated as:

A =2nrd (6.9)

For this special type of punching shear the two control perimeters sections have
different radius and the total area was calculated using the mean radius. Observe that
it is only the perimeter of a half circle according to Figure 6.11 that should be
considered.

A= (Hmean q) (6.10)

To have sufficient punching shear capacity the result must be greater than the
resultant of the compressive force(F,). The edge areas of the “cone” shown in Figure
6.11 may contribute to the capacity. Since half of the ring is punched up and half is
punched down, parts of the edge area will coincide, see Figure 6.13.

Edge area

Figure 6.13  One cone is punched up while the other is punched down.
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It is therefore uncertain how the contribution from the edges should be handled. If this
edge area was included the capacity was sufficient and no extra shear reinforcement
was needed. However without the contribution from this area the capacity was
insufficient and extra reinforcement was needed. The minimum reinforcement, with
spacing 500 mm, is enough to ensure that the cracks cross at least two reinforcement
bars which is enough to provide sufficient capacity.

6.4 Crack width limitation

The design with regard to permissible crack width was performed in the serviceability
limit state assuming a triangular soil pressure. The crack width calculations were
performed by first determining the maximum steel stresses in state Il, i.e. assuming
that the tensile part of the concrete section is fully cracked. The characteristic crack
width wy, was then calculated according to EN 1992-1-1:2005 7.3.4.

Wi = Srmax * (Esm — €em) < Wigmax (6.11)
Srmax = ks Csoir + k1~ ky - ky - ¢/pp,eff (6.12)
where
Sr max Maximum crack spacing
Csoil Concrete cover thickness
kqy Coefficient considering the bond properties between concrete
and reinforcement
k, Coefficient considering the strain distribution
ks Value from national annex
k, Value from national annex
[0) Reinforcement bar diameter
Ae Strain difference between the mean values for steel and concrete
Ppeff Reinforcement ratio in effective concrete area

The reinforcement amount needed for flexural resistance was not sufficient to fulfil
the crack width limitations. As expected a larger reinforcement amount was needed
both in the top and bottom. The most critical part of the foundation with regard to
crack widths was the bottom side of the slab close to the anchor ring where the largest
bending moment was located. In addition to the need of bending reinforcement the
foundation needed reinforcement near the edges to limit the crack widths.

6.5 Fatigue

When designing a wind power plant foundation the fatigue analysis cannot be
omitted. In this project the fatigue analysis have been performed separately for
concrete and reinforcement. The fatigue life was verified for bending reinforcement,
U-bows and the compressed concrete under the flange of the anchor ring. The need
for shear reinforcement was small, except for the region near the anchor ring. Fatigue
verification is therefore only performed on the U-bows with a local analysis. The
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shear capacity outside the local area around the anchor ring was assumed to be
sufficient.

The fatigue analysis for steel was performed with two approaches, ‘Palmgren-Miner
cumulative damage law’ and the use of an equivalent load. Both mentioned
approaches exist in Eurocode, but no description for establishing the equivalent load
exists. However, the fatigue life of concrete can only be verified with an equivalent
load since there are no S-N curves for concrete, which are necessary in order to use
‘Palmgren-Miner cumulative damage law’.

In order to calculate an equivalent load a method described in ‘Fatigue equivalent
load cycle method’ by H.B Hendriks and B.H. Bulder was used, Hendriks and Bulder
(2007). They purpose a method to calculate one equivalent load amplitude (S q)
which is based on the full load spectra. This equivalent load can be used to calculate
equivalent stress variations which then can be used to verify the capacity according to
Eurocode. With an equivalent stress range both fatigue verification of reinforcement
and compressed concrete are possible. Equation 6.13 shows the equation used for
determine S, ., and the equations used for verification is shown in equation 6.13.

1

Sreq = ( i=0 %)m (6.13)
Where:
Sr.eq Equivalent range of load cycle
Neq Equivalent number of allowed cycles
m Exponent that defines the slope of the S-N curve
Sy Range of load cycles
n Number of cycles

The method is developed “to compare different fatigue load spectrum on a
quantitative basis”, Hendriks and Bulder (2007). From our understanding the
equivalent fatigue load in Equation 6.12 is not intended for fatigue calculation of
reinforcement, but instead for other components of the wind power plant such as the
rotor blades, Stiesdal, H (1992).

Equation 6.13 can only be used with the slope of one S-N curve. In Eurocode two
different slopes are presented depending on the load magnitude. The two different
slopes presented in Eurocode for reinforcement are m =5 and m =9 (m =k in
Eurocode EN1992-1-1 2005). The value m was assumed to be the mean value of the
given slopes, i.e. m = 7. The equivalent stress range was calculated for N, = 10°
load cycles, which was used together with the mean value given by turbine
manufacturer to calculate a minimum and a maximum of fatigue loads. The complete
calculation together with the load spectra can be found in Appendix I.

The variation of moment load was calculated as:
AM = My mean T Sreq (6.14)
where:
Syeq=13049.8kNm
My mean = 21380kNm
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Calculation of AF,, was performed in the same manner. The determined maximum
and minimum loads are used to calculate different eccentricities for the different loads
as described in Section 5.5 but with a triangular distribution of the soil pressure. The
smaller loads results in smaller eccentricities, hence the soil pressure is distributed
over the full length, shown in Figure 6.14.

/

Figure 6.14  Soil pressure distribution used in fatigue calculations.

The size of o, and o, can be determined by establishing the expression for the
distance to the gravity centre and horizontal equilibrium. The equivalent moment and
shear force distribution is presented in Figure 6.15.

Fatigue loading max/min shear force

Fatigue loading max/min moment
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Figure 6.15 Variation in bending moment and shear force for the two used
equivalent fatigue loads.

The stress-amplitudes for reinforcement and concrete can be determined from the
moment and shear force distribution. The stress-amplitudes in reinforcement can be
used in Equation 6.14 (EN 1992-1-1:2005 6.8.5) to determine the fatigue damage for
the reinforcement.

YEfat* D0sequ(N) < M;—‘f‘(tN) (6.14)
where:
Aogs (NY) Stress range of N* load cycles
A0 equ(N™) Damage equivalent stress range for N* cycles
Vs fat Partial safety factor for fatigue loading
YFfat Partial safety factor for material uncertainties
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The ‘Palmgren-Miner cumulative damage law’ approach was used with the full load
spectrum supplied from the turbine manufacturer to calculate accumulated damage
with both slopes of the S-N curves for reinforcement. To do this the complete load
spectra are exported to Mathcad, where the bending moment and shear force
distribution for each different load is calculated in order to determine the stress
variations for each unique load. The size of the load is then checked to see which
slope of the S-N curve that should be used. The two different slops given in Eurocode
are presented below.

A
k=5 For Ao - Vg pqr < =2
! Vs.fat

A
k=9 For Ao - VFfat = TRsle
! Vs,fat

The total damage Dg,4 can then be calculated as:

(Aoy)
Dgg = zi% <1 (6.15)
Where N(Aoc;) is the total number of cycles until failure for the stress range (Ao;)
calculated as:

k

AGRsk/y rat
D) — 6 s.fa
N(Aoc;) = 10 <—nyat_Mi> (6.16)
For the fatigue verification of the compressed concrete, two approaches exist in
Eurocode. The used method is based on the equivalent load, where a reference
number of load cycles, N,, = 10°, is used instead of the full load spectra. There is an
alternative method of calculating equivalent load described in the bridge part of
Eurocode EN1992-1-1:2005 that takes account for the frequency of the load.
However, there was no time to evaluate this method within the limited time for this
project. The used equations for fatigue verification of concrete are, EN1992-1-1:2005
6.8.7:

Ecd,max,equ +0.43,/1 - Requ <1 (6.17)
Requ = 52’;# (6.18)
. equ

Ecaminequ =~ gonot (6.19)
Ecamaxequ = —p st (6.20)

where:

Requ Stress ratio

Ecaminequ Lowest compressive level

Ecqmaxequ Highest compressive level

fed,fat Concretes design strength

Ocd,min,equ Lowest compressive at stress change for 106 cycles

Ocd,max,equ Highest compressive at stress change for 10° cycles
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6.6 Results

In the static design of the reference case both the bottom and top reinforcement
amounts calculated in ultimate limit state had to be increased in order to fulfil the
crack width limitations.

Shear reinforcement was only required to avoid punching shear failure. The provided
U-bows and minimum shear reinforcement prescribed by the turbine manufacturer
was however sufficient to avoid punching shear failure and no extra reinforcement
was needed. The highest degrees of utilisation are presented in Table 6.1.

Wind power plants are subjected to a large number of load cycles and the fatigue
analysis becomes of great importance. Two different fatigue verification methods
were performed; ‘Fatigue equivalent load cycle method’ and ‘Palmgren-Miner
cumulative damage law’. The ‘Palmgren-Miner cumulative damage law’ can only be
used together with full load spectra and requires applicable S-N curves. Hence, this
method cannot be used to check compressed concrete, since no S-N curves for
concrete exist. Further, the ‘Fatigue equivalent load cycle method’ is more straight-
forward and requires less calculations. Though it is unclear if this method is suitable
for fatigue analysis of reinforced concrete structures.

Both fatigue calculation methods resulted in less damage than expected, in all checked
regions and components apart from the U-bows. However, there are uncertainties
regarding which time period the load spectra provided by the turbine manufacturer
represent which make the results hard to evaluate.

The fatigue calculations performed with the equivalent load gave higher damage than
the damage summation method in all checks, except for the analysis of the U-bows. In
analysis of the U-bows the equivalent load method gave a damage of 80 % and the
‘Palmgren-Miners damage summation law’ resulted in fatigue failure (Dgq; = 1.06).
Since the calculation was performed only on the outermost U-bow, which is subjected
to the largest stress variations, the results were accepted even if the damage was above
1. Since the U-bows are evenly distributed around the perimeter of the anchor ring
and stress redistribution is possible in case of failure.

The difference in result between the two calculation methods indicates that the
‘Fatigue equivalent load cycle method” may be improper for reinforced concrete
structures. At least the method must be investigated regarding which assumptions the
method is based on.

The concrete fatigue life was only calculated with the equivalent load, the full load
spectra could not be used since S-N curves for concrete do not exist. The calculated
fatigue damage for concrete was low. The reason for this could be the high required
concrete strength class C45/55 specified by the turbine manufacturer.

Table 6.1 presents some utilisation ratios from the design. All results are presented in
Appendix H. The utilisation ratios are calculated by dividing required capacity
divided by provided capacity.

Table 6.1 present utilisation ratios from the design, all results are presented in
Appendix H.
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Table 6.1 Highest utilisation ratios

Part ULS Fatigue Remark
Bending . .
reinforcement 30 % 26 % Section 0, Equivalent
load
bottom
Bending . .
reinforcement 31 % 35% Section 0, Equivalent
load
top
calculated with required
Star 66 % 32Y% area compared to the
reinforcement 0 0 P
used
U-bow 94 9 106 % Local analysis,

reinforcement Palmgren-Miner

Local analysis under
Concrete y

0 0 - .
compression 51% 56 % anchor ring, Equivalent
load
Shear _
reinforcement 73 % - Section 0
Crack width 92 % - Section 0, at the bottom

Table 6.1 clearly shows that the critical design aspects of the reference foundation
were the crack width limitation and the U-bows subjected to fatigue loading. The
utilisation ratio for shear reinforcement was calculated with shear reinforcement
spacing 500 mm, which was specified by the turbine manufacturer. Shear
reinforcement was however only needed with regard to punching shear failure.

Besides the result for the star reinforcement, the ultimate limit state utilisation ratio
and the fatigue life is rather similar. The low utilisation ratios in the ultimate limit for
bending reinforcement are an effect of the crack limitations in the serviceability limit
state, may explain the rather small fatigue damage. The result for star reinforcement
was calculated differently and could not be compared with the other results for
bending reinforcement. The U-bow reinforcement is not designed with regard to crack
width limitations, which explains the large utilisation, both in the ultimate limit state
and in case of fatigue.

6.7 Conclusions on common design practice

Design according to common practice is based on the idea of distributing the sectional
forces uniformly across the full width of the foundation and using sectional design.
However, this assumption is unreasonable near the anchor ring because of the
concentrated reaction from the anchor ring. By concentrate the reinforcement to the
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centre of the slab the effects of stress variation in transverse direction is accounted for.
The bending capacity can be regarded as sufficient as long as the total bending
reinforcement is enough and plastic redistribution is possible. Regarding the shear
design it is necessary to construct a truss model in order to ensure sufficient shear
resistant. Therefore a 3D truss model is recommended in order to consider the 3D
behaviour of the slab. In common design practice the stress variation in transverse
direction is disregarded and the design procedure is incomplete.

If the linear elastic stress field is known, regions where 3D-aspects need to be
considered can be identified. Hence, regions where beam-theory is valid can be
recognised and designed with sectional design.

Sectional design is straight forward and it is easy to determine how sectional forces
change depending on load magnitude. This makes fatigue calculations based on the
full load spectra and ‘Palmgren-Miners damage summation law’ rather simple. The
3D aspects must also be considered in the fatigue assessment. Because of the relative
small fatigue loads it is unreasonable to assume that the internal forces will
redistribute. Therefore it is recommended to assume that both the shear force and
bending moment are concentrated to the centre of the foundation.

There are uncertainties regarding which time period the load spectra used for fatigue
assessment represent, which make the results from these calculations hard to evaluate.
It is also uncertain if an equivalent load is reasonable for design of reinforced concrete
structures. The results from the calculations with ‘Palmgren-Miners damage
summation law’ differ from the one performed with an equivalent load. The
equivalent load was used, because the fatigue verification of concrete in Eurocode
requires one equivalent stress range.

Because of the large bending moment in the anchor ring the verification of capacity
against punching shear failure is conducted with a modified version of the one
proposed in Eurocode. The used method for verification of capacity against punching
shear failure must be studied further before it can be accepted in design.

The square shape of the foundation is well suited for a reinforcement layout with bars
placed only perpendicular and parallel with the edges. In case of circular foundations
a design where the reinforcement is placed radial may be more suitable.

With a circular foundation the length of radially placed bars can be constant, while
they need to be shortened in a square foundation. With the same reasoning a circular
foundation is less suited for reinforcement with crossed bars, se Figure 6.16.
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Figure 6.16  Different reinforcement layouts in square and circular foundations

Unlike crossed bars the use of bars placed radially results in problem with the spacing
in the centre of the foundation. If the bars are placed radially the need of
reinforcement is reduced due to the fact that the loads do not need to be transferred in
two directions separately. In Figure 6.17 this is exemplified with a corner supported
slab.
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Figure 6.17 Left: Reinforcement in x- and y-direction. Left: Radially placed
reinforcement. With radially placed reinforcement the need for
reinforcement decreases.
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7 Design of reference case with 3D strut-and-tie
models and Eurocode 2

With regard to the boundary conditions and the concentrated centric load a 3D-model
was used to capture the behaviour of the foundation. This chapter describes the design
methodology that was used to establish 3D strut-and-tie models for the reference
object described in Chapter 5.

7.1  Methodology

The previously described methodology in Chapter 4 to describe the stress flow in D-
regions known as the load-path method can be used in 3D. There is however a very
complex loading situation and without great experience or advanced computer
analysis a reasonable stress field is hard to assume. The chosen procedure was to
simplify the loading and start to construct a suitable 2D model that then was
developed into a 3D model.

The self-weight and soil pressure needed to be divided in an adequate amount of
nodes to avoid an oversimplistic model. With a chosen division of loads the models
were established based on the load path method. The models were constructed in the
commercial software Strusoft FEM-design 9.0 3D frame. Strut-and-tie models are
only based on equilibrium conditions, i.e. no deformations should be assumed in the
struts or ties. Therefore the elements were represented by “truss members” with
properties chosen to according to Figure 7.1.

o o)
EA=w GI. =0 EL =EL =0

Figure 7.1  Used elements in analysis.

The first models in FEM-design were constructed with “fictitious bars”, but because
of problems with setting the flexural rigidly to zero ordinary “truss members” were
used instead. These elements can only transfer normal forces and all connections are
hinged. In order to avoid influence from deformations or buckling the loads were
scaled to 1/100 and large steel sections of high strength were used. To verify the
results from FEM-design the freeware Fachwerk 0.4.1 was used, developed by
Vontobel, A (2010). Fachwerk is designed for analysing strut-and-tie models and uses
only equilibrium conditions, i.e. does not consider any material behaviour.

7.2  Two-dimensional strut-and-tie model

To simplify the loading situation the self-weight was represented by two resultants
acting on top of the structure. The soil pressure was modelled as uniformly distributed
and represented by one resultant in the strut-and-tie model. The position of the U-
bows is fixed and the distance between vertical bars is 500 mm. The first model was
established with only the criterion of equilibrium and did not consider angle
limitations or node stresses. In order to keep balance so called “u-turns” were needed
above the resultants F, and F, in order to take care of the bending moment. Only
vertical and horizontal ties were accepted with regard to practical reinforcement
arrangement. The developed 2D model along with used loading conditions is shown
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in Figure 7.2. This 2D model was used as the base for development to 3D models.
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Figure 7.2  Established 2D strut-and-tie model for the wind power plant
foundation.

7.3  Three-dimensional strut-and-tie models

A wind power plant foundation is subjected to many different load amplitudes and a
unique strut-and-tie model could be established for each load case both in 2D and 3D.
The 3D strut-and-tie models were established for the ultimate limit state. The
difference in the serviceability limit state is the location of F;,; since the soil
pressure and eccentricity varies with the load magnitude.

When developing the 2D model to 3D, the reactions acting on the foundation must be
represented by an adequate amount of nodes over the width of the foundation. The
soil pressure was assumed to be evenly distributed over the width of the foundation.
Choices made regarding the distribution of nodes were the following:

e The self-weight including the filling material was divided into six parts of the
same size
e The soil pressure was divided into three equal parts over the width

How the loads were divided is shown in Figure 7.3. In the strut-and-tie models a node
were placed in the centre of each loaded area.
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Figure 7.3  Load dividing lines for the nodes.

With the chosen load distribution two different load paths were used, one with load
transferred in one plane at a time (model 1) and another with load transfer radial
(model 2). Model 1 was based on the idea to only use reinforcement parallel or
perpendicular to the edges, i.e. in x- and y-directions. Model 2 transfers the load in
diagonal paths to and from the anchor ring. The different models are illustrated in
Figure 7.4.

Figure 7.4  The different load path models. Left: model 1 load paths in x- and y-
directions. Right: model 2 with diagonal load paths. Dotted line:
division of G, dot-dashed line division of f,;;.

As stated earlier the 2D strut-and-tie model was used as a base for the 3D model. The
diagonal “legs” and the parallel “legs” are similar to the 2D model. These “legs” were
connected with a strut-and-tie model for the anchor ring. Figure 7.5 shows the
principle ideas for the establishment of the strut-and-tie models and the so called
‘legs’.
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Figure 7.5  Principle of the 3D strut-and-tie models. Left: The loads are
transferred in x- and y-direction separately. Right: Load transferred
diagonally. The parallel and diagonal “legs” are marked red.

In order to achieve equilibrium the nodes representing the soil pressure must be
connected with the reaction force of the anchor ring. In the model that transfer loads
in X- and y- directions the “legs” is connected with the anchor ring in the middle and
on the edges to utilise the full width of the anchor ring. In the diagonal model the
position of “legs” were chosen to go between the positions of the nodes representing
the self-weight.

In the 2D model the bending moment was represented by a force couple. The same
method was used in the 3D model, but instead 3 force couples represented the bending
moment. To determine the magnitude of each force a similar approach was used as in
the design based on common practice, i.e. assume that plane sections remain plane in
the interface between the anchor ring and the concrete. In this case, six components
must be determined and their resultants must act in the node position corresponding to
the connection between the ‘legs’ and the anchor ring. The calculation of the forces
was carried out with a FEM-analysis. The FEM model consisted of a thick anchor ring
to avoid deformations in the anchor ring. It was supported with point supports placed
at the chosen node positions and loaded with the bending moment. The model is
shown in Figure 7.6, where the stress resultants of the supports were placed at the
corresponding nodes in the strut-and-tie models. The largest resultants were located in
the most eccentric part of the anchor ring. The magnitudes of the different forces are
presented in Table 7.1 and their location in Figure 7.6.
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Figure 7.6 Used model to determine Fq, Fc,, Fyy and Fy, in the 3D strut-and-tie
model.

Table 7.1 Ultimate loads calculated with the FEM-analysis including F,

F., 90 400 kN
F., 52700 kN
Fy 85900 kN
F,, 45300 kN

With chosen load distribution on the foundation, positions and size of the forces
corresponding to the rotational moment two strut and tie models were established.
These 3D strut-and-tie models are presented in Figure 7.7 and Figure 7.8. Figure 7.7
shows model 1 that was established from the concept of using ties in x- and y-
direction for simplified reinforcement layout.

Figure 7.7 Model 1, were the detailing for the centre of the strut-and-tie model is
shown separately.
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Figure 7.8 shows model 2 established with the idea of transferring the load radial.

l

S—r7]

Figure 7.8 Model 2, were the detailing for the centre of the strut-and-tie model is
shown separately.

Note that the models have different centre, the reason for this was to achieve
equilibrium by only using straight bars for Model 1. When the 3D strut-and-tie
models are established, the angles and node capacities should be checked. The angle
recommendations used in 2D can be adapted to 3D, by checking the angle in each
plane separately.

The foundation must be able to resist arbitrary wind directions, but the strut-and-tie
models can only be established for one load case at a time. As described in Section
6.1, performing the design of the foundation for all parallel wind directions is
regarded as sufficient since the reinforcement is crossed. If model 1 is rotated to
restrain all perpendicular wind directions the model is assumed to resist all wind
directions. Model 1 becomes double symmetric when rotated, which is not the case
for model 2. In Figure 7.9 both models are rotated. For model 2 it is not sufficient to
only check parallel wind directions, since the load is not transferred in two directions
the diagonal wind direction can result in larger need for reinforcement and therefore it
must be verified separately.

AlimmilNl KA

JAN /2 N
=

1 ¥ | -.l— A

Figure 7.9  Rotated strut-and-tie models: Left: model 1 Right: Model 2.
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Since the foundation of the reference case is square Model 1 is preferable due to the
problematic connection in the centre of the foundation.

7.4  Reinforcement and node design

Designing the reference foundation with radial placed reinforcement was regarded as
inappropriate because of the square shape. Therefore the reinforcement calculations
were only performed for Model 1. Model 1 was divided into different sections, which
were designed separately. The definition of sections is shown in Figure 7.10 and the
corresponding forces and sections can be found in Appendix J.

3.6m

3.6m

=
@
[
o -
Mmoo
-
[}
T

Figure 7.10  Definitions of sections for Model 1, each section is presented in
Appendix J.

The design of shear, top and bottom reinforcement in each section was performed
according to the following steps:

1. Determine the largest tensile force for vertical, top and bottom tie separately.

2. Calculate the amount of shear, top and bottom reinforcement required for the
corresponding ties.

3. Spread the needed reinforcement over the width of the approximated tensile
stress field, which the corresponding tie represents.

For example Section 1-1°s largest tensile force in the bottom layer is spread over a
width of 3.6 m, see Figure 7.10. This resulted in a spacing of 200 mm of ¢25 bars.
3.6 m is the distance between Sections 1-1 and 2-2, which is the width where the
corresponding tensile stress field of the tie is assumed to occur. The reinforcement
needed to transfer the soil pressure and self-weight are spread over the same widths as
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used for the load paths, shown in Figure 7.4. To resist load from arbitrary wind
directions the reinforcement calculated must also be provided in the transverse
direction.

The suspension reinforcement was designed under the same assumptions and with the
same design procedure as described in Section 6.3. Accordingly U-bows with a bar
diameter of $25 mm and a spacing of 100 mm were chosen. An example of detailing
around the anchor ring is illustrated in Figure 7.11.

AX

'
g s ' [}
TR Dy
b 8gfe)

X
X

Figure 7.11  Example of U-bows that are placed very dense around the anchor ring.

In 3D complex node geometries can arise which cannot be designed by directly
adapting the design rules from 2D design. There are no accepted design rules for how
to design these nodes. However, a solution for designing complex 3D node regions is
purposed by Chantelot, G. and Alexandre, M. (2010) and is briefly described in
Section 4.7.1.

The wind power plant foundation is subjected to distributed forces from the soil
pressure and self-weight. The sectional forces are distributed over the circumference
of the anchor ring flange at the interface to concrete. The sectional forces at the
anchor ring interface connection are distributed over the circumference of the anchor
ring flange. Hence, the corresponding nodes are distributed and do not need to be
checked.

When confirming the strut-and-tie model it is not enough to verify the concentrated
nodes. The compressive force in the struts does also need to be limited. This can be
done by calculating the concrete area required to take the compressive forces in the
struts and compare it to the available. The struts are assumed to be spread over the
same width as the corresponding tie. To verify the capacity of the struts the required
concrete area for each strut is calculated in Appendix K. There are however, struts
that are critical within the anchor ring but the established model of the detailing
around the anchor ring needs to be refined. This can be achieved by subdividing the
force couple in more than six nodes. In addition the design should be improved with
minimum reinforcement.
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The tensile forces in the vertical ties in the strut-and-tie model outside the anchor ring
are assumed to be spread over the same length as the bottom and top reinforcement.
This gave the required spacing of the shear reinforcement which were larger than the
required, ¢$25 bars spaced 500 mm from the turbine manufacturer. But since the
design only have been performed for the ultimate limit state the design must be
supplemented with service ability calculations.

7.5 Fatigue

No fatigue verification has been performed on the strut-and-tie models, since every
different load case would result in a unique strut-and-tie model. Without an automatic
routine it is unreasonable to establish a 3D strut-and-tie model for every load case.
Two strut-and-tie models could be established for the two equivalent loads to find the
stress amplitude in these cases, but with regard to uncertainty of the accuracy of these
loads this has not been performed.

With either an automatic routine or a reduced number of load cases the strut-and-tie
method is well suited for fatigue calculations, since the 3D behaviour of the
foundation is taken into consideration. However, if the strut-and-tie model is used for
fatigue calculations the model must be close to the linear elastic stress field, i.e. have
a small need for plastic redistribution. Further, the reinforcement layout cannot
change between the models, i.e. one reinforcement solution must fit all load cases and
corresponding models.

The master thesis “Fatigue Assessment of Concrete Foundations for Wind Power
Plants” Goransson, F. Nordenmark, A. (2011) describes how fatigue verification of
2D strut-and-tie models can be performed. Instead of using one equivalent load as in
our project a reduced load spectrum was used, which was provided by the turbine
manufacturer. To simulate the stress field four unique 2D strut-and-tie models were
established in the fatigue analysis. The strut-and-tie models were different, but all
models had the same reinforcement layout.

7.6  Results

The design of the foundation with a 3D strut-and-tie model resulted in a reinforcement
layout shown in Figure 7.12 and Figure 7.13.
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Figure 7.12  Bottom reinforcement layout, all measurements are in mm.
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Figure 7.13  Top reinforcement layout, all measurements are in mm.

The reinforcement layout shows that the horizontal reinforcement is placed denser in
the centre of the foundation. The need for bottom reinforcement is considerable larger
than the need for top reinforcement. The shear reinforcement is placed with a spacing
of 500 mm, Figure 7.14 illustrates the type of shear reinforcement that was used.
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Figure 7.14  Shear reinforcement

7.7  Conclusions on the 3D strut-and-tie method

By designing the wind power plant foundation based on a 3D strut-and-tie model the
3D stress distribution is taken into consideration.

By conducting a linear elastic FEM-analysis of the foundation the linear elastic stress
field could be calculated and a more refined model can be established. A more refined
strut-and-tie model better simulates the elastic stress field and reduce the need of
plastic redistribution. A reduced need for plastic redistribution will improve the
behaviour of the foundation in the serviceability limit state.

The established model results in two different reinforcement layouts: one with radially
placed reinforcement bars and one with reinforcement bars only in parallel and
perpendicular directions to the edges. Due to the square shaped foundation
reinforcement placed only in parallel and perpendicular directions to the edges was
preferable.

Without an automatic routine for establishment of strut-and-tie models or a reduced
load spectra it is very time consuming to perform fatigue calculations on a strut-and-
tie model. The reason for this is that a unique model must be established for each
fatigue load case. Except for these requirements the strut-and-tie model is well suited
for fatigue calculations since the stress variations is easy to evaluate. It should be kept
in mind that the strut-and-tie model is designed for the ultimate limit state and the
fatigue loads are well below the ultimate loads. It is therefore of great importance that
the model is based on a stress field close to the linear elastic. If the strut-and-tie model
is based on a stress field far away from the elastic, the model will not simulate the
stress field for the relative small fatigue loads and plastic redistributions are small or
non-existing.
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8 Conclusions and recommendations

The centrically loaded foundation results in D-regions and 3D stress flow which make
the use of a 3D strut-and-tie model an appropriate design method. The 3D strut-and-
tie model properly simulates the 3D stress flow of reinforced concrete and is
appropriate for design of both B-and D-regions. The design according to common
practice does not capture the 3D behaviour and is therefore unsatisfactory. Shear
design with a sectional model is not possible, i.e. a truss model is required. And in
order to capture the 3D behaviour a 3D truss model is necessary.

By conducting a linear elastic FEM-analysis of the foundation the linear elastic stress
field can be calculated and D-regions can be distinguished. With this known a more
refined strut-and-tie model can be established that follow the linear elastic stress flow
more accurately. It also possible to distinguishes where sectional design can be used,
i.e. where the stress variation in transverse direction do not need to be considered.

We found it rather complex to establish the 3D strut-and-tie models, it was
particularly hard to model the region around the anchor ring in an appropriate way.
This might be due to lack of experience of modelling in 3D. Suitable software might
simplify the establishment of 3D strut-and-tie models. Another difficulty with strut-
and-tie modelling for the design of the wind power plant foundation is the fatigue
verification. Fatigue verification with the full load spectra are not reasonable to
perform with strut-and-tie models without an automated routine since a unique model
must be established for each fatigue load. Without an automated routine the use of an
equivalent load becomes necessary. The uncertainties regarding the equivalent load
results in a need for a separately research before it can be accepted in design.

8.1 Reinforcement layout and foundation shape

A square foundation seems more suitable for the use of reinforcement in the two main
directions than radially placed reinforcement. It is an easier layout that avoids
problematic connection in the centre of the foundation and the need of reinforcement
bars in many different lengths. One disadvantage is that it requires more
reinforcement since the load must be transferred in two directions separately. If a
circular foundation instead is used, radially arrangement of the reinforcement bars
appears to be more appropriate.

The reinforcement layout from the design according to common practice was
suggested to be concentrated towards the centre of the foundation for both top and
bottom reinforcement. This choice is motivated by the similarities with a flat slab,
where the solution is used to improve the behaviour in service state. The results from
the strut-and-tie model also imply that this is a good reinforcement arrangement, with
regard to the concentration of internal forces near the anchor ring.

8.2  Suggestions on further research

In this thesis only one type of connection between the tower and foundation has been
studied. It would be interesting to study alternative connection types and how they
influence the design. Also how to perform relevant verification of punching shear
failure of the anchor ring need to be further studied. Further a design for serviceability
limit state is desirable.
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The uncertainties regarding how to handle the fatigue loads, i.e. if an equivalent load
can be used for design of reinforced concrete needs to be clarified. If the use of an
equivalent load could be verified, this would make the fatigue calculations
considerably simpler. Further the interaction between the soil and the foundation

influence the design and studies about the actual soil pressure distribution is of great
interest.
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A In data reference case
A.1 Geometry

*Fumremrram
— 11 | I
*meahm!wei E E’- g
Section

hl = 1500mm
hz := 1700mm
h3 = 2200mm
h4 = 2900mm

15500

15500

plane

A1N:= 15500mm Length of foundation

lys:= 12 + 12 Diagonal of foundation

dg. = 4m Outer diameter of steel ring
&= 50mm Concrete cover template

Csoil == 100mm Concrete cover to soil (bellow)

x:=0,0.0lm..155m

Variation of foundation section height




_ -
2 1
h(X) = hl + l—
— —33m
L 2
hy —hy
h2 - 1—
— —33m
L 2

h, otherwise

15.
X = 0,001111 %m

1
x| if x<—=-33m
2

! 1
fx—==-=-33m|| if —+33m<x
2 2

Variation of foundation mean height (height varies in two directions):

[h(x)i-(% - xj + [1 - 2(% - XHM} 1
)= if x <—-33m
! 2
L. 1.
17m-6.6m + (I - 6.6m) ~mt 10
1 otherwise
Variation of mean height
1.65 . | |
1.6] i
E By
1.55F i
1.5 L I A
5 - - : 8
X
[m]
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A.2 Loads

Coordinate system

62

Characteristic loads
Loads from tower

F_ = 2121kN

z
M, = 5863kN-m

Mxy = 51115kN-m  Included moment from misalignment

ny := 800kN

Loads of foundation

Dead weight of concrete foundation including filling material and reinforcement
G= 12574.9kN

kN
&= 52.341 —
m2



Partial factors for loads according to IEC 61400-1:2005 edition 3

According to table 2 p. 35 IEC 61400-1:2005
DLC 6.2 "Extreme wind speed model 50-year recurrence period"”
Ultimate analysis, Abnormal

IEC use another standard where:
Abnormal corresponds to ULS
Normal corresponds to SLS

Live loads: Dead loads:

ULS

o= L1 Unfavourable NG := 1.0 Unfavorable
YQf = 0.9 Favourable NGf = 0.9 Favorable
SLS

A{QSIS =10 YGsls == 1.0

Fatigue

'\{f =1.0 -

Partial factors for consequences
of failure to IEC 61400-1:2005 edition 3

Componentclass 1:  ~ := 1.0

Design loads

ULS
Myyq = N Myy = 56.227-MN'm

Fyyd = 1QFxy = 0.88-MN
F,q= "G F, = 1.909-MN
M, 4= ﬁ{Q-MZ = 6.449-MN-m

kN
m

SLS

MXySLS = A{QSISMXY =51.115-MN-m
FXySLS = PYQSIS'FXY = 0.8-MN
FZSLS = FYGSIS'FZ =2.121-MN

MZSLS = A{QSIS.MZ = 5.863-MN-m
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k
24dSLS = PYQSIS'g = 52.341'—2
m

A.3 Material Properties

Material properties and partial factors according to Eurocode

Partial safety factors [EN 1992-1-1:2005 2.4.2.4 table 2.1N]

Yme = 1.5 Material partial factor for concrete
Vs = 1.15 Material partial factor for steel
Concrete strength class C45/55

[EN 1992-1-1:2005 3.1.3 table 3.1]

foi = 45MPa Characteristic compressive strength
fom = 53MPa Mean compressive strength
fotm = 3-8MPa Mean tensile strength
E.p = 36GPa Mean Young's modulus
-3 . .
Eou = 3510 Ultimate strain

Reinforcement KS600S
fyk := 600MPa Characteristic yield strength
E = 200GPa Young's modulus for steel

Design values

f
fog = k. f.q = 30-MPa Design compressive strength of concrete
Tmc
fyk
f,q:= LS f, 1= 521.739-MPa Design yield strength of steel
yd yd
Tms
Eq
o= — o= 5.556
Eem

Note that the fatigue loads are presented in respective chapter



B  Global equilibrium

B.1 Eccentricity and width of soil pressure

Find minimum eccentricity of soil pressure resultant with extreme loads.

M + F,qh
e = “xyd T xyd 74 = 4.444 m Minimum eccentricity for soil pressure
FZd + Gd

Soil pressure (shaded area) in case of different wind direction Left: Wind direction 90 degree.

Right: Wind direction 45 degree. All intermediate direction is assumed to be fulfilled when
those two are checked.

Width of soil pressure with uniform soil pressure and wind direction 90 degree (the soil resultant at —

1
buni = 2(5 - e) =6.612m

Width of soil pressure with triangular soil pressure and wind direction 90 degree (the soil

2b
resultant at ?)

b= 3(1 - e) =9918m
2

Width of soil pressure with uniform soil pressure and wind direction 45 degree.

2 2
" +1
3(—+ - e]
N2 )

2

b45.uni = =9774m

Width of soil pressure with triangular soil pressure and wind direction 45 degree (result in

. b
a rectangular soil pressure ( 5))

1 1
45 45
b45 = 2(7 - G) =13.032m b45 > 7 =1
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ldealisation of loading case. Moment replaced by a force couple. ¥ and Fincluding T .
Left: rectangular soil pressure Right: Triangular soil pressure

Calculation of soil pressure

) Fza+ Gq MN Resulting soil pressure with triangular soil
f5oil = = 2.667- m pressure and wind direction 90 deg
2
F . +G Resulting soil pressure with uniform soil
zd d MN . .
o= =2 pressure and wind direction 90 deg
soil.uni b m

Resulting soil pressure with triangular soil pressure and wind direction
45 deg.

F ++G MN
f R M =2.706-—— Resulting soil pressure with uniform soil
45.soil.uni ; o
45 uni m pressure and wind direction 45 deg
2
G . .
d kN Resulting soil pressure per meter
fai= = 730155~ NG SO pressie b
m



Since the calculation is made in 2D it is important to calculat:

where the resultants on
the anchor ring acting. Assume that the stresses is
concentrated in two quarters of the anchor

£ [ ring with each resultant in its gravity center.

f o= 7 o =2m Outer radius of steel ring

...“.‘_‘._‘."I b-.

s
4 Calculation of distance between compressive and tensile
ds = 2. 2 . ro-cos(ap)-ro do forces with gravity center under the assumption of a
I, J . fourth part of the steel ring being active for the
_ compressive and tensile side
4

ds
dS =3.60l m Ig: ?

The normal force F, is equally spread on the anchor ring and resulting in:

F,
2
ds

d
< ST >

M E
xyd n ‘z
d. 4

ds =3.60lm Distance between tensile Fy and compressive force Fc

dgp=4m Diameter of anchor ring
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Transformation of moment to force couple

Mxyd + nyd' hy  Fy

F,=——————— + — = 16.799-MN Compressive force from moment and vertical force
dg
M + F,4-h F
F = “xyd " Txyd 4 - _zd = 15.844-MN  Tensile force from moment and vertical force
dg
b Fud _
F - F +ggl- fsoil'z + — = 0-MN Check of global equilibrium
Fzd ey
F, = Fr + g4'l = fioil uni-Puni + 7 = 0-MN Check of global equilibrium
b . F
45.uni zd ey
F - F +gql- f45.s0il.uni'T + 7 = 0-MN Check of global equilibrium

B.2 Shear force and bending moment distribution

Assume that the bending moment and shear force are equally spread over the full width ofthe
foundation

Shear force and moment distribution for wind direction 90 degree
x:=0,0.0lm..15.5m

f .. .2 1-d
soil x ) S
M) = Egoix - b 2 ggx if x< >
¢ foil x . f1—ds< <l
X — — 2 — g X — i <x
soil b 2 g4 c 3 >
f . 2 F
soil x d 1
fsoﬂ‘x_ b '?_gd'X—FC—T if E£x<b
F 1+d
zd S
foily ~ &% ~Fe = — if b<x<
F 1+d
b zd .
fsoil'z - ggx - Fo- BN F if <x<l
Vuni(x) = fSOil.uni'X — 83X if x< buni
1 - dg
fsoiluni-Puni — 84X 1if bypj <x< 5

fSoil.uni Puni ~ 84X ~ Fe if 5 <x<—

2
F 1+d
Zd . 1 S
fSoil.uni Puni — 84X ~ Fe ~ T if 5 <x< >
F 1+d
Zd . S
fsoiluniPuni — 84X — Fe — T + F if <x <1



x2 fSoil x3
Fsoil®) = fsoil " = =77
2 1 - dg
M(x) == |Fgoi(x) — gg— if x<
Fooil(x) — X—Z—F X—l_dS ifl_ds<x<—
soil &d ) c 5 . 5
2 1-d,\ F
X ] zd 1
Fsoil(x)_gd'z_Fc(x_ 5 ]—7( —E) if —<x<b
2 1-d F 1+d
b b X S zd S
fsoil S| X =% |~ 845 ~ Fe| X~ -—x-—| ifb<x<
soﬂz( 3j 24 5 c( 5 j 5 ( j
2 1-d 1+d
b b X S S
foilr 77X~ 5|~ 84 —Fo| X - . if <x <1
soil 2( 3) 24 ) c( 5 j >
+— X - — +Ft.x_
2 2 2
x2 x2
Mypi(®) = fsoil.uni'? gq— 1f x<byyi
uni X . S
fSoil.uni Puni’| X ~ > _gd'7 if by Sx <
byni 2 1-d 1-d
uni X S S
fSoil.uni Puni( X ~ 5 _gd'T_Fc(x_ 5 ] if 5 Sx<2
uni x> I - dg 1+ dg
foil uni Punil X — -gqy— - F.|x— if —<x<
soil.uni “uni 5 g4 2 c 5 5 >
F2d |
4+ — X - —
2 2
buni x> 1 -dg 1+ dg
foiluni®buni'| X = |~ 8¢ ~ Fe| X = = | i —— <xs]
+— X - — +Ft.x_
2 2
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Shear force and moment distribution for wind direction of 45 degree
The forces is assumed to be spread along the full width ( leff(x45)) which vary with x, se figure
X45 =0 . 0.0lm.. 145

_ . l4s
lefr(x4s) = [2x45 if x45<—>

1 1
45| . 45
145 - 2(){45 - Tj if X45 > T

30 T T

logr(x45)

101~ 7]

X45

Calculate how the self-weight varies with x gd'45(x45)

G
gpi=— Self-weight per square meter

12

. 2 l4s
gd4s(xas) = [erras if xg5 < >

2 1 2 145 +1

ol e - —=
145 45 45 P 45 145 145
gf. _— + .

Xqzs — — |- if xqe 22—
) ) 4577, ef 45=7,




1.5%10’

1x10'F

5x10%F

V45 uni(X45) =

10 20 30
; 2
45.soil.uni %45 i
o 2 ~ 84.45(x45) if X45 <bys ypi
45 uni
bye Iy — d
45 uni . 45 S
45 soil.uni™ ‘%dﬁ@%)ﬁb%umﬁws<_3_—
545 uni 145 - dg I45
£45 soil.uni’ - gd.45(x45) —Fo if ——— sxq5<—
2 2 2
; 45 uni (s45) - F Faq . l45 3 <:145 +dg
- _ S T R Y S R C B
45.soil.uni 5 £4.45\%45 c 2 5 45 5
b45.uni de . 145 + ds
f45.s0iluni = ~ 8d.45(x45) ~ Fo - TR S x5 <ygs

Calculate gravity center of gravity tpx(x45) and the actual moment of self-weight Gd.45(x45)

|
Xas

tpx
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o 5l

e B
l4s (45 2)
Y R

tpx(x45) =

Gg.45(x45) =

M45.uni(x45) =

1 1 1 2
lys — 2 45 sl 45
- X - -l X - — X —
45 45 5 45 ) 45 2

zd

- dg
~F.|xge —— | - _
c| *45 2 2 X45

f45.soi1.uni'

+-Gg 45(x45) -

. F I45
ek I
2 'S

X45 I45
ed.45(x4s) = Txas<—
145 2145 .
Iys = 2| xg4s — — || + 1
[45 ( 5 ﬂ 45 l4s I45
\Mas T TR a5 T T, T tpx(X45)
£ Xy
45.s0il.uni *45
o ~ G 4s(xas) if x45 <bg5 i
45 uni
b 2b Iys — d
45.uni 45.uni . 45 <
{45 so0iluni ™ ( X45 = j = Gyas(xas) 1 Das uni <Xa5 <=
b45 un1 2b45 uni l45 - ds 145
f45.soi1 uni’ oo If —2 <xy5 < T
145 -
+-Gg 45(x45) ~ Fo| X45 ~
b45 un1 2b45 uni 145 < 145 + ds
£45 soiluni ™| X45 ~ ~ G 45(x45) - if o SMs<T

las
2

545 uni 2bgs yuni g+ dg
—2 . X45_Tj lfT£x45§]45
c’| 45 )
145 + dS



Shear force diagram

[
10 Vuni |
// —— V45uni
z
Z s
(O]
2
S
5 0
0]
<=
95]
-5
0 10 20
Lenght [m]
Bending moment diagram
20
10
Z
=
= 0
£
o
S
2 10
g
=
O
m
o \'
—— Muni
—— M45uni
—30 [
0 10 20

Length [m]

Conclusion: The moment distribution is similar independent of loading situation. Its important to
extend the reinforcement in order to achieve required capacity in the corners. Since the reinforcement
is crossed the capacity is satisfied also in the diagonal direction. The design will be based on the
loading with uniformed soil pressure and wind direction perpendicular to the foundation. Its a
common assumption to assume uniformed soil pressure in ULS calculation. The triangular soil
pressure gives however slightly higher positive moment.
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B.3 Sign convention

\+/’

L,

NS

The figure above shows the sign convention. Moments resulting in tensile stresses at the bottom
of the foundation is defined as positive. Observe that the diagrams shows negative downwards.
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Stamp


C Design in ultimate limit state

C.1 Sections

Check in four different section, se figure. bottom U and top O reinforcement. 1, starts from the

embedded steel ring edges.

/4  L/a /a4 L/a d. L

A
W
i
W

;\ Concrete

T cover
: 4.45m

M
W

SEC3 SEC2 SEC1 SECO

The internal forces is checked in four different sections, section 0-3.

Mgy @nd Mg, are the positive and negative moments in the four different section.

3, 21, 1 1 21 3.1
X XX X X b
Isectionl = (lx 4 a4 _j Isection2 = (lx +dg Iy +dg+ n Ix +dg+ 4 Ix +dg+ 4

4 4 4

1 =1 T =1 g
section] *~ “sectionl section2 *~ ‘section2
_ 3 2 I
hmﬁsection = hm(lx) hn le b le hl :
T
hmﬁsection = hmisection
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Mean height of section

x:=0,0.0lm.. 15.5m

Z hm_section

h

SIZCX

15.
= 153 +1=1551x 103
0.01

m_mean " length(h

D hy(x)

m_section)

=1613m Mean height of the four sections

= 1.625m Total mean height

sizeX
Choose bar diameter
¢y = 25mm ¢, = 25mm

cSOﬂ = 100-mm

¢ = 50-mm
2
7T'd)o 2
Asio = = 490.874-mm
2
7T'd)u 2
Asiu = = 490.874-mm

Top and bottom reinforcement
Concrete cover to soil

Concrete cover to template

Reinforcement area for one bar top

Reinforcement area for one bar bottom

Calculate mean distance to reinforcement for top and bottom reinforcement d,  and

Definition of d in the four different sections . d ., is the mean distance from the top edge to the first

layer bottom reinforcement. d ., is the mean distance from the bottom edge to the first layer of top

reinforcement.
i=0.3
d h (1 b bu
= . —C. .1 — - —_—
mu, m( sectlonli) soil us o, dmoi = hm(lsectionli) —c— ¢y -
1.505 1.555
1.505 d 1.555
= m =
m 1471 Mo 1521
1.423 1.473

o
2



Assume a ideal plastic behavior of reinforcement, i.e. no tension stiffening and no strain limit

g L LT et x -_--—:kﬁ"‘

ffo--- -

S
Fu-Falye .

Shows different material models for reinforcement bars. Assume horizontal top branch
without strain hardening and strain limit. Curve (B)

C.2 Design of bending reinforcement

MuniCsectionlJ Muni(lsection2i>

Mpqy, = —— 5 MEgo. = ——
i 1 i 1

1.422 -0.834

0.816 | MN-m -0.469 | MN-m
Mgy = — MEgo = —

0.363 m -0.208 m

0.091 -0.052

Preliminary Reinforcement area and bars per meter in the different sections

1142 % 1073 2012% 10 °
ME 4o -1 6422 % 1074 | 2 N MEdqu 1154 x 10> | m2
SO - = o— su = — = —_—
fyd 0.9-dpo 201910 4| ™ fyd 0-9d 15y 5251 10 4| ™
7533 x 107 ° 1357 x 10”4
2.326 4.099
Aso 1.308 | 1 Agy 2352 |1
ng=—= — n,=— = -
Ago |0.595 |m Agiu 1.07 |m
0.153 0.276

Minimum spacing
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429.955 243.966

1 764.365 | 425247
Ay = — = ‘mm a,, .= — = -mm
° T h, | 1682% 10° uT T 9348
6.516 x 10° 3.618 x 10°
(1 (1 . .
Agreq = minf — | =429.955-mm a = min| — | = 243.966-mm Required spacing with regard
q ureq :
o Oy to bending

Choose spacing:

Igm;: 150mn1 l‘%”:: 1 10mn1 OBS This spacing is chosen with regard to crack width
limitation se D. Crack widths SLS

Bottom reinforcement

Calculate ultimate capacity for positive moment, i.e. bottom reinforcement is in tension

i:=0.3
1.505 o
" -9
di=d.. = 1.503 m 4= Csoil * ) + ¢,
m 1471
1.423

Top (A'g) and bottom ( Ay reinforcement

A AL = 446210 CmE A= — AL =3272x 107 Sem’
g = T Agy = 4462 x 10 "-m ¢ = A =3272x 10 "m
Ay B
m m
by = 1m Width of the section
i:=0.3 o= 0381 —35%10 °
i:=0.3 o :=0. Eoy = 3:5%
Xgy = 0.001m
Xgx — d’i '
Xsi = 100 oy fo g by Xy + X—'Ecu ‘EgAlg - fyd'As’sz
SX
114.625
114.625 . . .
Xg = -mm  Size of the compressed zone of the different sections
114.625
114.625
0.042
d. —x
1S 0.042 . . .
Eg 1= “€eu gy = Check that compression failure in concrete have not
1 X 0.041 occurred

S.
1

0.04



f d -3 1
esy = E_ =2.609 x 10 € > esy = :
S
1
6.985x 10~ 4 |
—d. _
¥, 7 G 6.985 x 10+ 1
g = -€ e.= €' <Eq, =
S cu s B s = Ssy
' Xs; 6.985 x 10 !
|
6.985 x 10~ 4
8= 0.416
i=0.3

MRd_posi = O‘T'fcd'bl'xsi'(di - Br'xsi) + ES'E'si'A's'(di - d'i)

4.685
4.685
MRd_pos = 4573 Mgqy'm =
4418
30.355
Mgg4y'm 17.415
URb.u = = .0
MRd_pos 7.929
2.052

Top reinforcement

1.422
0.816
0.363
0.091

-MN-m

Degree of utilization of bottom reinforcement

Calculate ultimate capacity for negative moment, i.e. top reinforcement is in tension

1.555
1.555 ’ oy
d:= dpo = 1.521 m di:: cSOil+7+¢u
1.473
1 -3 2 Al = L-A~ — 4462 % 10 m®
Agi= a_'Asio =3272x 10 ~m MY a, siu
(0] -
- m
m
bl =1m
Ko™ 0.5Im
1:=0.3 oy = 0.81
Xgx — d’i '
XSi = rooff o fo b Xy + " oy | EgA'g — fyd'As’sz
SX
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0.107
Xg = m Size of the compressed zone of the different sections
0.107
0.107
0.047
d —x
L 0047 2,609 x 107 °
= . = = >
é:Si. Xq. €eu s 0.046 esy . * 5 Esy
i
0.045
6.985x 10 * |
, —4
Xg — di v 6.985 x 10 v 1
1 g.= e, <€ =
e = € s _ S sy
%i xg, 0 6985 x 10" :
i
6.985x 10
B, = 0.416

MRd_negi = opfegby 'Xsi'(di — Brxg

i=0.3
2.662 -0.834
2.662 —-0.469
MRd_neg =| 5 go3 |MN™ MEdo™ =1 55 [MN
2.522 —-0.052
31.316
URe Mggom | 17.615 |
b.o Mg "1 8.006 ' Degree of Utilisation of top reinforcement
_neg ‘
2.066

C.3 Star reinforcement inside embedded steel ring

)

Es-s's;A'S-(di - d'i)

1

2,662 x 10° —833.672
; " ~468.941 | IN-m
2.662 x 10 Edo ~ ’
_ -208.418 m

MR neg = , [Nm

2.603 x 10 -52.105

2.522 % 103
dg,=4m Diameter of steel ring

a:=a. = 150-mm Same spacing as top reinforcement

d)o = 25-mm Bar diameter of top reinforcement



|MEd0

31 2
A = Ay — =4.099 x 100 —-mm
S 1€ sio
- a MRdﬁnegO m
n:= 56 There is 56 holes in the anchor ring, one bar in each hole
Pgar = 25mm Bar diameter of star reinforcement
360d
= 2 _ 6.429-deg
n

Bars inside a 90 deg angle

90ds g Ng(
ng( = 6 _ 14 n; = =1
P 2 2

The reinforcement is placed in different direction towards the center of the anchor ring. Calculate
equivalent area

2
d)star ‘T

Asiring = 4

3 2
As_eqv e Asiring'z cos(Lp-ni) = 6.181 x 10"-mm

0y

Ag req e L .
= = 66.324 — .4 Utilisation degree of star reinforcement

m

URy, star =

>

s eqv

Ll
l
| [
|
|‘
/{
f| /

| | i

\ |

Layout of star reinforcement
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C.4 Min and max reinforcement amounts
[EN 1992-1-1:2005 9.2.1.1]

Minimum reinforcement
Control of top reinforcement (lesser than bottom reinforcement)

b1 =1m bl used for calculations per meter width

= _—1.526m Mean value of d of the four different sections

£
t _
- max[0.26-2~b1~d,0.0012dt~dJ —2847x 10 "m’

smin -
fyk

Im

a = 172.388-mm

mino = .
smin

A

siu
Maximum reinforcement

Control of bottom reinforcement (greater than top reinforcement)

Acp = hm_mean'bl Average area of concrete cross section.
A= 0.04A. = 0.065m
smax = 0-04A ., = 065 m
A 2la 4462 x 10 >-m’ Area of bottom reinf ¢
A= — Agiy = 4 x 10 ~-m ea of bottom reinforcemen
ay
b -3 2 .
Ag= —Agip=3272x 10 "m Area of top reinforcement
4
A'g> Agin = | OK! .
The chosen reinforcement amounts are within the limits
_ |
Ag<Agmax = ! OK!

C.5 Shear capacity
Unreinforced capacity
Check if shear reinforcement is needed [EN 1992-1-1:2005 6.2.2]

Check the maximum shear force in the four different sections



1
X
Vuniilx + dS + TJD 510.742

365.664 | kKN

2 " 243776 | 'm
Vini| Ix +dg + T ) m

121.888

<
™
o
Il
P—‘lb—‘

1 [ |
3
VRd.c = ma CRd.C-k-(IOO-prka) + kl-ocp-bw-d,(vmin + kg ccp)-bw~d
1.365
k.:= min| 1 + 1.365
1 k =
1.369
1.375
bl =1m
ky = 0.15

Area of tensioned reinforcement that reach at least (1,4 + d) away from current section

Ag A
—t
459 1 ¢

T Vel |
|y Ve |l :

Definition of tensioned reinforcement that reach at least (ly 4 + d) away from current section,

in this case A is equal to the bottom reinforcement

A o1 A =44 =32
A= — Agy = 4462 x 107 "'m
a
u
Ag = Ag=4462x 10 Y’
-3
2,965 x 10
A -
pp = min| —— 002 2965 %107
i bi-dou pL= 4
i 3.035 x 10
3

Ngg =0 Normal force 3.136 x 10
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A. =h b1 Concrete area

C. m_section.’
i — i
N
. Ed
chi = min| K’O'z'fcd = ....MPa
i
0.18
Crgc=—=012
Tmc
1
3 — 0.374
2
5 f
2| ‘ck 0.374
V. .. =0.035k"- =
min (MPaj 0.376
0.379
1
fok 3 %ep by dmui Loy
V := max| C k.-| 100-py - ky ————— |V .+ ky——
Rd.ci Rd.c’™ pli MPa 1 MPa mm mm min, 1
563.261 510.742
v v N 563.261 | kN v 365.664 | kKN
Rde™ "Rde' ) ™| 55091 | 'm Ed™) 243776 | m
538.602 121.888
1
1 Shear reinforcement only needed around anchor ring
VRd.c > VEd = 1 (U-bows) for but due to assembling, minimum
reinforcement is used.
1
90.676
UR Vegm | 64.919 "
shear.VRdc = = m
VRd.c 44.09
22.63

Control of concrete crushing
[EN 1992-1-1:2005 6.2.2]

S Ty

f
ck
vi=06|1-——|=0492 Vi qby <0.5b;-d . -vf 5=
( 250MPaj Ed™"1 1"%mu ¥ *ed

Shear reinforcement
Design of shear reinforcement [EN 1992-1-1:2005 6.2.3]
1
. Asw
VRd.S = T-z-fywd-cot(e)

1
Qg by 2 vy feg

V; =
Rd.max cot(0) + tan(0)

1 <cot(B) <2.5




0 := 45deg Choose angle

f
v:=0.6]1- ;k = 0.492 Reduction due to shear cracks
A 250MPa
Ay = 1 No prestressing > OLCWZI
fywd = fyd
by, = 25mm Size of shear reinforcement bar
2
d)w 'Tr .
A .= Area of one shear reinforcement bar
swi 4
z:= 0.9-dmu
510.742
Ve rb 365.664 N
Ed™1 ™1 943776
121.888
8y = 0.5m Guessed reinforcement spacing

Aswi
3 = Toot —-zi~fywd~cot(6) — VEq4.b1-8x . .
Sx ! Calculate the required spacing

0.679

0.949

Sshear req = 5 = m  Required spacing with regard to shear forces
— 1.39

2.691

1 693.834 510.742
v v 1 v 693.834 N Ve ob 365.664 N
m < = = . . = .
Ed Rds ™| Rds ™| 677.909 Ed™1 ™1 943776
1 655.964 121.888
1/1 =V
3
9.997 x 10 |
o, by-zvg-f 3
cw °1 1 %ed 9.997 x 10 1
V = —= kKN V. >V =
Rd.max ° Rd.max Rd.s
cot(0) + tan(0) 9.767 x 103 1
1
9.451 x 103

Minimum spacing of shear reinforcement according to turbine manufacturer.
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6.938 x 10°
v iV v 6.938 x 10°
:= min , :

Rdi ( Rd.maxi Rd.si) VR4 = S N
6.779 x 10
6.56x 10°

73.612 R

VEgm | 52.702
35.96 Y Utilisation ratio of shear in the different sections.

URghear =

18.582

Shear reinforcement spacing 500mm diameter 25mm

C.6 Local effects and shear reinforcement around steel ring
[EN 1992-1-1:2005 6.6]
Control of U-bow reinforcement

The U-bow reinforcement is located around the embedded steel ring and will both lift up the
compressive stresses and pull down the tensile stresses acting on the flange of the embedded
steel ring.



—

hs

ta

tu

%k
d1
500mm
Detailing around embedded steel ring

nyd = 880-kN t, == 1150mm hg:= 1750mm
Mxyd = 56.227-MN-m t; := 2400mm
Mga = Fxydhg + Myyq = 58.779-MN-m

OUbow = 25mm Diameter of U-bow
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Check concrete compression (crushing)

M
W

Calculate area moment of inertia of an annulus

The stress distribution in the embedded steel
ring is calculated under the assumption of

/ \ linear elastic theory with Navier's formula

1 ( 4 )l dSI': 4m
o=7m™"2 N dy := 340mm
d

d
1
Iy = S — 2.17m
2 2
d d
)= ML 1.83m
2
IO = E-(r24 - r14) = 8.607 m4
4
I
0
W — = 3.966-m3

annulus =~ .

Stresses under the flange of the embedded steel ring

F M
d d
Cmaxpos = ———— * 2 1527 x 10" kPa
™dgrd]  Wannulus
F M
d d
Omax.neg = = - o 1437 x 10 kPa
™dgrd]  Wannulus
|7max pos| N |
Utilisation ratio of compression
|Gmax.neg| 50.888 strength. No risk of crushing
UR : - = Cy
ce.ring f.q 47.909

Control shear reinforcement around anchor ring
Assume all shear stress is transferred by the U-bows (Vg > Vp 4.)- Calculate maximum mean stress

on the flange



auhow = 0.1m OUbow = 25-mm

P

Fzd My

a

9 mean.pos == + T+
P T-dg-dy Iy

Fzd My,

Omean.neg = - Tyt
g Tf'dsr'dl IO

Omean.pos dubow’

dq

2
Tr' ¢Ubow
2 -
4

(o3 Ub =
ow
Omean.neg dubow’

dq

2
5 T OUbow

4

1
TUbow < fyd = (lj

F M
zd " da.rz A 14.105-MPa  Max stress
mdged; I 22
F M
d da~r2 L = -13.212-MPa  Min stress

[

488.496
-MPa
457.55

UR

shear.Ubow = £ =
yd

TUbow [ 93.628
87.697

j.o/

Control shear punching
SS-EN 1992-1-1:2005 6.4

Trmezn=21M

M

_E.‘L
__.3'
>

2d
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d:= 1.55m oo =0

VRd.c = CRd.c'k'(loo'pl'fck) oy kl'ch > (Vmin + kl'o-cp)

2
ke 1+ |22 4350 k<2-
d
mm
pp = 0.02

e 0.5
2 fck
Vinin = 0.035-k - -MPa = 0.372-MPa
MPa

1

f

3
k
-MPa = 0.731-MPa
MPa

VRd.c.punch = CRd.c'k'(IOO'Pl'
VRd.c.punch > Vmin = !

d
st 4
VRd.punch = VRd.c.punch{Zd'W'T + d-(500mm + 4d)} - 2183 x 10-kN

VRd.punch > O-mean.pos'dl'100mm =1

F,=1.68 x 104-kN

F
° = 0.77
VRd.punch
= T d. = 1424 x 10%K
MR punch = VRd.c.punch'z'd'?'dsr— 1.424 x 10 -kN

7
VRd.c.punch'z'd""'dsr= 2.847 x 10° N

Fe

=1.18
VRd.punch



D  Crack widths serviceability limit state
D.1 Loads

SLS loads equilibrium
kN
m

Sectional forces

MyysLs + FxysLshg
= =3.636m 4. . . .
Minimum eccentricity for soil pressure

Cls -
F,s1s + GdsLs

1 . .
bys = 3(5 - eslsj =12.342m Width of soil pressure

4

F + G
ok ) = 2381 MN Self weight and weight from soil evenly distributed over

f. . =
Lsl
SOILSIS byl m  the length of the foundation
2
G
dSLS kN
= = 811.284.-—
1 m
M +F -h F
F.qls = xySLS xySLS 4 + zSLS = 15.368-MN Compressive force from moment and
: dg 4 vertical force
M +F -h F
Fi s = xySLS xySLS 4 _ZSLS = 14.308-MN Tensile force from moment and vertical
: dg 4 force
b F
sls zSLS -9 e
Fo o1s — Frgls + gdSLS'l _ fsoil.sls'T + > =1863x10 N Check of global equilibrium

x:=0,0.0lm..15.5m

x2 fsoil.sls X

F..;: X)i=f 10— — —
soﬂ.sls( ) soil.sls 2 b 6

sls
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2 1-d
Ms(%) = | Fgoil s1s(X) = gdSLS'? if x<

<2 I-dg I - dg 1
Fooilsts®) ~ 8dSLS'™, Fosls| X — 5 if 2 <x< 5
x2 I=dy FisLs 1y .1 < I+ dg
Fsoil.sls®) — gdSLS'? — Fesls| X~ 2 —T, X — Y if 5 < X < >
e 1-dg I+ dg
FSOil.SlS(X) - gdSLS7 - FC.SlS X — > oo if <x< bSlS

. F,sLs N, ¢ I+ dg
— X - — g x =
2 5 t.sls >

b b 2 1-d
sls sls X S .
fSoil.sls 2 '(X - 3_j - gdSLS'? - F gl X — —j e i b <x <1

. FzsLs N, ¢ I+ dg
— X - — I x =
2 ) t.sls 2

Moment diagram

1
— M.sls(x)
£
E 0
Z
=
=
=
S - 1
=
-2
0 5 10 15
Lenght [m]
D.2 Crack width limitation
Check of allowable crack width [EN 1992-1-1:2005 7.3.4]
b1 =1m Thickness of the section
A= 110mm  ag = 150mm Spacing to fulfill crack requirement



-kN-m

881.183
516.446
231.576 |
57.894

b

3

' 1 . 2
Ag = —Ago=3272x 10" "m

su -
a'O

b

1 —_
Al = —Agy, = 4462 x 10 *m

SO
a

sls lx)
31, 3
Mg e 1.356 x 10
b
0 824.128
Mgjsu = T 2L | =
Mg T 393.586
105.223
v
sls 4
|Msls(1x + ds)|
1
X
Mslsilx + dS + Tj‘
b
M0 = T 21 =
Mgl I + dg + T
31
X
Msls(lx +dg + Tj
A i Ay, =44 “m’
= Ay =4 62x 10 ~-m
a
u
N -3 2
sov= — Asio = 3272 x 10 "-m
a
(6}
i=0.3
1.505 1.555
d 1.505 d 1.555
= m = m
MUy 471 mo— 1521
1.423 1.473
o= 5.556

X[y = 0.2m Guess

2
XIu
Xlhua = 100t bl
1
XIIO = 02m
i 2
XIo
XTloa = 1001 bl
1
0.21 0.244
0.21 0.244
X = X = m
Io ™ 1 207 u ™1 0041
0.204 0.236

+ (- 1)'A'su'(XHu - d'u> + OL'Asu'(XHu - dmui)’XHu

i

+ (- 1)'A'so'(XHo - dlo) + OL'ASO'(XIIO - dmoi)°XIIo

i

3 2

Height of compressive zone
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3 2
by x X
1 *u IIu . L2 2
Mw=—pH—+* bl'xllu'(_z ) (= 1) Ay (xppy — d'y)” + e Agy(diy — Xy
by x 3 X 2
1" *1lo Tlo . L2 2
Mo=—p—+* bl'XIlo'(_z ) (= 1) Ay (xpgo — dlg)” + @Ay (dig = Xpp)
0.043 0.055
0.043 | 4 0.055 | 4
I = =
0.041 0.053
0.039 0.05
zy = Ay~ X,
1 1
zo. = Ao = X]Jo.
1 1
Steel stress
173.258 153.465
M M
slsu, 105.309 p slso, 89.943 p
g = -7 g = . a g = -7 g = . a
S I i M ] 50.893 50 o, i % | 40.883
1 1
13.825 10.413

Maximum allowed crack width according to EN 1992-1-1:2005 NA with regard to L50 and XC3

Wi max ‘= 0.4mm
Eg
O = = 5.556
Eem
kt =04 Depending on load duration, kt for long term load

fct.eff = fctm = 3.8-MPa

Ay = 4462 % 10 ¥’

h =1.613m

m_mean —

Effective area for a one meter thick section

<hm_sectioni - XIIui)
Ac.effui = min 2.5 '(hmisectioni - dmui) ’ 3 by

<hm_sectioni - XIIoi)
Ac.effoi = min 2'5'(hmisectioni - dmoi)’ 3 by

51 =0 A'p := (0 No pre- or post tensioned reinforcement



Pp.effu. = Pp.effo. =
P 1 Ac.effui P 1 Ac.effoi
fct.eff fct.eff
Isu, ~ ky '(1 + O‘e'pp.effui) Is0, ~ ky '(1 + O‘e'pp.effoi)
Pp.effu, Pp.effo,
Asu = AEO =
i ES i ES
crsui crso1
Asu. = ma Asu ,| 0.6 Aso = ma Aso_, 0.6
1 S 1 1 S
5198 x 10+ 4604 x 10~ 4
3159 x 107+ 2,698 x 10~
Ag, = Ag, =
—4 —4
1.527 x 10 1.226 x 10
4148 x 107 ° 3124 x 107 °
k=08 For reinforcement bars with good interactive properties
k2 =1 For reinforcement in tension
by b, .
ky, =7 =1.75 ky,=7—=35 According to EC2 1992-1-1 NA
Csoil ¢
k4 = 0.425 Recommended value
| kkykgdy, . kikyky by
Sr.maxu, = K3u'€ + Sr.maxo. = K30 +
i Pp.effu, ! Pp.effo;
Wkui = Sr.maxui'Agui Wkoi = Sr.maxoi'Asoi Crack width
0.386 0.342
0.235 0.201 . . .
Wiy = o113 .mm Wio = 0.091 .mm Crack width for the different sections
0.031 0.023
Win, < Wk max = Wko. < Wk max = OK! Calculated crack width less then the allowed
i : i :
1 1
1 1
1 1
1 1
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Utilisation degree of crack width

96.453
R 3 Wiy ~ 58.625 .
crack.width.u -~ Wi max "1 28332 |
7.696

UR

crack.width.o =

Wk.max

85.539

50.133
.0

22.788
5.804




E Fatigue calculations with equivalent load cycle
method

E1. Loads and sectional forces

[nstead of using the full load spectra one equivalent load width is calculated from the load
spectra. See Appendix [

Mean amplitudes from appendix

AMmean := 13049.8kN-m

Anymean = 218kN
AF,, := OkN
Mean loads
Fimean = 316kN Fymean = 4kN
= 2 2 316.025-k
F Xymean Fymean *F ymean 025-kN
My mean = 1888kN-m Mymean = 21293kN-m
= 2 2 2.138 104 k
Myymean = {Mxmean * Mymean = 213810 -kN-m
F, mean = 2247kN

min/max fatigue load

AMmean
Mdfl = Mxymean - T = 14.852-MN-m
AMmean
Mdﬁ: Mxymean + T = 27.901-MN-m
AF
— Xymean
Fxydfl = Fxymean =~ = 207.025-kN
AF
— Xymean
Fxydf2 = Fxymean + ——, = 425.025 kN
. AF,
FLaf1 = Fzmean — 5
AF,

F2df2 = Fzmean *
Equilibrium

Mygp + Fyogpph My + Fyogpyh
dft * Fxydri'hs df2 * Fxydhy .
epy = i —1139m  ep = i = 2.148m Min/max

F,af1 + Gd Foap + Gy eccentricity
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1 1 .
by = 3(5 - eﬂ) =19.833m bp = 3(5 - eﬂj = 16.807m Width of soil pressure

bf1>1:1 bﬂ>1:1

1

The fatigue loads are small and the soil pressure is spread over the full length. The distribution
can be solved, two equations and two unknowns.

Min load (load 1)

fll + f12 explicit

f1p= — 1= Gy + Fyyp

solve, flz_)

The gravity center must be equal to the eccentricity

fir1) ] firl :
21 Gg + Fagp — )2 2 Gg + Fagp — )| o2

) Expression for the
= distance to the

[ ( £ 1'1j gravity center
2 _

1

f11+

2
I fpl
-y Simplified expression

1
explicit (efl + g)'(”zdfl +6:Gy)

%
solve . fl 1 12

2

fiq: ! + fll.l '(e + lj

nN=x*t = - |1t 7
3 6-(Gd + deﬂ) 2

1
fi = 1261 x 10° — kN
m

2 1

Max load (load 2)



1
explicit (eﬁ + gj'(”zdfz +6:Gy)

solve, f2 1_> 12

2
fHy: : + o1 '(e + 1)
21 = -_— - Q —_

31
fr1 =1.603 x 10° —-kN
21

2 1
fyy = (Gg + defz)T -y = 147531 —kN

Min compressive and tensile resultant

M4e + F ‘h F
df1 xydf1 4 . zdfl — 4.850-MN

cfl -~ d 4 Compressive force from moment and vertical force
s

Mg + Fxydfiha  Fadr
Fipy = -
d
S

= 3.729.-MN Tensile force from moment and vertical force

fii+fia  Fun
1+
2 2

= 0N Check of global equilibrium

Fer1 = Fipr + gq°1 -

Max compressive and tensile resultant

Map + Fyydfzha  Frap
Fcfz = +
d
S

= 8.652-MN Compressive force from moment and vertical force

Map + Fxydfoha  Frap
Fifp = -
d
S

= 7.528 -MN Tensile force from moment and vertical force

fHy+ ¢ F
Fop — Fip + g9l - 21 > 22-l + Zjﬂ = 0-MN Check of global equilibrium
Bending moment distribution fatigue loading

x:=0,0.0lm..15.5m

2 (f1-fo) <°
Fi() = (fy; - f12)'% - (—1)%
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F1(x) = (fy) — f)

MQ(X) =

[MNm/m]

100

x2 x2 l_ds
Fii(x)+ fj5— —g4— if x<
1) 1275 T8
2 2 1-d 1-d
X X S S 1
Fii(x)+ fjnr~— —-—g4+— —F X — if <x<—
11 1275 ~&d 5 et 3 5 >
Foi(x) + f x2 x2 F l_ds defl | " < <l+ds
X — gy - X — - X == — <X
11 127 ng cfl 5 ) ) 5 )
I X e . I=dg)  Fup 1 1f1+ds< »
X — - gy = X — - X == <x
11 1275 " & cfl 2 > >
1+dS
+F.pe| x —
tf1 7
2 () X
2 ] 6
2 2 1-d
X X S
Fri(xX) + fho-— — g4 — if x <
21(%) 2207 T8
2 2 1-d 1-d
X X S S 1
Fri(X) + fy5-— —g4— — F X — if <x<—
21(%) 25 "8 ~Few 3 5 5
Foi(x) + f x2 x2 F l_ds deﬁ | lfl< <l+ds
X — g - X — - X— = — <X
21 227 TR T ef2 2 2 2 2 2
Foy(x) + £ X X2 F ) B ! 1f1+ds< <1
X — - gy — X — - X == <x
21 2275 T8 cf2 2 > > 2
1+dS
+F.py| x —
tf2 7
Fatigue loading max/min moment
\
— MfI(x)
oo M2(x)
5 10 15

[m]



Minimum moment in section 0-3, fatigue

Mgy (1)

Mﬂ(lX + ds)

lX
Mg 1X + dS + ?
b

MIO:: T 2lx
Mf] lX + dS + T

30,
Mfl lX + dS + T

Maximum moment in section 0-3, fatigue

Mﬂ(lx)

Mm(3lxj

by 4

Moau= y (ﬂxj
f2{ 4

ol

Mﬂ(lX + ds)

lX
Mfz 1X+ dS+T
by

M20 = T 2lx
Mfz lX + dS + T

3.1X
MQ lX + dS + T

Shear force distribution fatigue loading

fiq—f
11~ fi2
Vﬂl(X) = fl 1X —
fiq—f
11~ fi2
frx - '
fiq—f
11~ f12
frx - '
fiq—f
11~ f12
frx- '
£y, — £
21~
Vﬂz(x) = f21 X——
fr1 =t
bhyx-——"7—
fo1 =t
bHyx-——"7—
fr1 —
byx-—F—

x2 1_ds
— —gx if x<

, &

x2 1_ds 1

— - x — F if <X<—

2 gd cfl > 2

2 F 1+d
X F zdfl fl < S
— - X — - if —<x

5 &d cfl ) ) )
x2 defl I+d
?_ng_Fcfl_ + Fypp if <x<l1
x2 1-d

— —gax if x<

, &

x2 1_ds 1

—_ - x — F if <X<—

2 gd cf2 > 2

2 F 1+d
X F zdf2 ,fl < S
— — g X — - if —<x

, o2 2 2
2 F 1+d
X zdf2 .

— —ggx—F.p— 5 + Fipy if <x<l1
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Fatigue loading max/min shear force

0.4 .
e ; ; — V.f11(x)
' ° ' ---- V.f12(x)
N '
; I‘\'
0.2 H
g —
Z
=
3 0
8 N %f
o ~ .’
b ‘\ : o'.'
S IN ) -®
< e ehoe=""
g ‘s‘ \4
75) 19 '
) e
-04
0 5 10 15 20
[m]
Minimum shear force in section 0-3, fatigue
Vﬂl(lx) Vﬂl(lx + ds)
31, Iy
Vﬂl e Vﬂl 1X + dS + —
4 4
b b
Vil pos = 1 -

21y vﬂl_neg : 21y
Vi T Vi 1X+dS+T

I, 30,
Vﬂl Z Vﬂl 1X+dS+T

Maximum shear force in section 0-3, fatigue

Vﬂ2(1x) Vﬂ2(1x + ds)

3l Iy

Vﬂ2 i Vﬂ2 1X + dS + —

4 4

by by

\% = 21 \% = 21
f12_pos X f12_neg X
1 Vﬂ2 e 1 Vﬂ2 lX + dS + —

4 4
1y 3.1y
Vﬂ2 Z Vﬂ2 lx + dS + T

E2. Fatigue control bending moment

Check top and bottom reinforcement and compressive concrete.Use Navier's formula to calculate
stresses, determine neutral axis and moment of inertia. Assume fully cracked member (stage II).
According to EC compressive stresses must be checked as well.For concrete only compressive
stresses is checked.
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Stress range for bottom reinforcement and compressed concrete

Fatigue due to positive moment (bottom reinforcement in tension)

b ~3 2 b ~3 2
/@;SA:: _'Asiu =4462x 10 ~-m A' = _'Asio =3272x 10 "-m
a MBS g
u 0
1.505
1505 , o
d=dp = 471 m di.=c+cb0+—
1.423
xpp = 0.23m Guess
2
. XII Al 1
XIJ = 100 bl T + (OL - I)AS(XII - dl) + (XAS(XII — dl>,XII
241.035
241.035
XII = ‘mm
237.967
233.684
b-x 3 X 2
1°X11 1l , N2 2
III N 12 + bIXII[7j + (OL - I)AS(XII - d) + OLAS(d - XII)
0.055
I 0.055 4
= .m
T 1 0.053
0.05
Steel stress top (o) reinforcement
|Y
Z .= d’ - XII
Mlu. M2u.
- e—. - e—. Min and max stresses
O-slposoi = Iy % GsZposoi = Iy %
1 1
—7.695 -12.222
-4.576 MP —7.341 MP
Oslposo = 2181 -Mita Os2poso = 353 a
—0.587 —0.957
Concrete stress top (0) (check top fibre on safe side)
A= X0
Mlui MZui
Gclposoi = I—.zi Gchosoi = I—.zi Min and max stresses
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~2.174 ~3.454

-1.293 MP -2.075 MP
g = . a g = a
clposo ™| g 621 €2poso ~ | _y 005
-0.169 -0.275
Steel stress bottom (u) reinforcement
Z = d — XII
My Moy,
. L - e—. Min and max stresses
Oslposu. ‘= & . G crszposui =a . G
1I. 11.
1 1
63.351 100.627
37.671 MP 60.441
o = . a o —
slposu ™| 17 863 S2posu | 98 918
4.772 7.788
Star reinforcement on the top (o)
d d
sr sr 3
M, -— — My, -— = 1.161 x 10”-kN-m
2u0 m luo m
g 2 -3 2
Agi= a_'Asiu =0.018m” A= Ag o0y =6.181x 10 "m
u
1 d>0
d:= dmuo = 1.505m d':= cgip + G + 7

xp = 0.23m Guess

2
X

11
X11= 100t dsrT + (o — 1)-AS~(XH - d) + O"As'(XII - d),XH

2

3 2
dx X
sr ol II . N2
IIJ = 12 + dsrXII(TJ + (OL — I)AS(XII — d) + OLAS(d — XII)

&= d=xq

Oslring.pos = & 'z Os2ring.pos = & 'z

22559 x 10 Pa ~7.136 x 10’ Pa

Oslring.pos ~ Os2ring.pos ~

Stress range for top reinforcement and compressed concrete
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Fatigue due to negative moment (top reinforcement in tension)

by b

-3 2 , 1 -3 2
A= —Ago=3272x 10 m A= — A, =4462x 10 ~m
4 ay
1.555
1.555 ’ by
4= dmo = 1.521 m /&1« Csoil T Pyt
1.473

Xy= 0.23m Guess

2
. XII ' '
XIJ = 100 bl T + (OL - I)AS(XII - dl) + (XAS(XII — d1>’XII
213.716
213.716
XII = -mm
211.214
207.724

12

0.043
L |o0ss ] 4
= .m
1 0.042

0.039

3 2
b-x X
1'X11 11 ‘ 2 2
A= + bl'xn'[?j + (o= DA (xpp = d) 7+ oA (d - xp)

Steel stress top (o) reinforcement

4= d=xq

Mloi |MZOi
O'Slne 0. = ‘Z. O'Szne 0. = ‘Z.
g 1 III 1 g 1 III 1
1 1
28.056 78.227
18.522 MP 49.169 MP
g = . a g = . a
slnego = | g 575 S2nego | o4 469
2.751 6.82
Steel stress bottom (u) reinforcement
&= 4 =X
Mloi |M20
O'Slne u. = ‘Z. O'Szne u. = ‘Z.
g 1 IIII 1 g 1 IIII 1
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~1.594 —4.445

—-1.052 -2.794

o = -MPa o = -MPa
slnegu ~0.539 s2negu ~1.378

-0.153 -0.379

Concrete stress bottom (u), check bottom fibre on safe side

&= T
|Mloi |MZOi
Oclnegu. = 'z Oc2negu. = 'z
g 1 IH 1 g 1 IH 1
1 1
—0.805 —2.243
—-0.531 P -1.41 P
(o3 = : a (o3 = a
clnegu 0278 c2negu 071
—0.081 —-0.202
Star reinforcement on the top (o)
M s M o _ 161 % 10 aNm M2o, — Mg = -290.306-kN-m
200 loy " : 0 0
. dsr 2
Agi= As_eqv A= a_'Asiu =0.018-m
u
_ _ ¢
d:=d, =1.55m d’:=c+¢0+70

X~ root dsrXIT + (o — 1)-A‘S~(xH - d’) + OL'AS'(XH - d),xH

X = 147.416:mm

3 2
d.-x X
sl II . N2 2
IIJ = 12 + dsrXII(TJ + (OL - I)AS(XII - d) + OLAS(d - XII)

/%/\:: d’ — XII
M dsr M k
) 1oy . 200 1
Islring.neg = O"T'Z Os2ring.neg = O"T'Z

Oslring.neg = 2977 x 106 Pa

Os2ring.neg = 8.301 x 106 Pa
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Fatigue verification reinforcement

stress range top reinforcement

AGSOi = max(

5

)

O_52negoi - O_slnegoi O-s2p0s0i - O-slposoi

50.171
30.647

50| 1404 |0
4.069

stress range bottom reinforcement

AUsui = max( O_52negui - O_slnegui| ’ O-s2p0sui - O-slposui )
37.276
B 22.77 The bottom reinforcement amount is constant. The reinforce
Osu = 11.055 “MP8  ynder the anchor ring "between" section zero and zero is
included in this check
3.016

Yg.fat = 1.15 Forstraight reinforcement bars

YE fat = 1.0
AGRSk = 162.5MPa
Ao
Rsk
S 141.304-MPa
s fat

Stress range star reinforcement

AO-sring = max( |Gs2ring.pos - O_slring.pos| ’ |0_52ring.neg - O-slring.neg|)
Aosring = 45.765-MPa
AT Rk~ 162.5MPa
Ao
Rsk
=~ 141.304-MPa
s fat

Verification of fatigue from equivalent load
[EN1992-1-1:2005 6.8.5]

Ao
Rsk
max(Ao-su)'ﬁfF.fat < =1
s fat
Ao
Rsk
max(Ao-so)'ﬁfF.fat < =1
s fat
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26.38
Ao VE fat | 16.114
WReatpu™= " = 7
- Aopo 7.823
Vs £ 2.134
s.tat Utilisation degree of bending reinforcement
35.505 bottom (u) and top (o) (fatigue)
ATsoVE fat | 21.689
WReatho= " = 7
- Aopo 10.54
s fat 2.88
Ao
Rsk
A% sring VF. fat < Yo fat =1
A0 sring V. fat
Utatstar = —————— = 32.388-%
AoRsk Utilisation degree of star reinforcement (fatigue)
s fat

Fatigue verification of concrete
Fatigue in compressed concrete, concrete stress range [EN 1992-1-1:2005 6.8.7]
Ao, = |cr

c2poso ~ 0-clposo| = 1.551-MPa

Ao, = |0cznegu - °c1negu| = 1.745-MPa

=28 Assumed concrete age when fatigue loading starts
0~

025 Depending on cement type CEM 42.5 N
s¢ = 0.

Bec = exp{sc-(l - \/f:j]} Bee =1

Sem= Bcc'(fck - 8MPa)

f.q=3x10"Pa
) For N=1076 cycles
K= 1
fck
MPa
f = k- .11 -
cd.fat 1 Bcc cd 250

fcd.fat = 24.6-MPa

Ocd.min.equ.o = 9clposo  9cd.min.equ.u = %clnegu
Ocd.max.equ.o = %c2poso  Ycd.max.equ.u ‘= Fc2negu
Ocd.min.equ.o

E . =
cd.min.equ.o *
a fcd.fat

Lowest compressive stress level in a cycle



Ocd.max.equ.o

E =
cd.max.equ.o
a fcd.fa‘[

Highest compressive stress level in a cycle

Ocd.min.equ.u

Ecd min.e =
.min.equ.u £
cd.fat

Lowest compressive stress level in a cycle

Ocd.max.equ.u

E.d max equu = Highest compressive stress level in a cycle
fed fat
0.63
Ecd.min.equ.oi ’ 0.623
R =— Stress ratio R =
equ.o; Bed max equo. equ.o 0618
.max.equ.o;
0.613
E ) 0.359
cd.mm.equ.ui
R =— . 0.377
equu; g Stress ratio Requu =
cd.max.equ.u; qu. 0.391
0.403
Ecd.max.equ.oi +0.43 ’1 - Requ.oi <1
Ecd.max.equ.ui +0.43 ’1 - Requ.ui <1
Ecd.max.equ.oi +0.43 ’1 - Requ.oi = Ecd.max.equ.ui| +0.43 11 - Requ.ui =
0.402 0.436
0.348 0.397
0.307 0.364
0.279 0.34
URfat.c.ui = ( Ecd.max.equ.ui| +0.43 1 - Requ.ui)
URfat.c.oi = ( Ecd.max.equ.oi +0.43 1 - Requ.oi)
43.556 40.211
39.681 | 34.826 | I Utilisation ratio of compressed
URfatcu= 36.436 % URfatc.o= 30.672 " concrete
34.033 27.877

E3. Fatigue control of local effects
Compressed concrete around the embedded steel ring

. Fyydfl " Mgy . Faf1
xydfat = dsfat = dfat =
Y Fyydf2 Myp Fam
1.545 x 104
Mafat = nydfat'h4 + Mygfat = 4 kN-m
2913 x 10
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Fdfat N M dafat N Fdfat N Mdafat | 1 (4117 MPa Min/max
g, = T A |-— = . a
meanFefat™ | rq a1, | mwdgd  Ip 2)2 (729 stross
Fafat Mdafat . Fifat M afat 1 -3.065 MP Min/max
O. = - T — T o—_ = . a
mean.Ft.fat medgd; I 1 mdgd; Iy 21, _6.244 stress
Fatigue in compressed concrete at flange, concrete stress range
[EN 1992-1-1:2005 6.8.7]
Stress under and over the flange
o}
mean.Fc.fat0 4117 "
Ganchor Fc = = -vira
- | crmean.Fc.fat1 7.296
o)
mean.Ft.fatO 3.065 i
Ganchor Ft = = -Mta
- Gmean.Ft.fatl 6.244
Ach)ot'tom = Ganchortil ~ Oanchor F ° =3.179-MPa
1
Ao = Ao
AUcitop = |%anchor F c, o-anchoriFCO = 3.179-MPa ¢_bottom c_top
Sou= 28 Assumed concrete age when fatigue loading starts
Sen= 025 Depending on cement type CEM 42.5 N
28
Begy= exp|sc7| 1 — t_ Bec =1
0
Sem= Bcc'(fck - SMPa)

fq=3x%10Pa

K= 1 For N=1076 cycles
fck
MPa

f =k £ 1=

~eshFat/ 1 Bcc cd 250

fcd.fat = 24.6-MPa

Tanchor Ft 1

Ecd.max.equ = : =0.254 Highest ratio in a cycle
cd.fat
Ganchor_FtO
Ecd.min.equ = - =0.125 Lowest ratio in a cycle
cd.fat

Ry = Ecd.min.equ _ 0491
qu’ g
cd.max.equ
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|Ecd.max.equ| +043 1 - Rggy <1 =1
URfat.cc.ring = (|ECd.max.equ| + 0.43- ,1 - Requ)

|URfat.cc.ring = 56,066-04 Utilisation ration. for fatigue in compressed concrete under
embedded steel ring

U-bows
Fatigue U-bow [EN 1992-1-1:2005 6.8.5]
ayhow = 100-mm Spacing of U-bows
O-mean.Fc.fatO‘aubow'd1
2
) ﬂ'q)Ubow
4 (142.564) P
o = = -MPa
Ubow.max
O-mean.Fc.fatl'aubow'dl 252.671
2
ﬁ'd)Ubow
2 P
- 4 -
Aoy = 0'Ubow.maxl - 0'Ubow.maxo Aoy = 110.107-MPa
D := 600mm Bending diameter
by = 25-mm Diameter U-bow
D . .
C:= 0.35 + 0.026-— = 0.974 Reduction factor due to bent reinforcement bars
W
Agpak,= 162.5MPa-( = 158.275-MPa
YF.fat = | Ys.fat = 115

Aoy = 110.107-MPa

Verification of fatigue from equivalent load

AO-Rsk
= 137.63-MPa
Vs.fat
Ao
Rsk
ATV fat <
s.fat
Ao
t" IF.fat
U =~ 80.002:%
fat.Ubow A . . ) ) )
ORsk Utilisation ration for fatigue in U-bow reinforcement
s fat
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G Fatigue verification with the full load spectra

Fatigue calculations for the full load spectra given by the wind turbine supplier.

G1. Loads and sectional forces
Loads

Amplitudes from load spectra:

Input of load spectra from excel, Appendix I:

AM _input := AF

xy_input T number @ycles.xls
Mxy.xls Fxy.xls
AM := AM input-kN-m
AFyy = AFyy oo kN
N%/g‘_w:: OkN
Mean loads
Fmeans= 316kN /sl/:vwmm/\:: 4kN
Frymoany= J F o + Fymean2 = 316.025-kN
Nl\v/s[/xma&w\:: 1888kN-m
M = JM 2 + M 2 2.138 x 104~kN~m
MWK RAOARY xXmean ymean
Famoan, = 2247kN

Min/max fatigue load
Due to technical functionality in Mathcad the loads

rows(AM_input) = 280 Total 280 loads initially can not be on vector form.

k := 0..rows(AM input) — 1

M\
AMO
Magw= Mxymean T
AMO
Mata= Mxymean + 5
Ay

»vaydﬂv:: nymean T

»vaydﬂv:: nymean + 5
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AF

Z

Lzdfin= Fzmean — 5

AF,
Lzdf2v= Fzmean +
Sectional forces

Mgy + Fyydrihg Mgp + Fyydfhg
Cr1 = e =
862
FLaf1 + Gy FLap + Gy

Depending on load-magnitude the soil pressure will distribute triangular over the full length or
part of the full length. Smaller load result in a small eccentricity and the distribution is as follows:

The fatigue loads are small and the soil pressure is spread over the full length. The distribution
can be solved, two equations and two unknowns.

The following index system is used:
f] 1 - Max soil pressure (left side in figure above) and min fatigue load (load 1)

£}, - Max soil pressure (left side in figure above) and max fatigue load (load 2)
f51- Min soil pressure (right side in figure above) and min fatigue load (load 1)

f5, - Min soil pressure (right side in figure above) and max fatigue load (load 2)

The gravity center must be equal to the eccentricity

Y] it
210G+ F - — 21 G4+F -
d+ Fzafl 2 2 d+ Fzdfl > 22
— fll_ R
1 |2 1 6
i £,
11
Z(GdJerdfl__z j
f11+ )
- =
2

113



114

2
I fipl
e Simplified expression

Equilibrium (for load 1)

2

fi1: 1 + ik '(e + lj

n=3 = o oty
3 6-(Gd + deﬂ) 2

explicit

9
solve, 11

1

fuaer-Frarr) = 5

1

fll + f12 explicit

flpi= =515 Gy + Fun

9
solve, f1»

1

fialer1-Frarr) = | (Gq + defl)'T - 5
1

Max load (load 2)

explicit

2
PSP R S (S N
737 6(Gy+Fygp) \ 2 2) [solve.fy
I

farker Frip) = 5

1

2 |
fo(ef Frar) = (Gg + Fde?)'T -

L) (6G,+6F
(ef2+6j'(' d* 'zdfz)

faaler-Fram) = (Ga + dem)'% - >
I

For larger loads the soil pressure is spread over a smaller part of the length.
When the soil pressure is less then the full length, the width is a function of the
eccentricity.



fsuil

The width of the soil pressure assuming triangular distribution is:

Rasfer) = 36 - efl) halern) = 36 - eﬂ)

Where bgy is for load 1 and by for load 2

The soil pressure can be calculated:

F + G
Fyap1 + Gg | fyoitn(Ce1-F ):ZM
fo i11(b ,F = — L= soil 1I\*f1> " zdfl
50111( fl(efl) zdﬂ) bﬂ(eﬂ) 3( 1 _eﬂj
2 2
Faan* Gg' Far + Gg
foit2(bf2(e12) - Frapo) = Zbﬁ(—efz) = foinlen Fan) = =7
3| ——
: 3]
2

The moment distribution can be calculated as a function of the eccentricity and loads

Moment distribution

x:=0,0.0lm..155m

Moment distribution when the soil pressure is spread over the full length
Fy I(X S€f] 5 deﬂ) is the moment from soil pressure

2 (f1a(ef1-Faar) — fio(er-Fzan)) 3

x x
2 1 6

Eaakxseer-Fzar) = (f1(e1-Fzan) = fi2(ep1-Fzar)):
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Maa(xep1-Frgrr - Fepr Fepr) =

Faulx-ep-Frap) = (f21(ep-Frap) - fzz(eﬂ’deﬂ))'% -

Me(x.ep.Fpap Fop Fip) =

x2 x2 . I- ds
Fri(x.ef1-Fpafr) + fio(ee - Fuan) S ey ifxs
2 1-d
X . S 1
Fri(xep-Fpar) + fio(esr-Frafr ) o o sx <y
—gd P Fcfl(x j
X2 1 1+ dS
Fri(x.ef1-Fpafr) + fio(ee - Fuan) o o sx<—
+ X2 F - ds
g4 ~ Fep|x - —5— | -
Faarf1 1
_ [x_ L
2 2
<2 <2 1+d
Fi(x.eq1-Fpapr) + flz(efl’defl)'7 megy e o s

r I=dg)  Fauyn 1
- X——— | -—|x——|..
cfl 5 2 2

1+ dg
+Feerel X —
tfl 2

2 3

(f21(ef2-Fzan) — B2(er2: Fra2))

x
1 6
2 2 1-d
X X . S
Fa1(x.e-Fram) + Bo(ep Fran) S ey ifxs
2 1-d
X . S 1
Fa1(xep2.Fpam) + fo(ep: Fram) e o sx<y
—gd P Fcﬁ(x j
x2 1 I+dg
Fa1(x.e-Fram) + Bo(ep Fran) o o sx<—
+ X2 F - ds
84— — X —
&d ) cf2 )
2df2 1
J— . X —_— —
2 2
<2 CI+dg
le(x,eﬂ,Fdez) + f22(ef2’def2)7 if 5 <x <

. X2 . I-dg)  Fup 1

—gq— - X — - Ix==1..

847y 7 T2 2 2 2
1+ ds

+th2 X — )




Moment distribution when the soil pressure is spread over part of the length

Fsoil1(X-ef1Fzar1) = fsoit1(ef1-Fzaf1 )

M'py(x. ey, Fpgpr- Forn - Feen) =

Fsoit2(X- 12 Fzdm) = feoila(en2- Fzdp)

3

2 fooiti(er1-Frar) x
6

X moment from soil pressure
2 bey(epr)
2 1-d

X . S
Fsoil1(X-ef1Fzr1) — gg— i x<

<2 I-dg) 1-d
Fsoill(xﬂeﬂ’deﬂ) - gd.? - Fel x - if <x <

2 2
2
F ill(x’efl’defl) - gd-x— if 1 <x < L s
SO > 5 )
+F X_l_ds _defl x—l
cfl > ) >
Xz 1+ dg
Fsoil1(*-ef1-Fafr) - &4 if ——<x< ber(en)
' I=dg)  Fuf 1
- X = - Ix==1..
cfl 5 ) 5

1+ dg
+Fepr| x =
tfl 5

brilerr briler ,
fsoill(efl’defl)' ( )(x - (3 )] oo If bfl(efl) <x<l1

2

x2 1_ds
T8 e X 5

N Faf1 ), . I+ dg
_ (x_ L 1x -
5 > tf] 5

3

X Fsoiio(ep-Faap) x
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2 1-d

1 o—— X_ 3 S
M'py(x.ep2.Fpapo- For- Fip) = |Fsoia(Xs e Fzap) — a- 5 ifx<

X I - dg I - dg
FSOilZ(X’eQ’deﬂ) - gd'? - FCQ - 2 if > <X <

X2 1 1+ dS
F ~(x,e ,F )—g~—... if —<x<
soil2 2% zdf2 d 5 5 )
+-F (x - - ds] - FZdﬂ(x - lj
cf2 2 2 2
<2 1+ dg .
Fsoilz(x,em,Fdez) - gd? if <x < bfz(efz/

- dg
+-F X —
cf2 2
N FLdm A I+ dg
L S g
2 y) U2 2

bfz(;fz).(x B bﬂ(:ﬂ)j

fSoit2(e2: Frdf2) if bpy(ep) <x <1

x2 1= ds
g e X T

N FLam ), . I+ dg
_ (x_ L 1x
2 ) ) H2 2

Use correct moment distribution, i.e. depending on soil pressure distribution

Mgge1(xsef1 - Fpgp-Fort - Fre) = | Mg (xoep1.Fpap- Fer-Fipr) if bey(epr) 21
M'gy(x.ep1.Fpaps Fopr Fepr) if bpy(eq) <1
Mpyo(x-e2. Fpgp-Fop-Fipp) = [Mpy(x.ep. Fpgp. Fep - Fip) if bpp(ep) 21
M’Q(x,eQ,deﬂ,FCQ,Ftﬁ) if bﬁ(eﬂ) <1

Calculate moments in four different sections in order to calculate stress variation

) AM ) AM
Magi= Mxymean T, Maga = Mxymean + 2
Fooge = F Ty Foogm=F L Sy
maydflv T T xymean 2 maydfs~ T xymean 2
AF, AF,
Kadfi= Fzmean ~ B Hadfa= Fzmean + B
M +F ‘h M +F ‘h
. 3 dflk xydflk 4 . F_afl . 3 df2k xydt2k 4 . FLim
wokly dg 4 Ry dg 4
M +F -h M +F -h
. _ d’flk xydflk 4 F, dfl . _ df2k xydf2k 4 F, dn
AUy dg 4 M dg 4



Marr, *+ Fxyarr, 4

Maf2, *+ Fxydrz, P4

C = C =
k FLaf1 + Gy k FLap + Gy

-1.5
0

5 10

Largest moment amplitude

Control fatigue in different sections

20

The fatigue control is performed in the section described in C.1. Since reinforcement should be controll

for both tension and compression both negative and positive moment is considered.

Minimum moment in section 0-3, fatigue
by

M =M I,,eeq ,F ,F ,F .
10uk fatl( X flk zdf1 cflk tflk) 1
31 bl
M =M —.,e¢1 LF ,F ,F —
lluk fatl 4 flk zdf1 cflk tflk 1

21 bl
M =M —.,e¢1 LF ,F ,F —
12uk fatl 4 flk zdf1 cflk tflk 1

lx b1
M =M —.,eq LF ,F ,F —
13uk fatl 4 flk zdfl cflk tflk |

b
- 1
Mi0o, = Mfat1 (Ix + ds)’eflk’defl’Fcflk’thlk]'T

b

[ 1

X
M =M I, +d.+—|,eq LF ,F ,F —
110k fatl_(x S 4j flk zdf1 cflk tflJ 1

I 21 b,
M =M I, +d.+ —|,eq LF ,F ,F —
120k fatl_ X S 4 flk zdf1 cflk tflk |
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31, by
Mi30, = Mpatl| | Ix * ds *+ 7 J-ef1 Pzt Ferr »Ferr, |

Maximum moment in section 0-3, fatigue

1
M =M l,,e ,F ,F ,F —
20uk fat2( X ka zdf2 Cf2k tﬂk) ]

31, by
Moty = Mar2 T’efzk’defZ’Fcka’thzJ'T
21, by
Moy, = Mfa2 T’efzk’defZ’Fcka’thzJ'T

| b

X 1

M =M —.,em LF ,F ,F —
23uk fat2 4 f2k zdf2 cf2k thJ |

b
- 1
MZOOk = Mfat27(lx + ds)’eka’defZ’Fcka’thZk}'T

1 b
X 1
M =M I, +d.+ —|,ep ,F JF ,F —

210k fat2| | 'x S 4j ka zdf2 Cf2k thJ |

21, by
MZZOk =Myl | Ix +dg + 4 ’eﬁk’deﬂ’Fcka’Ftﬁk 1

31
X
M230k =Myl | Ix +dg + Tj’eﬁk’deﬂ’Fcka’thZJ'

il
I

Stress variation due to moment

Fatigue due to bending. Check top and bottom reinforcement and compressive concrete

Use Navier's formula to calculate stresses, determine neutral axis and moment of inertia. Assume
fully cracked member (stage II). According to EC compressive stresses must be checked as well. For
concrete only compressive stresses is checked.

Bar spacing : Bar diameter: Concrete cover:
a0, = 150mm ¢, = 25-mm Cqoi] = 0-1m
a,,,= 110mm ¢, = 25-mm ¢ = 50-mm
a=5.556

oufatn= 1.15 For straight reinforcement bars

VF fat = |

AT Rk~ 162.5MPa [EC-1992-1-1:2005 6.8.4]
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G.2 Fatigue in bending reinforcement
Fatigue due to positive moment (bottom reinforcement in tension)

i=0.3
2
7T~d>0 5
Asis = 2 = 490.874-mm
2
7T~d>u 5
Asin = 2 = 490.874-mm
b b
1 -3 2 , 1 -3 2
/&,&:: _'Asiu =4462x 10 ~-m A' = _'Asio =3272x 10 "-m
a B g
u (o)
P
d.=c+ ¢, +—
by 5
1.505
q 1.505 q
= m =
mu= 1471 W mu
1.423

U= 0.23m Guess

2
X

Py = 700 b % + (a-— 1)~A‘S~(xII - d’i) + O"As'(XII - di),xu

241.027
241.027

‘mm
238.009
233.69

X =

3
by-xpp

2
X , 22 2
AI/H\/:: B + blxll(?j + (OL - I)AS(XII - d) + OLAS(d - XII)

0.055

0.055 4
-m

0.053

0.05

Iy =

Steel stress top (0) reinforcement
&= 4 =X

section 0

M -M
20uk 10uk
- - -5

AO-SOOposk = 0

I
HO
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max(AUSOOpos) = 14.438-MPa

5
AO-Rsk
Ao
6 s.fat . Rsk
N = |1-10"- if < -Ac
O0pos F.fat 29 SO0pos
POk '\{F.fat'Ao-SOOposk s.fat POk
9
ACrRsk
Ao
6 s.fat Rsk
1-10° if >'YF.fat'Ao-SOO 0S
’YF.fat'AGSOOposk s.fat POk
d —nk
OO0pos, = =
k N
OOposk
D, =9 d —7313x 10
Opos, = Z OOpos, = /212
k
section 1
M -M
. 21uk lluk
AO’SOlposk = OL—I 'Zl
II1
max(AUSOIpos) = 8.834-MPa
5
AO-Rsk
Ao
6 s.fat . Rsk
N = ]1-10"- if < -Ac
Olpos VF.fat 29SO1pos
POk '\{F.fat'Ao-SOlposk s.fat POk
9
ACrRsk
Ao
6 s.fat Rsk
1-10° if >'YF.fat'Ao-801 0S
’YF.fat'AGSOIposk s.fat Pk
d —nk
Olpos, = =
k N
Olposk
D N —8672x 107
Opos | = Z Olpos, = 072
k
section 2
Ma2y, = Mi2y,
AGSO2p0sk = OL-—I "z,
112

max(Acsozpos) =4.315-MPa

122



ACrRsk

6 s.fat

N =11-10"-
O2pos,
P2k 'YF.fat'AGSOZposk

Ao-Rsk
11 06. Vs fat
'\fF.fat'Ao-SOZposk
d02posk = NL =
O2posk

DOpos2 = Z dOZposk =0
k

section 3

M -M
23uk 13uk

z

AO-SO3posk = 3

I
II3

max(Aog3p05) = 1.187-MPa

ACrRsk

6 s.fat

N = 11-10"-
O3pos, -
k 'YF.fat'AGSOSposk

Ao-Rsk
1.106. Vs fat
'\fF.fat'Ao-SOSposk
dO3posk = NL =
03posk

DOpos3 = Z dO?;posk =0
k

Steel stress bottom (u) reinforcement
&= 4= X1
section 0

M -M
20uk 10uk
- - -5

Ao = |o
SUOposk I 0
Iy

Ao
Rsk
if 5

s PYF.fat'Ao-SOZ 0S
s fat PO%

Ao
Rsk
if >

> YF fat A9S02pos
s fat PO%

Ao
Rsk
if 5

s PYF.fat'Ao-SO3 0S
s fat PO%

Ao
Rsk
if >

> VE.fat ATS03pos
s fat PO%
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max(Aogjopos) = 118.863-MPa

AO-Rsk

6 s.fat

N = ]1-10"-
UOpos
POk '\{F.fat'Ao-SUOposk

ACrRsk
Vs.fat
1105 >4
’YF.fat'AGSUOposk
d —nk
UOpos, = =
POk NUOposk

-4
DUpos, = > dyopos, = 1-271x 10
k

section 1

M -M
21uk lluk

z

AcrSUlposk = o 1

I
1L,

max(AUSUlpos) = 72.729-MPa

AO-Rsk

6 s.fat

N = ]1-10"-
Ulpos
POk '\{F.fat'Ao-SUlposk

ACrRsk

6 s.fat

’YF.fat'AGSUlposk

d =—
Ulpos
POk NUlposk

-6
DUpos, = > dyipos, = 1:507x 10
k

section 2

M -M
22uk 12uk

z

AcrSU2posk = o b

I
1L,

max(AO'SUzpos) = 35.353-MPa

124

Ao
Rsk
if >

<YF fat A9SUOpos
s.fat POS

Ao
Rsk
if >

> 'YF.fat'Ao-SUO 0S
s.fat PO%

Ao
Rsk
if >

<YF fat A9SUTpos
Ns.fat POS

Ao
Rsk
if >

>'YF.fat'Ao-SUl 0S
s.fat PO%



NUZposk =

dU2posk =

ACrRsk

s.fat

1-10 -

F fat AcrSU2posk

Ao-Rsk

s fat

NU2posk

VE.fat AC SU2pos)

-9
Dupos, = > dy2pos, = 2257 x 10
k

section 3

AO-SU3posk =

M -M
23uk 13uk
- - -5

I 3
H3

max(Aogj3p05) = 9-657-MPa

NU3posk =

dU3posk =

dU3posk =

Fatigue due to negative moment (bottom reinforcement in tension)

b

Aven
&)

1-10 -

NUSposk

My

NUSposk

DUpos, = > dy3pos, = 1891 x 10
k

1 —
Agi= —Agjo=3272x 10 ~m

ACrRsk

s.fat

F fat AcrSU3posk

Ao-Rsk

s fat

VE.fat AC SU3pos,

14

3 2

Ao
Rsk
if 5

s PYF.fat'Ao-SUZ 0S
s fat PO%

Ao
Rsk
if >

> YF fat A9SU2pos
Ns.fat POS

Ao
Rsk
if 5

s PYF.fat'Ao-SU3 0S
s fat PO%

Ao
Rsk
if >

> YF fat A9SU3pos
Ns.fat POS

b; 3 2

A= —Agy, = 4462 x 10 "m

A
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1.555

1.555 ’ by
Ao = 1501 m d:=dp, di= cgoi + Py + B3
1.473

xp = 0.23m Guess

2
1
X1l = 100 bl T + (o — 1)-As-(xH - di) + OL-AS-(XH - di)’XH
213.71
213.71
XII = ‘mm
211.247
207.729

12

0.043
: 0.043 | 4

= ‘m
1 0.042

0.039

3 2
b-x X
X1 11 ‘ \2 2
A= + bl'XII'(Tj + (o= DA (xpp = d) "+ oA (d - xpy)

Steel stress top (0) reinforcement

Z::d—XII

MA
section 0

M -M
20uk 10uk
- - -,

AO-SOOnegk = o I 0
H0
max(ATgogneg) = 159.983-MPa
5
AGRSk
Ao
6 s.fat . Rsk
N, = |1-10"- if < Ao
OOne F fat SOO0ne
Sk ﬁfF.fat'AUSOOnegk s.fat Sk
9
AURsk
Ao
6 s fat . Rsk
110" if > VF fat ATS00ne
F fat AO-SOOHegk s.fat Bk
d —nk
OOneg, = =
k N
OOnegk
3

Doneg, = Z d00neg, = 1-806 10
k



section 1
M -M
A N 21uk lluk
o S S ——
SOlne 1
g IH1

max(AGSOIneg) = 97.89-MPa

5
AO-Rsk
Ao
6 s.fat Rsk
N = |1-10"- if < Ao
Olne F.fat 29SO1ne
%k ﬁrF.fa‘['Ao-SOlnegk s fat Sk
9
A(’rRsk
Ao
6 s fat Rsk
1-10° if > VE fat A%S01ne
AfF.fat'AUSOlnegk s fat S
d : —nk
Olneg, -~ =
k N
Olnegk
-5
Doneg, = Z d01neg, = 2184 x 10
k
section 2
M -M
. 22uk 12uk
AUSOZnegk = 0"1—'22
112
max(AGSOZneg) = 47.63-MPa
5
AO-Rsk
Ao
6 s.fat Rsk
N = |1-10"- if < Ao
O2ne F.fat 29 S02ne
%k ﬁrF.fa‘['Ao-SO2negk Ys.fat Sk
9
A(’rRsk
Ao
6 s fat Rsk
1-10° if > VE fat AS02ne
AfF.fat'AUSO2negk s fat S
d : —nk
O2neg, = =
k N
OZnegk

-8
Doneg, = Z dooneg, = 33 10
k

section 3
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M -M
A N 23uk 13uk
0S03neg, = | "Zq
8k 1113

max(AUSO3neg) = 13.03-MPa

AO-Rsk
s fat
Nosneg, = | 110" =
k ﬁrF.fa‘t'Ao-SO3negk
ACrRsk
Vs fat
1.106' s.fai
ﬁfF.fat'AO'SOSnegk
d : —nk
O3neg, = =
%k NO3negk
D =9 d —2804x 10 12
Oneg, = Z O3neg, ~ <V~
k
Steel stress bottom (u) reinforcement
&= 4 =X
section 0
M -M
3 2Ouk 10uk
AO'SUOnegk = OL—I 'ZO
II0

max(AUSUOneg) = 9.09-MPa

AO-Rsk
6 s.fat
NUOnegk = 1-10 - A

F fat 0-SUOHegk

ACrRsk
11 06 s.fat
VE.fat AC SUOneg,
UOnegk ’ Ny Onegk

- 14
DUneg, = Z dyoneg, = 1137 x 10
k

section 1

Ao
Rsk
i >

<VF.fat A%S03ne
s.fat Bk

Ao
Rsk
if 5

> PYF.fat'AO_SOZSne
s fat Bk

Ao
Rsk
i >

<YE.fat ATSUONe
s.fat Bk

Ao
Rsk
if 5

> PYF.fat'AO_SUOne
s fat Bk



M -M
21uk lluk
- .

AO-SUlnegk = |« 1

I
II1

max( Ao gy peg) = 5-562-MPa

A(’rRsk

6 s fat

N = 110"
Ulne
Sk E fat ATSUIneg,

AO-Rsk
s fat
1-10° ~2
'\fF.fat'AUSUlnegk
d o nk —
Ulnegk' NUlnegk

DUneg1 = Z dUlnegk =0
k

section 2
M -M

22uk 12uk
—————————————————————————— .Z

AO-SU2negk = |« 2

I
112

max( Ao g(joneg) = 2.682-MPa

A(’rRsk

6 s fat

N = |1-10"
U2ne
Sk E fat ATSU2neg,

AO-Rsk
s fat
1-10% -
F fat AUSU2negk
d o nk —
U2negk' NUZnegk

DUneg2 = Z dUznegk =0
k

section 3

Ao
Rsk
if 5

s PYF.fat'AO_SUlne
s fat Bk

Ao
Rsk
i 5

> YF fat A9SUTne
Ns.fat &k

Ao
Rsk
i 5

SF fat AO_SU2ne
s fat Bk

Ao
Rsk
i >

> YF fat A9SU2ne
Ns.fat &k
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M -M
A N 23uk 13uk
OSUsneg, = | %
g 1113

max(AUSU3neg) = 0.723-MPa

5
AURsk
Ao
6 s fat ) Rsk
N = |1-10"- if < Ao
U3ne F.fat 29 SU3ne
%k ﬁrF.fa‘t'Ao-SU3negk s.fat %k
9
ACrRsk
Ao
6 s fat Rsk
1-10°- if > “{F.fat'AGSUZSne
ﬁfF.fat'Ao-SUfSnegk s fat Sk
d : —nk
U3neg, -~ =
%k NU3negk
DUneg3 = Z dU3negk =0
k
Star reinforcement on the top (0)
AE_HM:: 6.181 x 103 mm2
A = A A' -—b—lA —3272% 10 m’
Aven™ s_eqv e~ T Psio T 2418 X ‘m
0
.: _ ¢
/gw dmoo 1.555m g ch(1)0+_0

2

X[ = 0.23m Guess

2
X

= 100t by % + (o — 1).A'S.<XH - d‘) + cx-AS.(xH - d),XH

X[ = 285.16-mm

b-x 3 X 2
1721 11 . 02 2
A= + bﬂn'(jj (o= DA (xgp — )7+ o Ag(d - xpg)
Steel stress star reinforcement

M -M
200k 100k

AO'SSTAR = |0z



max(AoggTAR) = 15.071-MPa

< ‘fF.fat'AUSSTARk

> “fF.fat'AUSSTARk

5
AO-Rsk
s.fat AT pgk
Ngrag = |1:10% 2 it ——
k “fF.fat'AGSSTARk Ys.fat
9
AO-Rsk
. fat AoRek
1-10%. s1a if 5
'\{F.fat'Ao-SSTARk s.fat
My
dSTARk TN
STAR,
L _ - 12
Dgtar = Y dsT AR, = 1738 10
k
Damage results :
0.013 7313 x 10 11
-4
S ) 1.507 x 10 o b | s672x 107 13 Y
Upos 5575107 Opos s
X 1358 x 10
1891 x 10”2 0
- 0.181
1137 x 10~ 12 \
14 2.184 x 10
DUneg = 1.348 x 10 4 [Poneg = e %
0 33x 10
0 2.804 x 10 1!

D

star

1738 % 10~ 10-%‘
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G.3 Shear force distribution

Shear force distribution fatigue loading

Vei(xep1-Fpapr Forr - Fepr) =

fa(er Faafr)

+_f11(ef1’def1) ~ f15(ep1-Frar) 2
1

+—gd'X

fa(er Faafr) X

+_f11(ef1’def1) ~ f15(ep1 Frar) 2
1

+-gqx — Fepy

fi1( 1 Faar) x -

+_f11(ef1’def1) ~ f15(ep1-Frar) 2
1
F

+-gqx — Fepp - 20

fi1(ef1Faar) x -

fi1(ef1-Fzar1) = fia(er-Frarr) x>

1

Faaf1

T8g X ~Fert - T Fin

x
P

x
P

x
P

x
S -

I - dg

if x <

l+dS

if <x <1



V'ti(x.ep: Fpaps Fop Fip) =

Vio(x. e Fpgp Fop - Fy) =

2 1-d

fooi1(ef1-Fzaf1) x .
—? —ggx if x<

fooil1(ef1-Fzdf1 )X ~

bey(ep)
fooili(ef1-Fzaf1) x> 1 dg I
ol (51 Frar1 ) - Tonlen) 20 T2 2
+-gqx — Fepl
fooiti(ef1-Fzaft) x> . 1 I+d
fyoit(ef1-Frar1) - T oplen) 27 T
Fadf1
Toggx ~ Fep T
. 1+ dS
fyoi1(er1-Fzdf1) X - if <x <bgy(eq)
fsoit1(¢f1-Fzar1) x>
bey(eqr) 2
Fadrf1
Toggx = Fep — 5 T i
beefr .
fsoill(efl’defl)'(T) —ggX . if bpy(ep) <x <1
Foaf1
TFep — 5 T En
. - ds
f21(ef2,Fde2)x if x <
f1(er Fram) — Ba(en-Fram) x>
X ggx
1 2
- dg I
fZI(eQ’deQ)X if 5 <X < E
+_f21(ef2’def2) ~ (e Fra) X
1 S
+-g4x ~ Fop
1 1+ dS
f21(6f2,Fde2)X if E <X < 5
+_f21(ef2’def2) ~ (e Frap) X
1 -
F
1+ dS
f21(ef2,Fde2)X if <x <1
B1(erFram) — Bo(en:Frap) . x_2
1 ~ -
def2

g X~ Fepm—— T Ep
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fsoit2(e2- Fadf2) x* o 1-d
V(%22 Fado-Ferao Fusa) = [ fsoita(or2: Fzar) % - Soitlet2 Taat) £ _ ggx if x < ——
foi2(e-Faa) x> 1-d |
fooit2(er2: Frafo) X = %% it — S <x< 3
*8qx ~ Fep
. . fooil2(ef2: Fzd2) X_2 ey I+dg
soilZ(efZ’ zdtZ)'X - W- 5 i 5 <x < 5
Frap
Toggx ~Fep
1+d
fooit2(er2- Fraf2) X - if ——<x< bp(ep)
fsoi(°p-Frap) «*
bm(eﬂ) 2
Frdm
+g X~ Fopp = —— + Fypy
bp(ep _
fsoilZ(efQ’defZ)' (2 ) — 84X - if bﬂ(eﬂ) <x<1
Frap
+Fep - + Fip

Veat1(X-e2-Fram: For Fip) = | Vin(x-ep Frap- Fep-Fip) if bpa(ep) > 1

Vi1 FaamFep - Fif) 1f bpo(ep) <!

Vear(X-e:Fram: For Fip) = | Via(x- e Frap- Fep-Fip) if bpa(ep) > 1

V'Q(X’eﬁ’FdeZ’FCQ’FtQ> if bfz(eﬂ) <1

Minimum shear force in section 0-3, fatigue



Fatigue loading max/min shear force
0.6
— V.12(x)
---- V.fl1(x)
0.4 \J
£
Z
= 02 -
o | [T H
Q
g
L: 0 <% e P YL =
< Seean
o Seeel
'Q See. X
N
-02 ~_
- 0.4
0 5 10 15 20
[m]
1 . : .
-15 . I !
0 5 10 15 20

G.4 Fatigue in U-bows
Fatigue U-bow [EN 1992-1-1:2005 6.8.5]

Auhomn= 100mm A%'W:: 4m Agl&v\:: 340mm mw:: 25mm
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3
Wa ks = g = 3.966-m
FLdf1 N Mgr N Foar1 N Mgr 1
9 mean.pos.fatl = T R e
P mdgd; mdgd; 2
Fae N Map N Fam N Map )1
9 mean.pos.fat2 = T R e
P mdgd; mdgd; 2
Fzarr Man N Foaet Mg 1
9mean.neg.fatl == - T - R e
g mdgd; mdgd; I 2
Fzar  Map N Fa  Map )1
9mean.neg.fat2 == - T - R e
g mdgd; mdgd; T 2
) (Gmean.pos.fatz - 0-mean.pos.fatl)'aubow'dl
AUUbow.pos = )
5 Tr'qDUbow
4
) (Umean.neg.fat2 - 0-rnean.neg.fatl)'aubow'dl
AUUbow.neg = 5
) Tr'd)Ubow

4

max( |A0Ubow.pos|) =2.18 x 103~MPa
max(|A0Ubow.neg|) =2.18 x 103~MPa
D= 600mm Bending diameter

ISA;: 0.35 + 0.026- =0.974 Reduction factor due to bent reinforcement bars

PUbow
AT Rk~ 162.5MPa-( = 158.275-MPa

VFnfats = 1.0 odfatr= 1.15
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5
AO-Rsk
Ao
6 s.fat Rsk
N = 11-10"- if < Ao
Ubow, - F.fat Ubow.pos
k A{F.fat'Ac’Ubow.posk s.fat POk
9
AO-Rsk
Ao
6 s fat . Rsk
1-10° if > YE.fat A% Ubow.pos
’YF.fat'Ao_Ubow.posk s.fat PO
N —nk
Ubow, = =
k NUbowk
Dipow = Z NUbow, = 1.064
k
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H Utilisation degree

Utilisation degree of bending reinforcement top (0) and bottom (u)

30.355 31316
e |14 or | 17615,
bu™ | 7929 b.o™ | g 006

2.052 2.066

Utilisation degree of shear capacity without shear reinforcement

90.676
64.919
44.09
22.63

URghear. VRdc =

Utilisation degree of shear capacity with shear reinforcement spacing 500mm

73.612
B 52.702 .
shear ~ 3596 ’
18.582

UR

Utilisation degree of bending in star reinforcement

1
UR; = 66.324 —-%
b.star m

Utilisation degree of U-bow reinforcement , tensile side (t), compressive side (c)

Compressive:
URshear.Ubowo = 93.628-%
Tensile:

URshear.Ubow1 = 87.697-%

Utilisation degree of crack width in the different sections top (o) and bottom (u)

96.453 85.539
58.625 50.133

UR rack.width.u = 28332 A |URerack width.o = 22788 |
7.696 5.804

Utilisation degree of compressed concrete under the steel ring

50888 _
YRee.ring = | 47,999 )




Utilisation degree of bending reinforcement top (o) and bottom (u) for fatigue loading

Equivalent load ac damage summation
26.38 0.013
16.114 -4
UR gy = 9 ) 1.507 x 10 y
e 7.823 DUpos_ -7 '
2.257 x 10
2.134
1.891 x 107 12
35.505
0.181
UR 21.689 y
fath.o ™ | 1054 | 2184 % 107>
D, = %
O _
2.88 T 33x 107 °
2.804x 10 !

Utilisation degree of compressed concrete top (0) and bottom (u) for fatigue loading

43.556 40.211

UR, _ 39.681 o UR _ 34.826 o
at.c.u 36.436 fat.c.o 30.672
34.033 27.877

Utilisation degree of compressed concrete under steel ring for fatigue loading

URfat.cc.ring = 56-066'%|

Utilisation degree of shear reinforcement closest to the steel ring for fatigue loading

Equivalent load ac damage summation

Utat.Ubow = 80-002-% [PUpow = 1063684

Utilisation degree of star reinforcement for fatigue loading

Equivalent load ac damage summation

Utat star = 32.388.%|
star

D...=1738x 10 10-%‘
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Fatigue Loads

S.'ﬂeq = ( Neg= 1077
=0 9
m=7
Sr,Mi= Sr,Fi=
Sr,Fi=Fxy | Sr,Mi=Mx (sum(ni*Sr,Mi” | =(sum(ni*Sr,Fi
Load nr [kN] y [kNm] ni n acc m/1077) Am/1077)

1 601 40 922 30 30 5,76526E+26 8,49655E+13
2 509 34 827 100 130 6,21459E+26 8,85165E+13
3 490 33957 60 190 3,12361E+26 4,06934E+13
4 470 31780 76 266  2,48823E+26 3,85034E+13
5 470 31780 253 519  8,28319E+26 1,28176E+14
6 464 28 297 266 785  3,86424E+26 1,23171E+14
7 457 27 426 220 1005  2,56779E+26 9,15875E+13
8 457 27 426 46 1051  5,36902E+25 1,91501E+13
9 444 27 426 63 1114  7,35322E+25 2,143E+13
10 444 26 991 266 1380  2,77597E+26  9,0482E+13
11 425 26 991 260 1640  2,71335E+26 6,51172E+13
12 418 26 991 43 1683  4,48747E+25 9,58743E+12
13 418 26 991 20 1703  2,08719E+25 4,45927E+12
14 418 26 120 301 2004  2,49677E+26  6,7112E+13
15 418 26 120 231 2235  1,91613E+26 5,15046E+13
16 411 26 120 81 2316  6,71889E+25 1,60464E+13
17 411 26 120 340 2656  2,82027E+26 6,73553E+13
18 411 26 120 36 2692  2,98617E+25 7,13174E+12
19 411 26 120 13 2705  1,07834E+25 2,57535E+12
20 411 25 250 188 2893  1,23023E+26 3,72435E+13
21 405 25250 97 2990 6,34748E+25 1,73363E+13
22 405 24 814 232 3222 1,3439E+26 4,14642E+13
23 398 24 814 34 3256 1,9695E+25 5,37849E+12
24 398 24 379 354 3610 1,81182E+26 5,59996E+13
25 398 24 379 353 3963 1,8067E+26 5,58414E+13
26 398 24 379 25 3988  1,27953E+25 3,95477E+12
27 398 23 044 210 4198  7,24643E+25 3,32201E+13
28 392 23944 66 4264  2,97797E+25 9,38742E+12
29 392 23508 340 4604  1,34893E+26 4,83595E+13
30 392 23073 106 4710  3,69007E+25 1,50768E+13
31 385 23073 266 4976  9,25998E+25 3,33508E+13
32 379 23073 322 5298  1,12095E+26 3,61685E+13
33 379 23073 71 5369  2,47165E+25 7,97504E+12
34 379 23073 496 5865  1,72667E+26 5,57129E+13
35 379 23073 74 5939  2,57608E+25 8,31201E+12
36 379 23073 13 5952  4,52555E+24 1,46022E+12
37 379 22 638 439 6391  1,33761E+26 4,93105E+13
38 372 22 638 377 6768 1,1487E+26 3,71657E+13
39 372 22 202 376 7144  9,99845E+25 3,70671E+13
40 366 22 202 676 7820  1,79759E+26 5,94722E+13
41 366 22 202 699 8519  1,85875E+26 6,14957E+13
42 359 22 202 287 8806  7,63179E+25 2,20568E+13
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

359
359
359
359
353
353
353
353
353
353
353
346
346
346
346
346
346
346
340
340
333
333
333
333
333
333
333
333
333
333
333
327
327
327
327
327
320
320
320
320
313
313
313
313
313
313
313
313
313
313

22 202
22 202
22 202
21767
21767
21767
21767
21767
21767
21767
21767
21767
21767
21767
21767
21767
21767
21707
21767
21767
21767
21332
21332
21332
20 896
20 461
20 461
20 461
20 461
20 461
20 461
20 461
20 461
20 461
20 020
20 026
20 026
20 026
20 026
19 690
19 590
19 590
19590
19 690
19 590
19 590
19 590
19 166
10 155
10 155

393
148
73
200
923
414
156
830
244
329
150
345
835
767
1996

69
415
1133
1258
1682
345
1062
226
1057
4472
1422
925
2488
2272
83
2846
207
1314
4 051
490
3 891
5308
1631
922
2275
1445
8413
7804
2732
5177
1629
3 581
6747
1660

9199

9347

9420

9620
10543
10957
11113
11943
12187
12516
12666
13011
13846
14613
16609
16614
16683
17098
18231
19489
21171
21516
22578
22804
23861
28333
29755
30680
33168
35440
35523
38369
38576
39890
43941
44431
48322
53630
55261
56183
58458
59903
68316
76120
78852
84029
85658
89239
95986
97646

1,04505E+26
3,93556E+25
1,94119E+25
4,63042E+25
2,13694E+26
9,58496E+25
3,61172E+25
1,92162E+26
5,64911E+25
7,61703E+25
3,47281E+25
7,98747E+25

1,9332E+26
1,77576E+26
4,62116E+26

1,1576E+24
1,59749E+25
9,42425E+25
2,62313E+26
2,91253E+26
3,89418E+26

6,9349E+25
2,13474E+26
4,54286E+25
1,83873E+26
6,71413E+26
2,13495E+26
1,38877E+26
3,73541E+26
3,41111E+26
1,24614E+25

4,2729E+26
3,10784E+25

1,9728E+26
5,22169E+26

6,3293E+25
5,02598E+26
6,85631E+26
2,10675E+26
1,05792E+26
2,51897E+26
1,59996E+26
9,31519E+26
8,95442E+26
3,02497E+26
5,73217E+26
1,80369E+26
3,40192E+26
7,51398E+24

1,8487E+24

3,02033E+13
1,13743E+13
5,61027E+12
1,53706E+13
6,30412E+13
2,82763E+13
1,06549E+13
5,66893E+13
1,66653E+13
2,24708E+13
1,02451E+13
2,0481E+13
4,957E+13
4,55332E+13
1,18493E+14
2,96827E+11
4,09621E+12
2,46366E+13
5,9509E+13
6,60744E+13
7,63723E+13
1,56649E+13
4,82208E+13
1,02617E+13
4,79937E+13
2,03054E+14
6,45668E+13
4,20002E+13
1,12969E+14
1,03162E+14
3,76867E+12
1,13781E+14
8,2757E+12
5,25327E+13
1,61956E+14
1,95898E+13
1,33694E+14
1,82381E+14
5,60407E+13
3,16797E+13
6,69563E+13
4,25283E+13
2,47606E+14
2,29682E+14
8,04065E+13
1,52366E+14
4,79437E+13
1,05394E+14
1,98573E+14
4,88561E+13
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93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142

142

313
307
307
307
307
307
300
300
300
300
300
300
294
294
294
294
287
287
287
287
287
287
281
281
281
281
281
281
274
274
274
274
274
274
274
268
268
268
268
261
261
261
261
261
261
255
255
255
248
248

19 155
19 155
19 155
19 155
10 155
19 155
19 155
19 155
19 155
18720
18 720
18 284
18 284
18 284
18284
18 284
18284
18 284
17 849
17 849
17 849
17 849
17 849
17 414
16 978
16 978
16 978
16 978
16 978
16 543
16 543
16 543
16 543
16 543
16 108
16 108
15672
15672
15672
15672
15672
15 237
15 237
14 802
14 802
14 802
14 802
14 802
14 802
14 366

3422
16 307
7285
13032
7266
2512
2403
16 882
7820
3320
3597
243
24 387
12 945
10 381
13 987
2244
3307
2934
42 095
8791
12 695
5669
18332
399
31650
21053
24 043
9753
13375
25 031
48 180
12 163
961
21220
22 873
10 060
51243
24 561
28 993
1418
90 359
7003
21 868
3076
73 503
13 922
22 830
1679
115566

101068
117375
124660
137692
144958
147470
149873
166755
174575
177895
181492
181735
206122
219067
229448
243435
245679
248986
251920
294015
302806
315501
321170
339502
339901
371551
392604
416647
426400
439775
464806
512986
525149
526110
547330
570203
580263
631506
656067
685060
686478
776837
783840
805708
808784
882287
896209
919039
920718
1036284

3,23784E+26
1,54294E+27
6,89294E+26
1,23307E+27
8,09198E+24
2,37681E+26
2,27368E+26
1,59735E+27
7,39915E+26
2,67472E+26
2,89789E+26
1,65999E+25
1,66593E+27
8,84302E+26
7,09149E+26
9,55483E+26
1,53293E+26
2,25909E+26
1,69339E+26
2,42956E+27
5,07383E+26
7,32706E+26
3,27193E+26
8,90225E+26
1,62248E+25
1,287E+27
8,56091E+26
9,77675E+26
3,96592E+26
4,53517E+26
8,48747E+26
1,63368E+27
4,12421E+26
3,25854E+25
5,97086E+26
6,43598E+26
2,33598E+26
1,18989E+27
5,70318E+26
6,73231E+26
3,29266E+25
1,72293E+27
1,3353E+26
3,40449E+26
4,78883E+25
1,14432E+27
2,16743E+26
3,55426E+26
2,61393E+25
1,45942E+27

1,00714E+14
4,19124E+14

1,8724E+14

3,3495E+14
1,86751E+14
6,45637E+13
5,25536E+13
3,69209E+14
1,71023E+14
7,26084E+13
7,86664E+13
5,31441E+12
4,63009E+14
2,45773E+14
1,97093E+14
2,65556E+14
3,59912E+13
5,30405E+13

4,7058E+13
6,75155E+14
1,40998E+14
2,03613E+14
7,84243E+13
2,53603E+14
5,51972E+12
4,37843E+14
2,91245E+14
3,32608E+14
1,13082E+14
1,55077E+14
2,90223E+14
5,58625E+14
1,41025E+14
1,11424E+13
2,46036E+14
2,27126E+14
9,98945E+13
5,08836E+14
2,43888E+14
2,39209E+14
1,16993E+13
7,45513E+14
5,77787E+13
1,80423E+14
2,53787E+13
5,15331E+14
9,76074E+13
1,60062E+14
9,68752E+12
6,66794E+14



143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192

248
248
242
242
242
235
235
235
235
220
229
220
220
229
229
222
216
216
216
216
209
209
209
209
202
202
202
202
202
196
196
196
189
189
189
189
189
183
183
176
176
176
176
170
170
170
170
163
163
163

14 366
14 366
14 366
13931
13931
13931
13 496
13 496
13 496
13 496
13 060
13 060
13 060
12 625
12 025
12 625
12 625
12 625
12190
12190
12190
12190
11754
11764
11754
11754
11 319
11319
10 883
10 883
10 883
10083
10 883
10 448
10 448
10 448
10013
10013
10013
10013
9577
9577
9577
9577
9142
9142
9142
9142
9142
8707

22 825
5329
45 993
561

55 594
90 065
15 367
38 837
54311
38 337
16 017
100 323
14 581
14 908
25 289
121 469
3969
145 025
45710
371
105 848
70 745
132770
51513
40 562
112298
132 399
158 321
12 388
68 321
49 153
259 889
59 565
3959
218564
122 754
64 698
104 123
267 752
111 893
3297
17202
490 524
68 943
23 335
174 022
261 543
159 337
212 047
512 520

1059109
1064438
1110431
1110992
1166586
1256651
1272018
1310855
1365166
1403503
1419520
1519843
1534424
1549332
1574621
1696090
1700059
1845084
1890794
1891165
1997013
2067758
2200528
2252041
2292603
2404901
2537300
2695621
2708009
2776330
2825483
3085372
3144937
3148896
3367460
3490214
3554912
3659035
3926787
4038680
4041977
4059179
4549703
4618646
4641981
4816003
5077546
5236883
5448930
5961450

2,88245E+26
6,72972E+25
5,80822E+26
5,71267E+24
5,66114E+26
9,17133E+26
1,25321E+26
3,16724E+26
4,42918E+26
3,12647E+26
1,03797E+26
6,50134E+26
9,44908E+25
7,62148E+25
9,19448E+25
6,20991E+26
2,02909E+25
7,41417E+26
1,82826E+26
1,48388E+24
4,23359E+26
2,82958E+26
4,11528E+26
1,60621E+26
1,25724E+26
3,48074E+26
3,15167E+26
3,76873E+26
2,23997E+25
1,23536E+26
8,88772E+25

2,7537E+26
1,07704E+26
5,38044E+24
2,97037E+26
1,66828E+26
6,52891E+25
1,05074E+26
2,70198E+26
1,12915E+26
2,43627E+24
1,27112E+25
3,62465E+26
5,09444E+25
1,24536E+25
9,28737E+25
1,39583E+26
8,50365E+25
1,13167E+26
1,94442E+26

1,31696E+14
3,07473E+13
2,23563E+14
2,72691E+12
2,70231E+14
3,56477E+14
6,08225E+13
1,53717E+14
2,14963E+14
9,56262E+13
5,28968E+13
2,50241E+14
3,63702E+13
4,92343E+13
8,3518E+13
3,22802E+14
8,70678E+12
3,18141E+14
1,00274E+14
8,13861F+11
1,84377E+14
1,23231E+14
2,31272E+14
8,97307E+13
5,56646E+13
1,5411E+14
1,81696E+14
2,17269E+14
1,70005E+13
7,59183E+13
5,46188E+13
2,88789E+14
5,13126E+13
3,4105E+12
1,88283E+14
1,05747E+14
5,57344E+13
7,15656E+13
1,84031E+14
5,85318E+13
1,72468E+12
8,99845E+12
2,56595E+14
2,829E+13
9,57525E+12
7,1408E+13
1,07321E+14
4,87113E+13
6,48254E+13
1,56684E+14
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193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242

144

163
157
157
157
150
150
150
150
144
144
144
144
137
137
137
137
131
131
131
131
124
124
124
118
118
118
118
111
111
111
104
104
104
104
98
98
98
98
91
91
91
91
85
85
85
85
78
78
78
78

8707
8707
8707
8271
8271
8271
7836
7836
7836
7836
7401
7401
7401
7401
6965
6965
6965
6530
6530
6530
6530
6530
6095
6095
6095
6095
5659
5659
5659
5659
5659
5224
5224
5224
5224
4789
4789
4789
4789
4353
4353
4353
4353
4353
3018
3918
3918
3918
3483
3483

4 136

95 537
126 081
647 033
5466

303 972
196636
478 593
121 027
245 871
838 015
81855
1078 602
93 477
348 486
292 930
1228 141
49 788
633 679
1810
1577 253
751919
471 655
4 196
1389 759
1747 266
212919
251632
1357 019
2143 991
242 040
1438 488
527 488
3 255 502
130 915
2041740
1409 785
2387 859
2213673
443 103
4 670 926
1243 664
1695 202
423 857
8 816 545
168 697
1979 437
1079 800
8 095 667
4 261 486

5965586

6061123

6187204

6834237

6839703

7143675

7340311

7818904

7939931

8185802

9023817

9105672
10184274
10277751
10626237
10919167
12147308
12197096
12830775
12832585
14409838
15161757
15633412
15637608
17027367
18774633
18987552
19239184
20596203
22740194
22982234
24420722
24948210
28203712
28334627
30376367
31786152
34174011
36387684
36830787
41501713
42745377
44440579
44864436
53680981
53849678
55829115
56908915
65004582
69266068

1,56914E+24
3,62453E+25
4,78332E+25

1,7133E+26
1,44736E+24
8,04896E+25
3,56717E+25
8,68215E+25
2,19555E+25
4,46034E+25
1,01926E+26
9,95584E+24
1,31188E+26
1,13694E+25
2,77098E+25
2,32923E+25
9,76554E+25
2,52068E+24

3,2082E+25

9,1637E+22
7,98534E+25
3,80683E+25
1,47381E+25
1,31115E+23
4,34266E+25
5,45978E+25
3,95724E+24
4,67675E+24
2,52211E+25
3,98475E+25
4,49847E+24
1,52731E+25

5,6006E+24
3,45653E+25
1,38999E+24
1,17954E+25
8,14454E+24

1,3795E+25
1,27887E+25
1,31228E+24
1,38332E+25
3,68319E+24
5,02044E+24
1,25528E+24
2,01063E+24
2,39088E+23
2,80539E+24
1,53036E+24
5,03416E+24
2,64994E+24

1,26443E+12
2,24631E+13
2,96447E+13
1,52133E+14
9,33917E+11
5,19365E+13
3,35971E+13
8,17721E+13
1,55389E+13
3,15678E+13
1,07594E+14
1,05095E+13
9,77024E+13
8,46737E+12
3,15667E+13
2,65343E+13
8,13106E+13
3,29628E+12
4,19535E+13
1,19833E+11
7,10973E+13

3,3894E+13
2,12606E+13
1,33662E+11
4,42704E+13
5,56587E+13
6,78248E+12
5,22428E+12
2,81739E+13
4,45127E+13
3,18508E+12
1,89295E+13
6,94138E+12
4,28402E+13
1,13651E+12
1,77249E+13
1,22387E+13
2,07296E+13
1,14394E+13
2,28978E+12
2,41375E+13
6,42677E+12
5,43443E+12
1,35879E+12
2,82638E+13
5,40804E+11
3,47699E+12
1,89673E+12
1,42205E+13
7,48554E+12



243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280

72
72
72
72
65
65
65
65
59
59
59
59
52
52
52
46
46
46
46
46
39
39
39
39
39
33
33
33
33
33
26
26
26
26
20
20
20
13

3483 3204897 72560965  2,04888E+24  3,30498E+12
3047 4235916 76796881  1,03289E+24 4,24888E+12
3047 2553974 79350855  6,22764E+23  2,56179E+12
3047 8424894 87775749  2,05434E+24  8,45069E+12
3047 4381578 92157327  1,06841E+24 2,14795E+12
2612 3428399 95585726  2,84383E+23  1,68068E+12
2612 9830576 1,05E+08  8,15438E+23 4,81917E+12
2612 7463256 1,13E+08  6,19071E+23 3,65866E+12
2612 2831244 1,16E+08  2,34849E+23  7,04598E+11
2612 4253985 1,2E+08  3,52865E+23 1,05867E+12
2177 18393799 1,38E+08  4,26266E+23 4,57758E+12
2177 6040264 1,44E+08  1,3998E+23 1,50321E+12
2177 3360670 1,48E+08  7,78816E+22 3,45501E+11
2177 7427643 1,55E+08  1,72131E+23  7,63615E+11
1741 840838 1,56E+08  4,07665E+21 86444175421
1741 20387687 1,76E+08  9,88461E+22 8,88531F+11
1741 8375957 1,85E+08  4,06093E+22 3,65039E+11
1741 6979848 1,92E+08  3,38405E+22 3,04194E+11
1306 4162644 1,96E+08  2,69756E+21 1,81415E+11
1306 20892214 2,17E+08  1,3539E+22  9,1052E+11
1306 12137496 2,29E+08  7,86559E+21 1,66564E+11
1306 21431118 2,5E+08  1,38882E+22 2,94101E+11
871 602078 2,51E+08  2,28971E+19 8262377004
871 14682390 2,66E+08  558372E+20 2,01488E+11
871 20617202 2,86E+08  7,84074E+20 2,82932E+11
871 12178782 2,98E+08  4,6316E+20 51904072620
871 26708068 3,25E+08  1,01571E+21 1,13826E+11
871 33217769 3,58E+08  1,26327E+21 1,41569E+11
871 5080469 3,63E+08  1,93211E+20 21652167837
435 3886909 3,67E+08  1,14559E+18 16565400957
435 24595279 3,92E+08  7,24897E+18 19754461215
435 35676560 4,28E+08  1,0515E+19 28654735765
435 53733980 4,81E+08  1,5837E+19 43158112736
435 39497 474 521E+08  1,16411E+19 31723621360
435 30235443 551E+08  8,9113E+18 3870136704
435 104 158 265 6,55E+08  3,06986E+19 13332257920
435 45226296  7E+08  1,33296E+19 5788965888
435 36674024 7,37E+08  1,08089E+19 230124061,8
[sum srXi=| 6,44495E+28| 2,34462E+16

Mxyeg=sum(S.Mi)*(1/m)=

13049,76938

Fxyeq=sum(S.Fi)*(1/m)=

218,0628346
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Sections of strut-and-tie model 1

J

291 290

320 296

292 299

293

" 184

193

(44

366

™~

o

E-E

D-D

146



371 370

L6T
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> o b
381 380 337 335

I : 1 379 378 1

o N

A N 375 374
373 372

F-F G-G
259 258 250 274. 331 312 .278 257 256 255
A2 B A\E N o T S S
N % o NA AV A S
245 246 275 313 279 243 244

428 347 342 399 340
2-2
417 418 403

401

430 350 199 363365 402 376377 216
1-1

147



A
Q)
A A\
0 ®
1 40
»%\ o (al _ co
— A 9
A N # ./..mw i
,.,, <

C*

B*

A*

148



K  Reinforcement calculations and forces in struts and ties

Bar diameter [m] 0,025
f.yd [Pa] 521739130 — - - -
minimum required width with chosen with regard to load
A,si (phi=25) [mz] 0,0004906 | minimum spacing (one bar distribution (only
diameter) applicable on some ties)
f.cd 30MPa ¢
Asreq Needed Section . .
ID | L[m]|[N[kN*107-2]| /concrete | Bars/diameter | (see [Remark s'\gIrZa q E\F/):ad SRpeil::]rged
area [m"2]| of strutfim] | App.J)
199 | 0,5 50,726 0,0097225( 19,81652654 1 Ubow [ 0,96583
203 | 1,031 -46,781 | 0,1559367 | 0,251521127 1
204 | 1,031 -46,781 | 0,1559367 | 0,251521127 1
205 | 14 45,384 0,0086986 | 17,72963057 1 Ubow |0,86148 0
206 | 05 -1,97 0,0065667 [ 0,051614632 1
214 | 05 48,735 0,0093409 [ 19,03872611 1 Ubow [0,92694 0
215 | 14 0 0 0 1
216 | 05 -21,891 0,07297 | 0,172057069 1
217 | 0,9 0 0 0 1
332 [ 1,625 21,891 0,0041958 | 8,551898089 1 Middle [0,40259| 1,8 210
333 | 2,145 -28,895 | 0,0963167 | 0,197674691 1
348 | 2,145 -28,321 | 0,0944033| 0,195701436 1
349 | 1,625 -5,727 0,01909 | 0,088004182 1
350 | 1,625 39,38 0,0075478 | 15,3841189 1 Bottom | 0,74421| 1,8 117
360 | 1,858 -13,942 | 0,0464733| 0,137310029 1
363 | 04 39,38 0,0075478 | 15,3841189 1 Bottom | 0,74421| 1,8 117
364 | 04 -1,97 0,0065667 [ 0,051614632 1
365 [ 0,3 39,38 0,0075478 | 15,3841189 1 Bottom | 0,74421| 1,8 117
376 | 0,3 -21,891 0,07297 | 0,172057069 1
377 | 04 -21,891 0,07297 | 0,172057069 1
384 [ 0,3 -1,97 0,0065667 [ 0,051614632 1
385 [ 0,7 -1,97 0,0065667 [ 0,051614632 1
386 | 0,7 23,861 0,0045734 [ 9,321494692 1 Top (0,44107( 1,8 193
401 | 2,1 -1,97 0,0065667 [ 0,051614632 1
402 | 21 -21,891 0,07297 | 0,172057069 1
403 | 24 23,861 0,0045734 [ 9,321494692 1 Top |0,44107| 1,8 193
414 | 1,03 -49,133 1
415 | 0,9 45,384 0,0086986 | 17,72963057 1 Ubow [0,86148 0
416 | 1,03 -51,918 0,17306 | 0,264971215 1
417 | 05 -12,196 | 0,0406533 | 0,128424661 1
418 | 04 -37,41 0,1247 0,224922848 1
419 | 05 23,861 0,0045734 [ 9,321494692 1 Top |0,44107| 1,8 193
429 | 1,511 -47,603 | 0,1586767 | 0,253721273 1
430 | 0,569 17,923 0,0034352 | 7,001766454 1 Bottom |0,32509| 1,8 257
338 | 1,625 21,891 0,0041958  8,551898089 2 Middle [0,40259| 1,8 210
339 [ 2,145 -28,895 | 0,0963167| 0,197674691 2
340 | 09 -12,466 | 0,0415533 | 0,129838438 2
341 [ 09 21,891 0,0041958 [ 8,551898089 2 Middle [0,40259| 1,8 210
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342 | 0,9 47,22 0,0090505 | 18,44687898 2 Bottom [0,89734| 1,8 97
343 [ 0,9 5,993 0,0011487 | 2,341214437 2 Middle [0,09206| 1,8 768
344 | 2,145 -38,67 0,1289 0,228679275 2

346 | 1,625 -17,923 0,0597433 [ 0,155684391 2

347 | 1,625 47,22 0,0090505 | 18,44687898 2 Bottom [0,89734| 1,8 97
389 | 1,664 -17,428 0,0580933 [ 0,153519482 2

390 | 1,273 -41,642 0,1388067 [ 0,237304247 2

399 [ 2,7 55,954 0,0107245( 21,85888747 2 Bottom [1,06794| 1,8 82
400 | 2,7 5,993 0,0011487 | 2,341214437 2 Middle |0,09206 1,8 768
410 | 1,664 -43,949 0,1464967 | 0,243789064 2

412 | 3,041 -118,599 0,39533 | 0,400479448 2

427 | 1,511 -47,603 0,1586767 | 0,253721273 2

428 | 0,569 17,923 0,0034352 [ 7,001766454 2 Bottom [0,32509| 1,8 257
280 | 0,892 84,269 0,0161516 | 32,92037367 A Bottom [1,62102| 6,6 200
281 | 0,892 56,18 0,0107678 [ 21,94717622 A Bottom [ 1,07236| 6,6 300
282 | 0,892 56,18 0,0107678 | 21,94717622 A Bottom [1,07236| 6,6 300
283 | 0,892 84,269 0,0161516 [ 32,92037367 A Bottom [ 1,62102| 6,6 200
284 | 14 44,1 0,0084525( 17,22802548 A 0,8364 6,6 383
285 | 14 44,1 0,0084525 [ 17,22802548 A 0,8364 6,6 383
286 | 14 44,1 0,0084525 17,22802548 A 0,8364 6,6 383
287 | 14 44,1 0,0084525 [ 17,22802548 A 0,8364 6,6 383
288 | 14 44,1 0,0084525 17,22802548 A 0,8364 6,6 383
289 | 14 44,1 0,0084525 [ 17,22802548 A 0,8364 6,6 383
290 | 0,892 -28,09 0,0936333 | 0,194901683 A 6,6

291 10,892 -56,18 0,1872667 | 0,275632604 A 6,6

292 | 0,892 -56,18 0,1872667 [ 0,275632604 A 6,6

293 | 0,892 -28,09 0,0936333 [ 0,194901683 A 6,6

295 | 0,692 106,059 0,020328 | 41,43281529 A 2,04664| 6,6 159
296 | 0,692 -84,269 0,2808967 | 0,337577615 A 6,6

297 | 14 44,1 0,0084525( 17,22802548 A 0,8364 6,6 383
298 | 0,692 106,059 0,020328 | 41,43281529 A Bottom [2,04664| 6,6 159
299 | 0,692 -84,269 0,2808967 [ 0,337577615 A 6,6

300 | 1,66 -52,286 0,1742867 [ 0,265908628 A 6,6

301 | 0,892 28,09 0,0053839( 10,97358811 A Bottom [ 0,52368| 6,6 601
302 | 1,66 -52,286 0,1742867 [ 0,265908628 A 6,6

303 | 1,66 -52,286 0,1742867 | 0,265908628 A 6,6

304 | 1,562 -49,189 0,1639633 [ 0,257913287 A 6,6

305 | 1,66 -52,286 0,1742867 | 0,265908628 A 6,6

306 | 0,892 28,09 0,0053839 10,97358811 A Bottom [0,52368| 6,6 601
307 | 1,66 -52,286 0,1742867 | 0,265908628 A 6,6

308 | 1,66 -52,286 0,1742867 [ 0,265908628 A 6,6

309 | 1,562 -49,189 0,1639633 | 0,257913287 A 6,6

318 | 1,8 106,059 0,020328 | 41,43281529 A Bottom [2,04664| 6,6 159
319 [ 1,8 106,059 0,020328 | 41,43281529 A Bottom [2,04664| 6,6 159
320 | 3,6 -106,059 0,35353 | 0,378715852 A 6,6

220 | 0,892 -24,026 0,0800867 [ 0,180252151 B

221 10,892 -12,013 0,0400433 [ 0,127457518 B

222 | 0,892 -12,013 0,0400433 | 0,127457518 B

223 10,892 -24,026 0,0800867 [ 0,180252151 B

224 | 14 18,86 0,0036148 | 7,367813163 B 0,34339 7,5 1017
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225 | 14 18,86 0,0036148 [ 7,367813163 B 0,34339| 7,5 1017
226 | 14 18,86 0,0036148 [ 7,367813163 B 0,34339| 7,5 1017
227 | 14 18,485 0,003543 | 7,221316348 B 0,33607| 7,5 1038
228 | 14 18,86 0,0036148 [ 7,367813163 B 0,34339| 7,5 1017
229 | 14 18,86 0,0036148 [ 7,367813163 B 0,34339| 7,5 1017
230 | 14 18,86 0,0036148 [ 7,367813163 B 0,34339| 7,5 1017
231 | 1,66 -22,361 0,0745367 | 0,173894294 B

232 10,892 12,013 0,0023025 [ 4,692976645 B Top ]0,20965| 7,5 1598
233 | 0,892 24,026 0,004605 | 9,385953291 B Top | 0,4443 7,5 799
234 10,892 36,039 0,0069075 | 14,07892994 B Top |0,67895| 7,5 532
235 | 0,892 36,039 0,0069075 | 14,07892994 B Top |0,67895| 7,5 532
236 | 0,892 24,026 0,004605 | 9,385953291 B Top | 0,4443 7,5 799
237 ] 0,892 12,013 0,0023025 [ 4,692976645 B Top ]0,20965| 7,5 1598
238 | 1,66 -22,361 0,0745367 [ 0,173894294 B 7,5

239 | 1,66 -22,361 0,0745367 | 0,173894294 B 7,5

240 | 1,66 -22,361 0,0745367 [ 0,173894294 B 7,5

241 | 1,66 -22,361 0,0745367 | 0,173894294 B 7,5

242 | 1,66 -22,361 0,0745367 [ 0,173894294 B 7,5

265 | 0,692 45,358 0,0086936 [ 17,71947346 B Top ]0,86097| 7,5 423
266 [ 14 22,05 0,0042263 | 8,614012739 B 0,4057 7,5 870
267 | 0,692 -36,039 0,12013 | 0,220762898 B 7,5

268 | 1,562 -21,037 0,0701233 | 0,168667584 B 7,5

269 | 1,562 -21,037 0,0701233| 0,168667584 B 7,5

270 | 0,692 -36,039 0,12013 | 0,220762898 B 7,5

271 10,692 45,358 0,0086936 [ 17,71947346 B Top ]0,86097| 7,5 423
272 | 14 22,1 0,0042358 [ 8,633545648 B 0,40668| 7,5 868
314 1 18 45,358 0,0086936 | 17,71947346 B Top ]0,86097| 7,5 423
315 [ 1,8 45,358 0,0086936  17,71947346 B Top [0,86097| 7,5 423
316 | 1,8 -45,358 0,1511933 | 0,247666159 B 7,5

317 | 18 -45,358 0,1511933 [ 0,247666159 B 7,5

310 | 14 45,384 0,0086986 [ 17,72963057 C 0,86148

311 [ 0,9 6,755 0,0012947 [ 2,638895966 C 0,10694

325 |1 18 42,126 0,0080742 | 16,45686624 C Bottom [ 0,79784

326 | 14 32,764 0,0062798 | 12,79952442 C 0,61498

327 | 2,28 -53,368 0,1778933 | 0,26864588 C

328 | 14 32,764 0,0062798 | 12,79952442 C 0,61498

329 | 18 42,126 0,0080742 | 16,45686624 C Bottom [ 0,79784

330 | 2,28 -53,368 0,1778933| 0,26864588 C

184 | 0,9 117,786 | 0,0225757| 46,01406369 D 2,2757

186 | 0,9 117,786 | 0,0225757 | 46,01406369 D 2,2757

192 | 14 117,786 | 0,0225757| 46,01406369 D 2,2757

212 | 14 117,786 | 0,0225757 | 46,01406369 D 2,2757

368 | 18 -97,052 0,3235067 [ 0,362278003 D -0,0069

369 [ 1,8 -97,052 0,3235067 [ 0,362278003 D -0,0069

387 | 18 39,264 0,0075256 [ 15,33880255 D Top |0,74194

388 | 1,8 39,264 0,0075256 [ 15,33880255 D Top |0,74194

193 | 1,4 26,223 0,0050261 | 10,2442293 E 0,48721

210 [ 1,4 26,223 0,0050261 | 10,2442293 E 0,48721

366 | 14 97,052 0,0186016 [ 37,91415711 E Bottom [ 1,87071

367 | 14 97,052 0,0186016 ( 37,91415711 E 1,87071
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382 | 14 -39,264 0,13088 | 0,230428923 E
383 | 14 -39,264 0,13088 | 0,230428923 E
190 | 1,4 114,565 |0,0219583| 44,75575372 F 2,21279
202 | 14 114,565 |0,0219583 | 44,75575372 F 2,21279
321 [ 0,9 91,91 0,0176161 | 35,90539278 F 1,77027
323 [ 0,9 91,91 0,0176161 | 35,90539278 F 1,77027
370 | 14 -22,978 0,0765933 | 0,176277074 F
3711 | 14 -22,978 0,0765933 | 0,176277074 F
372 | 14 -111,658 | 0,3721933| 0,388583757 F
3713 | 14 -111,658 | 0,3721933| 0,388583757 F
380 [ 14 189,871 ]0,0363919| 74,17465817 F Top |[3,68373
381 | 14 189,871 ]0,0363919| 74,17465817 F Top |3,68373
374 1 18 91,233 0,0174863 | 35,6409172 G 1,75705
375 | 1,8 91,233 0,0174863 | 35,6409172 G 1,75705
378 | 1,8 -149,021 | 0,4967367 | 0,448914318 G
379 | 18 -149,021 | 0,4967367| 0,448914318 G
213 | 14 85,9 0,0164642 [ 33,55753715 H 1,65288
334 | 14 33,52 0,0064247  13,094862 H 0,62974
335 | 1,8 43,098 0,0082605 [ 16,83658599 H Top ]0,81683
336 [ 14 33,52 0,0064247  13,094862 H 0,62974
337 | 18 43,098 0,0082605 [ 16,83658599 H Top ]0,81683
361 | 2,28 -54,599 0,1819967 [ 0,271726544 H
362 | 2,28 -54,599 0,1819967 | 0,271726544 H
413 | 0,9 42,95 0,0082321 | 16,77876858 H 0,81394
243 10,892 -24,026 0,0800867 [ 0,180252151 |
244 | 0,892 -12,013 0,0400433 | 0,127457518 I
245 10,892 -12,013 0,0400433 [ 0,127457518 |
246 | 0,892 -24,026 0,0800867 | 0,180252151 I
247 | 14 18,86 0,0036148 [ 7,367813163 I 0,34339
248 | 14 18,86 0,0036148  7,367813163 I 0,34339
249 | 14 18,86 0,0036148 [ 7,367813163 I 0,34339
250 | 0,892 36,039 0,0069075 | 14,07892994 I 0,67895
251 | 14 18,86 0,0036148 [ 7,367813163 I 0,34339
252 | 14 18,86 0,0036148  7,367813163 I 0,34339
253 | 14 18,86 0,0036148 [ 7,367813163 I 0,34339
254 | 1,66 -22,361 0,0745367 [ 0,173894294 I
255 10,892 12,013 0,0023025 [ 4,692976645 | 0,20965
256 | 0,892 24,026 0,004605 | 9,385953291 I 0,4443
257 10,892 36,039 0,0069075 | 14,07892994 | 0,67895
258 | 0,892 24,026 0,004605 | 9,385953291 I 0,4443
259 10,892 12,013 0,0023025 [ 4,692976645 | 0,20965
260 | 1,66 -22,361 0,0745367 [ 0,173894294 I
261 | 1,66 -22,361 0,0745367 | 0,173894294 |
262 | 1,66 -22,361 0,0745367 [ 0,173894294 I
274 10,692 45,358 0,0086936 | 17,71947346 | 0,86097
275 | 0,692 -36,039 0,12013 | 0,220762898 I
276 | 1,562 -21,037 0,0701233 | 0,168667584 |
277 | 14 18,86 0,0036148  7,367813163 I 0,34339
278 ] 0,692 45,358 0,0086936 | 17,71947346 | 0,86097
279 ] 0,692 -36,039 0,12013 | 0,220762898 |
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312 | 18 45,358 0,0086936 [ 17,71947346 | 0,86097
313 | 3,6 -45,358 0,1511933 [ 0,247666159 |

331 [ 18 45,358 0,0086936 [ 17,71947346 | 0,86097
183 | 1,03 -101,06 0,3368667 [ 0,369682904 A*

207 ] 1,031 -27,03 0,0901 0,19118893 A*

208 | 1,031 -27,03 0,0901 0,19118893 A*

209 | 0,5 127,868 0,024508 | 49,95267941 A* 2,47263
211 | 0,5 0 0 0 A*

196 | 0,5 251,493 | 0,0482028 [ 98,24779618 B* 4,88739
197 | 0,472 -26,716 0,0890533 [ 0,190075192 B*

198 | 0,5 -114,038 | 0,3801267 | 0,392703269 B*

201 [ 0,472 -26,716 0,0890533 [ 0,190075192 B*

322 | 1,03 -105,141 0,35047 | 0,377073291 B*

3% [ 2,1 72,785 0,0139505 [ 28,4340552 C* 1,3967

397 | 2,1 142,394 ] 0,0272922| 55,62738004 C* Top |2,75637
398 | 2,524 | -206,529 0,68843 0,52848205 C*

405 | 2,778 -35,467 0,1182233 | 0,21900395 Cc*

407 | 2,524 36,82 0,0070572 [ 14,38403397 C* Bottom | 0,6942
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