
Index

A
acceleration 36
– convective 36
– field 36, 64
– local 55
– substantial 55
– of undisturbed primary wave 69
– vector 59
actions
– combinations of 48
– on wind turbines 5
additional damping decrement 14
aerodynamic damping 13
aerodynamic force coefficient 9, 14
aerodynamic transfer function 13
angular frequency 35
annual average 8
– wind speed at hub height 7
annular cross-section
– bending moment-curvature

relationships for 96
– design chart 100
annular reinforced
– geometry of and strains in 94
annular reinforced concrete cross-

sections 94–97. See also various
cross–sections

– bending moment-curvature
relationships 91–97

– design of 98
– geometry of strains 94
assuming a quasistatic structural

behaviour 11
asymmetric solar irradiation 77
atmospheric pressure 37
average 8, 9
– aerodynamic force coefficient

19
– height 9
– period of maxima 43
– turbulence intensity 7
– wind speed 9
axial force, magnitude of 92

B
Baltic Sea 1
basic force coefficient 14
basic gust component 12
bending moment-curvature curve

(M-k curve) 91, 96, 97
bending moment-curvature

relationships 86, 87, 91, 92
– for annular cross-section 96
– annular reinforced concrete

cross-sections 94–97
– prestressed concrete cross-sections

92, 93
– for rectangular cross-section 92
– for rectangular prestressed concrete

crosssections 93
– reinforced concrete cross-sections

91, 92
bending stiffness 97
bending strength, characteristic 81
Bernoulli equation 64, 72
– linearised 37
Bernoulli hypothesis 91
Bessel functions 68
biaxial compressive strength 102
biaxial stress 101
– intersection curve 104, 105
– three-phase model 104
blockage effect 64
boundary conditions 61, 71
– combined linearised 61
– dynamic boundary 72
– kinematic 61, 71, 72
– radiation 72
boundary element method 73
boundary value problems
– of the diffraction 61
Boussinesq model 33
breaking criterion 51
breaking waves 52, 53
– in shallow water, empirical limit to wave

height 52
– types of 53
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C
Centre for Wind Energy Research

ForWind 3
circular ring beam
– calculation
– actions on, sudden change in tower
diameter 182

– internal forces, abrupt change in
diameter 186, 187

– design 188
– reinforced concrete tower idealised,

strengthening 184
– tower diameter - internal forces 188
– at ultimate limit state, load on 187
– unit bending moments 185
– unit rotation 185
classical vibration theory 111
combination factors 48
– based on semi-probabilistic

methods 188
– depend on basic time interval 129
– for frequent wind loads 156
– partial safety and 48, 128
– for quasi-permanent action effects

161
– for sea state and wind 130, 131
– for variable actions
– and basic time intervals 129
– depend on 129

common failure models 102
compact foundation 64
– prestressed precast concrete

elements 202
compression meridians 102
compressive yield strain 98
concrete
– cylinder compressive strength of 86
– material resistance of 98
– non-linear stress-strain curve for 86
– in situ and precast 2
– substructures 200
– construction 204
– design, construction, transport and
erection 203

– innovations 207, 208
– special design criteria 203

– spread and deep foundations 205, 207
– transport, and erection 204–206

– tensile strength 88, 90, 154, 156
– three-dimensional mechanical

models 100
– constitutive models 105
– failure models 102–105
– stress states/failure conditions 101

concrete cross-section
– action effects
– on concrete strains 95
– on reinforcement strains 95
– on total cross-section 95

– annular reinforced 94
concrete tensile strength, mean value

of 90
constitutive models 105
construction nodes, design 180
– calculations 184
– characteristic values of internal
forces 186

– cross-sectional values 184
– statically determinate primary
system 184

– statically indeterminate analysis
185, 186

– statically indeterminate effects 184
– characteristic values for loads 181–183
– design of circular ring beam 188
– forces, composition of 180, 181
– load on circular ring beam at ultimate

limit state 187
– loads on nodes 180
controlled sinking 205
crack formation 89, 101, 155
cracking moment 92
cracking moment precambering 92
cross-sections
– annular reinforced concrete 94–97
– bending moment accommodation 143
– capacities, varification 149
– checking capacities of 141
– cylindrical, aerodynamic force

coefficient for towers 14
– design for ultimate limit state 98, 99
– in general 91, 92
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– openings in cross-section and additional
reinforcing steel 144

– prestressed concrete 92, 93
– reinforced concrete 91, 92
cylindrical structural members 59

D
DAfStb guidelines 88, 107, 122, 152, 198
damage variables derivation 165
– approaches
– in high-cycle range 167, 178
– in low-cycle range 167

– conditional equations for 169
damping 8, 12–14, 19, 20, 69, 122
– decrement 12
data for extreme values 49
Davenport’s formula 51
dead loads 5
deep-water conditions 52
deflection 97
deformations
– analyses 85, 153
– at ultimate limit state 85

– and bending moments according to
second-order theory 97

– calculations 85, 86, 184, 186
– according to second-order theory 138,
141

– deformations at serviceability limit
state 109

– due to overturning amounts 109
– stress-strain curve for 85, 118

– characteristics of loadbearing
structure 139

– conversion into a kinematic chain 189
– due to asymmetric solar irradiation 77
– finite 70
– limitation 155
– loadbearing structure 85
– modulus 112, 184, 185
– non-uniform subsoil 108
– reducing load-carrying capacity 85
– tower with external prestressing 119
density of air 9
design
– concrete stress-strain curve 99

– of marine structures 50
– of offshore 53
– proposal, for multi-axial fatigue

174–177
– wave height, characteristic value of 52
– wave period, characteristic value of 52
– working life 21
design load case (DLC) 123, 124, 125,

135–137, 153
design situation
– on basis of linear accumulation

hypothesis 174
– emergency shutdown (DLC 5.1) 136
– and load cases 122–124, 127, 128, 131
– normal shutdown (DLC 4.1

and 4.2) 136
– parked (standstill or idling, DLC 6.1 to

6.7) 136, 137
– parked after a fault (DLC 7.1 to

7.2) 137
– start-up (DLC 3.1 to 3.3) 136
– working life 21
deterministic method 54
developing sea 44
deviatoric cross-sections 101
DIBt guideline 5
– design load cases, according to

122–124
– direct analysis according to 161–164
– fatigue analyses 159–164
– partial safety factors gF according

to 128
differential pressures 66
diffraction 54, 59
– effects 54, 65, 70, 72, 73, 77
– forces 54
– MacCamy
– approach of 74
– formulation of 74
– theory of 59

– problem 59
dimensionless spectral density

function 12
dispersion 35
– equation 35
distribution speed 21, 22
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DLC See design load case (DLC)
drag coefficient 55
drag effects 54
drilling, in seabed 208
drilling platform, controlled sinking 205
Drucker-Prager failure inbiaxial stress 103
Drucker-Prager yield condition 102
dry dock
– building substructure 203, 204
– fabrication in 201
– reinforcement, fixing 200
ductile behaviour
– minimum percentage of

reinforcement 90
dynamic analysis 5
dynamic condition 72
dynamic model, of structure 114
dynamic pressure 5, 9, 37

E
eccentricities
– action effects 161, 162
– compressive force 119
– fatigue loads 165
– prestressing 93
– tendons 118

– shear force 186
– spine tensioning 152
ECG. See extreme coherent gust (ECG)
EDC. See extreme wind direction change

(EDC)
effective
– formation of cracks 88
– slenderness 16
– stabilized cracking 88
– stiffness modulus 88
– stress in steel 88
– yielding of steel 89
effects
– drag 54
– inertia 54
– non-linear 54
elliptical interpolation 102
elliptical (cnoidal) wave 38
elliptical waves 38, 39
empirical limit to wave 52

Enercon E-126 wind turbine 193
environmental actions 48
environmental conditions 5
EOG. See extreme operating gust (EOG)
equilibrium conditions 97
equilibrium state 85
equivalent mass 14
equivalent roughness 15
equivalent static 9
erection operations, at sea 201
ergodic 34
EWM. See extreme wind speed model

(EWM)
EWS. See extreme wind shear (EWS)
exclusive economic zone (EEZ) for water

depths 2
expected extreme wind 26
extreme coherent gust (ECG) 28–30, 29,

124, 134
extreme operating gust (EOG) 26, 27,

124, 134
extreme sea state values 50–52
– asymptotic extreme value

distributions 51, 52
– characteristic value of design wave

period 52
– exhibiting Rayleigh distribution 50, 51
– for large samples 51
– approximated with 51

extremewind direction change (EDC) 27,
28, 124

extreme wind shear (EWS) 30, 124, 134
extreme wind speed model (EWM) 25,

121, 124, 134, 140

F
factors
– combinations of 48
– partial safety 48, 86
failure
– conditions 92, 101
– of the cross-section 91
– curves, for biaxial fatigue loads

171–174
– envelopes 101
– fatigue curves 171
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– for fatigue load 170, 171
fatigue cycles, to failure for multi-axial

fatigue loads 164
– boundary conditions 165, 166
– damage variables 165
– principal meridian equations, parameters

for 165, 166
– procedure 164, 165
fatigue effects 3
fatigue failure 122, 131, 158
fatigue-inducing actions, on wind turbine

support structures 157
– actions due to waves and sea state 158,

159
– actions due to wind and turbine

operation 157, 158
fatigue limit 101
– state 77, 156, 167
fatigue loads, on compression meridian
– comparison of concrete strengths 175,

176
– derivation of modification factor 177
– for biaxial fatigue loads 171, 177, 178

– determining modification factor
177–179

faults, in control and safety systems 125,
126

FEM programs, numerical analysis 101
fetch, limited 44
finite element method 73
finite steepness 38
first crack, appearance of 88
first natural frequency 11
flow field of the primary 35
force vector 59
formation of cracks 85
foundation design
– characteristic internal forces 189
– internal forces, calculation 188–190
– ultimate limit states 189

– procedure for conversion into
189–190

– second-order theory, structural
analysis 189, 190

– structural components 190
frequency of gust response 11

– expected value for 11
frequency of occurrence 23
frost index 79
Froude-Kryloff force 55
fundamental flexural vibration mode 14

G
Gaussian Process 53
geometric non-linear analysis 85
GermanWind Energy Institute 1
Germany
– environmental conditions 5
– installed wind energy output 1
– wind energy industry 1
GIGAWIND (www.gigawind.de) 3
GIGAWIND alpha ventus project 3
– objective 3
GL guideline 5
GL wind 22
Goodman diagram, for concrete 161
gravitational acceleration 35
gravity structures 56
gravity wave 35
Gumbel distribution 47
– function 50–52
gust response factor 9
gust speed 26

H
Haigh-Westergaard coordinates 101
– failure envelopes 101
Hankel function 68
harmonic primary wave 34–38
– calculating acceleration field 36, 37
– in deep water, defined 36
– dispersion equation 35
– feature 35
– phase velocity 36
– superposition 38
heavy-lift crane vessel 204
height of sea level 31
high compression meridian stress 102
higher-order potential 71
– theory 70
higher-order terms 72
highest astronomical tide (HAT) 31
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highest seawater level (HSWL) 31, 32
high-performance concrete (HPC) 105,

198
high-strength friction-grip (HSFG)

bolts 198
high tension meridian stress 102
horizontal 30
– forces 74
3 h reference period 52
3 h storm 51
hybrid gravity base, in high-strength

lightweight concrete 206
hybrid structures 3
hybrid substructure 206
hybrid tower 2, 191, 196
– designs 191
– wind turbine in 191
hydrodynamic 37
– actions 32
– analysis (See hydrodynamic analysis)
hydrodynamic analysis 53, 54
– deterministic design methods,

applications 54
– higher-order potential theory 70–72
– integral equation method 62–66
– Morison formula 54–60
– potential theory method 60–62
– vertical cylinders (MacCamy and
Fuchs) 66–70

– wave loads on large-volume offshore
structures 72–77

– inertia and diffraction effects 54
– inertia and drag effects 54, 58
– non-linear effects 54
– transfer function 53
hydrodynamic components 76
hydrodynamic environmental 32
– conditions 32
– sea currents 32
– superposition of currents 34
– tidal current 33
– wave-generated current 33, 34
– wind-generated current 33
hydrodynamic forces 58
hydrodynamic loads 77
hydrodynamic mass coefficient 55

hydrodynamic pressure 64
hydrostatic 37
– pressure 64
– stress state 101

I
ice accumulation, on rotor blades 83
ice cone, inverted 82
ice loads 79
– bending failure 81
– for a compression failure 80
– flexural tensile failure 81
– horizontal 80
– lateral 79
– other than 79
– scenarios, for offshore structures 82
– shear failure 81
ice thickness, characteristic 79
icing-up, of structural members 83
in deep water 36, 53
induced by waves 32
inertia 54
– coefficient 55, 56, 70, 74, 76, 77
– and drag effects 54, 58
– and potential damping 69
inertia coefficient
– limit value of 70
integral equation method (singularity

method) 62
integral length 12
interaction between wave and

structure 61
internal or external unbonded tendons 93

J
jackets 55
JONSWAP spectrums 40, 44, 135
junction
– antenna platform and tower

shaft–internal forces 182
– bottommost segment and

foundation 195
– prestressed concrete tower and tubular

steel segment 181
– topmost concrete segment and steel

adapter 195
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K
Keulegan-Carpenter number 56
kinematic viscosity 15
kinetic energy 113

L
Laplace differential equation 61, 62, 71
large-volume offshore structures, wave

loads on 72
linear, boundary value problems 35, 38,

61
linear-elastic simulation 121
linearised boundary 63
linear regression analysis 48
loadbearing structures 107
– basis for design 107
– circular ring beam See circular ring beam
– construction nodes design, See

construction nodes
– damage variables, derivation 166–170
– deformed 85
– failure curves for biaxial fatigue

loads 177
– failure envelope for fatigue load 170,

171
– fatigue analyses, DIBt wind turbine

guideline 159–164
– direct analysis 161–164
– simplified analyses for concrete
159–161

– fatigue limit state 161
– waves and sea state 158, 159
– wind and turbine operation
157–159

– on wind turbine support
structures 157–159

– fatigue loads on compression
meridian 175–177

– foundation design See foundation design
– investigating vibrations 111
– energy method 113–118
– mass-spring system with single degree
of freedom 111–113

– linear accumulation hypothesis 174
– modification factors lc2, derivation

of 176, 177

– multi-axial fatigue, design
proposal 174–180

– multi-stage fatigue loads 164
– natural frequency analysis of 116, 117
– numbers of fatigue cycles to

failure 164–174
– offshore wind turbines, structural

engineering 107
– offshore wind turbine structures, design

of 125–138
– combined sea state and wind 130, 131
– control/safety systems 125, 126
– design situations 130, 131
– GL guideline, design load cases
131–134

– GL guideline, partial safety
factors 138

– safety analysis 128, 130
– onshore wind turbine support structures,

design of 120
– design load cases 122–127
– partial safety factors 124
– simplified analysis 121
– total dynamic analysis 120, 121, 123

– openings design
– horizontal direction 152
– vertical direction 151, 152

– prestressing 118–120
– external with unbonded tendons 119,
120

– with grouted post-tensioned
tendons 119, 120

– serviceability limit state, analysis
of 153

– construction, with precast concrete
elements 155, 156

– crack widths and decompression 153,
158

– deformations 153
– shaft wall, restraint stresses 154
– stresses 153
– tower shaft, action effects 153

– subjected to axial compression 85
– tower shaft, structural model for 108
– rotation of foundation 108–110
– soft subsoils, towers stability 110, 111
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– ultimate limit state
– deformation calculations 138–143
– erecting/prestressing precast concrete
elements 149–151

– internal forces, linear analysis of 143,
144

– prefabricated construction,
characteristics of 145

– shear force transfer, across opening
joints 146–149

– terminology 145, 146
– tower shaft, stresses analysis
144, 145

– transferring prestressing forces 149
– vibration effects 191 (See also

vibration)
– wind turbines See wind turbines
load-carrying capacity
– of cross-section 85
load case combinations 5
local component of the substantial 36
local ice pressure, characteristic 80
logarithmic 12
– damping decrement 8
long-crested (smooth) 35, 42
longitudinal wind 24
long-term statistics 40, 47
long-term statistics for sea 47
long-term wave distribution 48
lowest astronomical tide (LAT) 31
lowest seawater level (LSWL) 31

M
mass-spring system 111
– multiple degrees of freedom 112
– single degree of freedom 111, 112
material behaviour
– brittle 102
– ductile 102
– non-linear 85
material law 86, 87
material properties
– mean values of 87
material resistance, of concrete
– annular cross-section 100
– parabolic-rectangular stress diagram 98

– prestressing steel stress-strain curve 99
– reinforcing steel stress-strain curve for

design 99
material strengths
– design values of 87
maxima statistics 43
maximum strain
– in prestressing steel, at ultimate limit

state 90
mean value 48
minimum reinforcement 90, 154
– for limiting crack widths 153
modal value 48
model column method 85
modified dispersion 37
modified Morison formula 69
modified Pierson 44
Mohr-Coulomb yield condition 102
monopiles 55
monotower 64
Morison formula 54–60, 74
– applications
– for calculating hydrodynamic
loads 55, 56

– coefficients limitations 56
– example of 57–60

– drag coefficients for 56
– inertia coefficients for 56
– Keulegan-Carpenter number 56
– Reynolds number 56
– for rigid vertical cylinder, in a harmonic

primary wave 54
– inertia force acting on body 55
– total force on cylinder 55
– wave force per unit length 54, 55
– wheeler stretching 55

multi-axial stress states 3
multi-stage fatigue
– design proposal 174
– loads 164, 171

N
natural frequency analysis, of loadbearing

structure 116
natural sea state 34
nearshore structures 38
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non-linear analysis
– geometric 85
– geometric and physical 85
non-linear effects 54
non-linear material behaviour 85
– bending moment-curvature relationships
– annular reinforced concrete cross-
sections 94–97

– prestressed concrete cross-
sections 92, 93

– reinforced concrete cross-sections
91, 92

– bending moment, second-order
theory 91, 92

– concrete, three-dimensional mechanical
models 100

– constitutive models 105
– failure models 102–105
– stress states/failure conditions 101

– deformation analyses 85 (See also
deformation)

– geometric non-linear analysis 85
– physical 85
– reinforced/prestressed concrete, material

laws 86
– for prestressing steel 91, 92
– stress-strain curve for reinforcing
steel 87–91

– second-order theory 85–87, 92
– ultimate limit state, cross-section

design 99
–material resistance of concrete 99, 100
– material resistance of
reinforcement 100

non-linear potential theory problem,
definitions 71

non-linear problem 38
non-linear stress-strain curve
– for concrete 85
– for prestressing steel 85
– for reinforcing steel 85
non-linear surface condition 63
non-linear value 71
normal distribution density 41
normal force
– action effect 94

normal-strength concretes
– approaches, comparison of 88
– design charts validity 100
normal turbulence model 24
normal wind profile model (NWP) 23,

123–125, 132, 134, 333
North Sea 1
numerical sensitivity analysis 73
numerical simulations 5
NWP. See normal wind profile model

(NWP)

O
offshore foundation structures 3, 75
offshore logistics concept 203, 208
offshore substructures, in concrete 199
– ice cones, compact substructures 199
– Middelgrunden offshore wind

farm 199–202
– sequence of operations 202
offshore turbines 5
offshore wind farms 1
offshore wind turbines 5, 21
offshore wind turbine structure,

design 21, 22, 23, 33, 45, 125, 126,
131, 135, 136

– combined sea state and wind 130, 131
– control/safety systems 125–126
– design situations 127, 128
– GL guideline, design load cases

131–137
– GL guideline, partial safety factors 138
– safety analysis 127, 128
onshore installations 1
onshore wind turbines 5, 7
onshore wind turbine support structures,

design 120
– design load cases 122–124
– partial safety factors 124
– simplified analysis 121, 122
– total dynamic analysis 120, 121
openings design 151
– horizontal direction 152, 153
– vertical direction 151, 152
orbital trajectories 36
orbital velocity and acceleration 57
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P
partial safety factors 121, 130, 132, 138,

139–142, 158
– according to dibt guideline 122, 123
– according to GL guideline 138
– for actions 140
– for environmental actions 129
– for ultimate resistances 141
– of concrete structural components 141

– for variable actions 128
peak dynamic pressure 8, 15, 130
peak factor 10
peak frequency 45
– dimensionless 46
peak period 46
permanent actions 5
perturbation potential 61
phase velocity 36, 37
physical, non-linear behaviour 91
Pierson-Moskowitz spectrum 40, 43
pitch moments 74
potential theory 59
– method 60
power production 135
– plus fault 136
precast concrete towers 121, 122, 147,

194, 197
– construction of 191
prefabricated construction,

characteristics 145
– detailed design 149
– erecting and prestressing precast

concrete elements 149–151
– shear force transfer across opening

joints 146–149
– terminology 146
– transferring prestressing forces 149,

150
preliminary design 77
pressure distribution around circumference

of cylinder 67
pressure field
– in airy wave 37
– airy waves 35, 38
– component
– hydrodynamic/hydrostatic 37

pressure gradient force 55
prestressed concrete 2, 18
– concrete crosssections 93
– rectangular 93
prestressed concrete structure See also

precast concrete towers
– with bonded tendons 153
– cross-sections 92, 93
– loadbearing structures 156
– monopile 208
– with unbonded tendons 153
– wind turbine structure See prestressed

concrete wind turbine structure
prestressed concrete towers construction
– circular ring beam 191
– concrete substructures
– construction 204
– design, construction, transport and
erection 203

– innovations 207, 208
– special design criteria 203, 204
– spread and deep foundations 206, 207
– transport and erection 204–206

– hybrid structures of 191, 192
– offshore substructures in 199
– ice cones, compact substructures 199
– middelgrunden offshore wind
farm 199–202

– sequence of operations 202
– with precast concrete segments 193
– design/construction, examples
of 193–196

– developments in 196–199
– substructure options 199, 200
– support structures with post-

tensioned 193
– tower segments 194
prestressed concrete wind turbine

structure 9, 16, 17, 18, 114
– additional damping decrement dd 14
– aerodynamic force coefficient 14–16
– aerodynamic transfer functions Rh and

Rb 13
– average dynamic pressure 9
– average wind speed 9
– for various wind zones 10
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– basic gust component Q0 12
– dimensionless spectral density function

RN 12
– effective slenderness l for cylinders 16
– equivalent mass, determining 17, 18
– expected value for frequency of gust

response 11
– gust response factor (G) 9, 10, 18–20,

123, 191
– dynamic pressures considerations 20,
21

– logarithmic damping decrement d 13
– peak factor 11
– resonance response component Rx 12
– resultant equivalent static wind load 9
– Reynolds number 14
– susceptible to vibration 9
– turbulence intensity 10, 11
prestressing 92
– internal/external 2
prestressing force 118–120
– applied by tendons 118
– as external actions 119
– transferring 149, 150
prestressing steel delivered for construction

in situ 191
– bending moment accommodation 143
– case of unbonded tendons 125
– checking level of prestress 142
– for concrete towers 191
– cross-section, contribute to 94
– internal forces 138
– limited reserves of stress 142
– loadbearing reserves, activation 147
– non-linear stress-strain curve for 90
– stress-strain curve for 91, 99
– stress-strain curve for design 99
– ultimate limit state 142
prestressing steel. See also reinforcing steel
pretensioned and grouted post-tensioned

tendons 93
primary wave 37
principal meridians 102
– intersection curve 104
– plane 101
– three-phase model 104

probabilistic method 54
progressive damage 101

Q
quasi-static actions 121
quasi-static component 10
quasi-steady sea 49

R
radiation problems 61
Ralston’s formula 82
Rankine failure in biaxial stress 103
Rankine failure theory 102
RAVE (Research at Alpha Ventus) 3
Rayleigh distribution 23, 50
Rayleigh functions 21
reference area 9, 16
reference height 10
reference period 48
reference values 5
reference wind speed 21
reinforced and prestressed concrete
– material laws for 86
reinforced concrete
– cross-section 92
– large-volume 75
– rectangular 92
reinforced/prestressed concrete, material

laws 86
– for prestressing steel 90, 91
– stress-strain curve for reinforcing

steel 87–90
reinforcement
– in compression 87
– longitudinal 100
– material resistance of 99
– minimum 90
– percentage of 97
– in tension 87
reinforcing steel
– deformations, determined on basis of

design value 139
– fatigue limit state 156
– non-linear stress-strain curve

87, 89, 90
– non-linear stress-strain curve for 87

Index 227



– prestressed 145
– stress-strain curve for design 99
– tensile stresses in vertical 154
– ultimate load-carrying capacities 141
relative roughness 16
renewable energies 1
repowering 2
representative environmental

conditions 21
residual stress state
– with action effects “short-

circuited” 183
– antisymmetric loading 183
– for prestressing 118, 119
resonance component 10
resonance effects 121, 122
resonance response component 12
return period 26
Reynolds number 14, 56
robustness 21
rotation 97
– rotational spring stiffness 110

S
safety analysis 128, 129
– according to normative regulations 130
– probability-based 131
safety system 125, 126
scale parameter 23
scatter diagram 40
sea conditions 21
sea currents 32
sea ice 78
– bending strength 81
– compressive strength 80
– flexural tensile strength 81
– ice loads 79–83
– lateral 79
– measured maximum ice thicknesses 79
– modelling 79
– properties 78
– shear strength 81
sea level height 31, 32
– draft design 31
– effects of tides and storm tides 31
– wave elevation coefficient 32

sealing rings 195
sea state actions 48
sea state function 60
sea states See also extreme sea state values;

statistical description
– fully developed 44
– long-term statistics 47–50
– Gumbel distribution 47–49
– linear regression analysis 48

– short-term statistics 41–47, 98
– action effects 98
– JONSWAP spectra for wind speeds 45
– modified Pierson-Moskowitz
spectrum 44

– normal distribution density 41, 42
– Rayleigh distribution, for wave
heights 42, 43

– sea state function 41
– short-crested sea state 41, 42
– TMA spectrum 46
– transformation factor 47

second-order terms of the Bernoulli 66
second-order theory 85–86, 91
– calculation of internal forces 138, 188
– deformations and bending moments 97,

109, 138
– design of cross-section for ultimate limit

state 98
– structural analysis 189
second-order value 72
serviceability limit state, analysis 153
– construction with precast concrete

elements 155, 156
– crack widths, and decompression limit

state 153
– limiting deformations 153
– limiting stresses 153
– shaft wall, restraint stresses 154
– tower shaft, action effects 153
short-crested 41
short-term 34
– statistics 40
– for state 41

significant 42
Simpson’s rule 97
Singularity density 62
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slenderness reduction factor 14
soil improvement measures 2
solitary wave 38
solitary wave profile, defined 39
Sommerfeld general radiation

condition 62
spectral energy density 25
spectrum 41, 43
– of sea state excitation 53
– of structural response 53
standard deviation 24, 47
standard environmental conditions 78
state function 41
stationary 34
statistical description, of sea state 40
– JONSWAP spectrums 40, 44
– scatter diagram/distribution

functions 40
– zero-crossing method 40
statistical description of the sea state 40
statistical population 50
– of the wave heights 50
steady extreme 25
steady flow velocity 64
steady-state sea condition 42
steel reinforcement
– minimal percentageof 89
steel reinforcement. See reinforcing steel
steel tower segments 191, 201
steepness, low 55
still water level 55
stochastic method 54
stochastic process 34
Stokes’ waves 39
– theory 38
strain hardening 89
strain softening 105
strain state 118
stream function wave theory 39
stress
– invariants 101
stress deviator 101
stresses 160
– for calculating hc according to Model

Code 90 160
– tower shaft for calculating hc 160

stress states
– in three directions 100
stress-strain curves
– collaboration 91
– concrete stress-strain curve for

design 99
– for concrete, use in deformation

calculations 86, 87, 118
– non-linear
– for concrete 86
– for prestressing steel 91
– for reinforcing steel 87, 99

– for prestressing and reinforcing steel 91
– for steel reinforcement 87
structural analysis 73
structural behaviour 53
structural damping 13
structural member
– ductile behaviour of 89
– minimum percentage of

reinforcement 90
structural model, for tower shaft 108
structure’s response 53
substructure designs 206
superposition 5
– of current 34, 37
– currents 32, 37
– primary wave 37, 41
surf-generated 33
– current 33
susceptibility to vibration 8

T
taking into account the gust response 20
temperature gradient 78
tensile strength
– concrete 88
tension meridians 102
tension stiffening 87, 88, 97
– for different reinforcement

percentages 89
– ignored 97
– reinforcing steel 95
thermal actions 77, 78
thermal expansion gradient 78
Thorton Bank offshore wind farm
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– gravity bases for 204
– transporting, concrete substructure 205
three-phase model 104, 105
– biaxial stress intersection curve 104
– brittle phase 104
– ductile phase 104
– principal meridian intersection

curve 104
– transition phase 104
tidal current 31–33
tide, storm 31
time-related probability density 47
TMA spectrum 46
topsides structure 21
total force 55
total hydrodynamic forces 74
total potential 61
tower design, for wind turbines 2
tower segments
– half-shell 193
– joints between 195
– moulds for 193
– one-third segment 195
– 70 t adapter segment 198
transfer function 53
transformed natural frequency 19
transportation
– concrete substructure 205
– limited window for 199
Tresca yield condition 102
tubular steel towers 191
turbine operation (rotor and nacelle) 5
turbulence intensity 8
– parameters 21, 47
turbulence parameter 25
turbulent extreme 26

U
ultimate limit state
– analysis of stresses in tower shaft 144,

145
– cross-section design 98
– material resistance of concrete
98, 99

– material resistance of
reinforcement 99

– deformation calculations, according to
second-order theory 138–143

– linear analysis of internal forces 143,
144

ultimate resistance design value of 86
ultra-high-performance concretes

(UHPC) 104, 105, 197
uniaxial compressive strength 102
uniaxial tensile strength 102
unit source 62
University of Hannover 3
unsteady pressure 64

V
value problems
– in terms of cylindrical coordinates

67
variance of the distribution 41
vector velocity 59
velocity and acceleration, undisturbed

primary wave 69
velocity field 64
– in wave 36
– components of 36

velocity potential 32
– of sea current 32
– of undisturbed primary 67
velocity pressure 64
velocity vector 59
vertical cylinders (MacCamy and

Fuchs) 66
vertical forces 76
vibration 53
– checking susceptibility to 8
– effects 9
– for loadbearing structure 191
– of tower in direction of wind 9

– gust response factor 18
– investigation 111–118
– logarithmic damping decrement

12, 13
– sensitivity to 121
– vortex-induced 123, 133
viscosity-related effects 70
viscosity-related unsteady drag forces 70
Von Mises yield condition 102
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W
water surface 63
wave action effects 5
wave elevation 32
– coefficient 32
wave force per unit length 54
wave-generated current 33, 34
wave height 35
– maximum 51
wavelength 35
wavenumber 35
wave period 35
wave profile 35, 37
waves of finite steepness 38–40
– elliptical waves 39
– finite steepness 38
– infinitesimal wave steepness 38
– profile of solitary wave 39
– solutions to non-linear wave

problem 38
– Stokes’ wave theory 38, 39
– wave theory selection diagram 40
wave steepness, infinitesimal 38
wave theories 55
– bandwidth 73
– calculation of wave loads 73
– non-linear 40
– numerical, validity ranges 40
wave theory selection diagram 40
Weibull distribution 21, 23, 50
Weibull functions 21
wetted surface 66
Wheeler stretching 55
Willam-Warnke
– five-parameter model 102
– parameter model 102
– three-parameter model 102
wind climate See wind conditions
wind conditions 7
– determination 22, 23
– for draft design and location 22

– extreme coherent gust 28, 29
– with wind direction change 29, 30

– extreme operating gust 26, 27
– extreme wind direction change 27, 28
– extreme wind shear 30

– extreme wind speed model 25, 26
– normal turbulence model 24, 25
– normal wind profile model 23, 24
– for offshore wind turbines 22
– for onshore wind turbines 7
– wind speed distribution 23
wind direction distribution 22
wind energy industry 1
wind farm influence 30, 31
wind-generated 32
wind-generated waves 49
wind loads 5
– according to DIBt guideline 6, 7
– models 5
– for offshore wind turbines 21, 22
– for onshore wind turbines 5, 6
wind shear 22
wind speed 6, 8, 21
– average 9, 10, 12, 14, 18, 19, 21, 121,

124, 135, 136
– annual 7, 8, 22

– conversion factors based on 10-min
average 26

– cut-in 126
– cut-out 126
– distributions 21, 23
– equivalent 16
– extreme 21
– 1-min average 137

– JONSWAP spectra 45, 46
– rated 126
– reduced 26
– reference 16, 18, 22
– relationship between reference values

and dynamic pressure 6
– short-term cut-out 126
– spectral density function 19
– standard deviation 24
wind turbine 18
– class 21
wind turbines offshore (See offshore wind

turbine)
– actions on 5, 107
– standards and guidelines 107

– Campbell diagram 119
– classification 21
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– integral length of turbulence 12
– structural damping 13

– design of 107
– excitation frequencies of support

structure 116
– in hybrid form of construction 192
– loadbearing elements 203
– load cycles of onshore installations 3
– onshore tower designs 2
– permanent actions 5, 98
– at sea 1
– sensitivity to vibration See vibration
– three-dimensional mechanical models for

concrete 100

– turbine operation (rotor and nacelle) 5
wind turbulence models 124
wind zones 5, 6
with wind direction change 29

Y
1-year return gust 8
50-year return gust 6
1-year return wind 8
50-year return wind 6
yield condition 85
yield point
– characteristic value of 90
– of steel reinforcement 90
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