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DNVGL-ST-0126 DNV-0OS-C101

Table 5 Thickness limitations (mm) of structural steels for different structural categories and
service temperatures (°C)

Table 4-4 Thickness limitations (mm) of structural steels for different structural categories and design

0
temperatures (°C g;‘:;i’::‘ Strength group Grade > 10 0 -10 20 -25 20
e G RITTTT LINCRIIEos ot Slared geoign temper:
Structural | Strength Te m;:i;mre are a 35 30 25 20 15 10
Category | Group °c) = 10°C 0°C -10°C -20°C NS B/BW 70 60 50 40 30 20
Secondary NS +20 30 30 25 20 b/ow 130 130 | 100 B0 70 &0
0 s0 50 40 30 E/EW 150 150 150 150 120 100
-20 100 100 80 60 AJAW 60 50 40 30 20 15
-40 150 150 150 150 s " s D/DW 120 100 80 60 50 40
HS 0 50 50 40 30 e E/EW 150 150 150 150 120 100
_op 100 100 80 60 F 150 150 150 150 " Y
-40 150 150 150 150 A 70 &0 50 40 30 20
-60 150 150 150 150 Ehs D/DW 150 150 100 80 70 60
EHS 0 60 60 50 40 E/EW 150 150 150 150 120 100
-20 150 150 100 30 - 150 150 150 150 ) )
-40 150 150 150 150
60 150 150 150 150 A 30 20 10 N.A. N.A. N.A.
ey S 0 2 20 T A s s B I B e
el el
_20 ég Eg ;g ég E/EW 150 150 100 80 70 60
-40 100 100 80 60 AlAW 30 25 20 15 12.5 10
HS 0 a5 a5 a0 15 Prima s D/DW 60 30 40 30 25 20
-20 50 50 40 20 v E/EW 120 100 80 60 50 40
-40 100 100 80 60 F 150 150 150 150 g "
-60 150 150 150 150 a 35 30 25 20 17.5 15
EHS 0 30 30 25 20 EHS D/DW 70 60 50 40 35 30
-20 60 60 50 40 E/EW 150 150 100 80 70 60
-40 150 150 100 80 F 150 150 150 150 " g
-60 150 150 150 150
_ — = - NS D/DW 35 30 25 20 17.5 15
Special NS ‘gg ég gg :‘g ;3 E/EW 70 60 50 40 35 30
AlAW 15 10 N.A. N.A. N.A. N.A.
HS —’?O ;_g ,l,g N.;g' Nl";‘ s D/DW 30 25 20 15 12.5 10
_4p 50 50 40 30 Special E/EW 60 50 40 20 25 20
_60 100 100 80 60 F 20 100 80 60 50 40
EHS 0 15 15 10 N.A. a 20 15 10 N.A. N.A N.A.
-20 20 30 25 20 EHs D/DW 35 30 25 20 17.5 15
-40 60 60 50 40 E/EW 70 60 50 40 35 30
-60 150 150 100 80 F 150 150 100 80 70 60
N.A. = no application *) For service temperature below -20°C, the [imit TO0E SDECIaNy CONSIaaran.
N.A. = no application
In order to obtain thickness limitation for intermediate service temperature, linear interpolation may be used.
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2.1 Introduction

2.1.1 General

2.1.1.1 This section describes design principles |and design methods for wind turbine structural design,

including:

—I design by partial safety factor method I

LRFD£

— design assisted by testing

— probability-based design.

2.5.2.1 The safety level of a structure or a structural component is considered to be satisfactory when the

design lead effect S4 does not exceed the design resistance Rg:

54 =Ry

i=1 ¥m

sE 58 [

This is the design criterion. The design criterion is also known as the design inequality. The corresponding

equation Sq = Ry forms the design equation.

Table 4-2 Partial safety factors for loads

Functional and environmental loads Permanent loads*®
uLs uLs 3
FLS ALS SLS FLS, A.LS’
Normal Abnormal Favourable Unfavourable SLS
N A F F F - *®
1,357 1,1 1,0 1,0 1,0 0.9 1,1 1,0

* permanent loads include dead loads and pretension loads for the support structure design.

For submerged sub-structures, for example a GBS placed on the seabed, the Permanent load is the total weight minus
the buoyancy determined at the still water level

** Factors for permanent loads in ULS may be taken as 1,0 if appropriate measures are taken.
*** For DLC 1.1 the partial load factor shall be 3 = 1,25; for DLC 2.5 the partial load factor shall be = 1,2
The following formulation according to TEC 61400-1, Table 3 may be applied:

If for normal design situations the characteristic value of the load response Faravity due to gravity may be calculated for
the design situation in question, and gravity is an unfavourable load, the partial load factor for combined loading from
gravity and other sources may have the value

0,15 for DLC 1.1
- z -
= L1+ pefand g = 10,25 otherwise

1- |Fyrmvu_v
Fy
0; |Faravtry | > 1Fl

i IF,n,\rm-fry | = IR

{=

where F, = characteristic value for loads

4.5.1.5 If NORSOK N-004 is applied, the material factor for tubular members shall be taken as
1.10 for L. < 0.5

0.80 + 0.60, for0.5< 4. < 1.0

Vu =

1.40 for : > 1.0

where % ; is the weighted relative slenderness relevant for local buckling under combined axial, bending and
hoop stresses determined according to NORSOK N-004 Section 6.3.7.
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2.4.1.2 The following limit states are considered in this standard:

Ultimate limit states (ULS) correspond to the maximum load-carrying resistance

Fatigue limit states (FLS) correspond to failure due to the effect of dynamic loading

Accidental limit states (ALS) correspond to (1) maximum load-carrying capacity for (rare) accidental loads
or (2) post-accidental integrity for damaged structures.

Serviceability limit states (SLS) correspond to tolerance criteria applicable to normal use.

24
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BEYINIZIEE(DNVGL-ST-0437 v.s. ABS)

1. DNVGL-ST-0437

zuidance note:
Inless data indicate otherwise, the following marine growth profile may be used for design in Norwegian and UK waters;

Depth below MWL Marine growth thickness (mm)
epth below .
(m) Central and Northern North Sea Morwegian Sea
(56° to 59° N) (59° tg 72° N)
-2 to 40 100 60
=40 50 30

zomewhat higher values, up to 150 mm between sea level and LAT —10 m, may be seen in the Southern North Sea.

-or the Baltic Sea, 100 mm should be considered below -2 m MSL unless data indicate otherwise.

ffshore central and southern California, marine growth thicknesses of 200 mm are commaon.

n the Gulf of Mexico, the marine growth thickness may be taken as 38 mm between LAT+3 m and 50 m depth, unless site-specific
lata and studies indicate otherwise.

ffshore West Afnica, the manne growth thickness may be takenas 100 mm between LAT and 50 m depth and as 300 mm in the
I,plash zone above LAT, unless data indicate otherwise.

he values given should be understood as hard growth equivalent value, i.e. it may be hard growth or a thicker layer of soft growth,
which has approximately the same effect as the given thickness of hard growth.

he outer diameter of a structural member subject to marine growth should be increased by twice the recommended thickness of the
narine growth at the location in question.

he type of marine growth may have an impact on the values of the hydrodynamic coefficients that are used in the calculations of
wydrodynamic loads from waves and current.

2. ABS
7 Marine Growth

Marine growth is to be considered in the design of the Bottom-founded Offshore Wind Turbine Installation.

Estimates of the rate and extent of marine growth may be based on past experience and available field data.

Particular attention is to be paid to increases in hydrodynamic loading due to increased diameters and surface

roughness of members caused by marine fouling as well as to the added weight and increased inertial mass

of submerged structural members. The types of fouling likely to occur and their possible effects on corrosion 08
protection coatings are to be considered.
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H 100 Seismicity D NV—OS-'J 10 1

101 The level of seismic activity of the area where the wind turbine structure 1s to be installed shall be
assessed on the basis of previous record of earthquake activity as expressed in terms of frequency of occurrence
and magnitude.

102 For areas where detailed information on seismic activity 1s available, the seismicity of the area may be
determined from such information.

103 For areas where detailed information on seismic activity is not available, the seismicity is to be
determined on the basis of detailed investigations, including a study of the geological history and the seismic
events of the region.

104 If the area i1s determined to be seismically active and the wind turbine structure will be affected by an
earthquake, an evaluation shall be made of the regional and local geology in order to defermine the location
and alignment of faults, epicentral and focal distances, the source mechanism for energy release and the source-
to-site attenuation characteristics. Local soil conditions shall be taken into account to the extent that they may
affect the ground motion. The seismic design, including the development of the seismic design criteria for the
site, shall be in accordance with recognised industry practice.

105 The potential for earthquake-induced sea waves, also known as tsunamis, shall be assessed as part of the

L scment
I 106 For details of seismic design criteria, reference 1s made to ISO 19901-2.

4.2.9 Seismic loads
The analysis of the dynamic response shall be performed using recognized procedures such as:

— response spectrum analysis
— time history analysis.

A three-dimensional model of the structure should be used for the analysis. The combination of earthquake
loads with other loads is described in Table 4-4 and [4.6.3]. The seismic response spectrum is generally
given in local building codes. When applying the seismic response spectrum, it shall be ensured, that the
recurrence period is the same as that the chosen analysis method is based on.

When the response spectrum analysis is applied for the combination of the modal maxima, the use of the
complete quadratic combination (CQC) method as described in EN 1998 is recommended.

When time domain simulations are used, the ground acceleration at the surface of the seabed shall be
derived from the seismic response spectrum taking into account the soil properties. A sufficient number of,
stochastic acceleration time series of sufficient duration shall be taken into account.

Further information may be found in IEC 61400-1, 11.6 and the corresponding Annex.

DNVGL-ST-0126

7.3.1.7 If the area, where the wind turbine structure is to be installed, is determined to be seismically
active and the substructure and foundation will be affected by an earthquake, an evaluation shall be made
of the regional and local geology in order to determine the location and alignment of faults, epicentral and
focal distances, the source mechanism for energy release and the source-to-site attenuation characteristics.
Local soil conditions shall be taken into account to the extent that they may affect the soil motion. The

seismic design, including the development of the seismic design criteria for the site, shall be in accordance
industry practice. For details of seismic design criteria, reference is made to ISO 19901-2

ith recognise
nd to EN 1998-5

|EC 61400-1

11.6 Assessment of earthquake conditions

There are no earthquake resistance requirements for standard class turbines because such
events are only design driving in a few regions of the world. No earthquake assessment
analysis is required for sites already excluded by the applicable local seismic code due to their
weak seismic action. For locations where the seismic load cases described below are critical,
the engineering integrity shall be demonstrated for the wind turbine site conditions. The
assessment may be based on Annex C. The evaluation of load shall take account of the
combination of seismic loading with other significant, frequently occurring operational loads.

The seismic loading shall depend on ground acceleration and response spectrum requirements
as defined in local codes. If a local code is not available or does not give the ground
acceleration and response spectrum, an appropriate evaluation of these parameters shall be
carried out

The ground acceleration shall be evaluated for a 475-year recurrence period.
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Seismicity and Earthquake Related Phenomena

The effects of earthquakes on the Bottom-founded Offshore Wind Turbine Installation located in areas
known to be seismically active are to be taken into account.

Levels of Earthquake Conditions (15 January 2013)

The magnitudes of the parameters characterizing the earthquakes with return periods appropriate to the
design life and the intended safety level of the Bottom-founded Offshore Wind Turbine Installation are to
be determined. Two levels of earthquake conditions are to be considered to address the risk of damage and
structure collapse, respectively:

h Y

=
-

LU

i) Strength Level. Ground motion which has a reasonable likelihood of not being exceeded at the
site during the design life of the Bottom-founded Offshore Wind Turbine Installation

ii) Ductility Level. Ground motion for a rare, intense earthquake to be applied to evaluate the risk of

The anticipated seismicity of an area is, to the extent practicable, to be established based on suitable regional
and site specific data including the following:

i) Magnitudes and recurrence intervals of seismic events

ii) Proximity to active faults

i) Type of faulting

i) Attenuation of ground motion between the faults and the site
v) Subsurface soil conditions

Vi) Records from past seismic events at the site where available, or from analogous sites

Other Earthquake Related Phenomena

The seismic data are to be used to establish quantitative Strength Level and Ductility Level earthquake
criteria describing the earthquake induced ground motion expected during the design life of the Bottom-
founded Offshore Wind Turbine Installation. In addition to ground motion, and as applicable to the site in
question, the following earthquake related phenomena are to be taken into account.

i) Liquefaction of subsurface soils submarine slides
ii) Tsunamis

iii)  Acoustic overpressure shock waves

B ABSE%

> &

AT & 5|
Earthquake Loads

For the Bottom-founded Offshore Wind Turbine Installation located in seismically active areas, the Strength
Level and Ductility Level earthquake induced ground motions (see 3-6/9) are to be determined based on
seismic data applicable to the installation site.

Earthquake ground motions are to be described by either applicable ground motion records or response spectra
consistent with the return period appropriate to the design life of the Bottom-founded Offshore Wind Turbine
Installation. Available standardized spectra applicable to the region of the installation site are acceptable
provided such spectra reflect site-specific conditions affecting frequency content, energy distribution, and
duration. These conditions include

e The type of active faults in the region

e The proximity of the site to the potential source faults

*  The attenuation or amplification of ground motion between the faults and the site
*  The soil conditions at the site

The ground motion description used in the design is to consist of three components corresponding to two
orthogonal horizontal directions and the vertical direction. All three components are to be applied to the
structure simultaneously.

When a standardized response spectrum, such as the one given in the API RP 2A-WSD, is used for structural
analysis, input values of ground motion (spectral acceleration representation) are not to be less severe than
the following.

e 100% in both orthogonal horizontal directions
s 50% in the vertical direction

When three-dimensional, site-specific ground motion spectra are developed, the actual directional accelerations
are to be used. If single site-specific spectra are developed, accelerations for the remaining two orthogonal
directions are to be applied in accordance with the factors given above.

If time history method is used for structural analysis, at least three sets of ground motion time histories are
to be employed. The manner in which the time histories are used is to account for the potential sensitivity
of the structure’s response to variations in the phasing of the ground motion records.

Structural appurtenances and turbine equipment are to be designed to resist earthquake induced accelerations
at their foundations.

As appropriate, effects of soil liquefaction, shear failure of soft mud and loads due to acceleration of the
hydrodynamic added mass by the earthquake, submarine slide, tsunamis and earthquake generated acoustic
shock waves are to be taken into account.

30



e 4-3 Design load cases
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Table 4-3 Design load cases (Continued)

Marine Condition

Type of
Analysis

I | |

S #H S (DNVGL-ST-0437 )

power
production)

Marine Condition Typs= r‘ff
Analysis ]
Design nd diti b it @ Pafr‘l;al
Situation DLC Wind Condition . ‘ w::‘:.:,"d ‘ Sea | Wate_r Other Conditions: 2 i ?:d::
Table 4-3 Design load cases (Continued)
3) Start up Marine Condition Type o.f
Analysis i
Dasign Design . . Wind and . @ w Partial
Situati . v DLC | Wind Condition ind an Other Conditions: 2 j safety
uation Situation wave Sea Water ] e
Waves . N . £ £ factor
directionali | Currents Level a g
. ty o o
?} ;:rkid Drifting sea ice an NTM Mn waves nia NCM MW R Tre lnad in hnriznntal directinn 1 ]
and fau
= (power . - Type of
conditions: production) Marine Condition Analysis .
Design = z Partial
Situation DLC | wind Condition Wind and s fwat other Conditions: g = safety
(2 formal wave ea ater 2 | factor
sﬂumwn CUEITES directionali | Currents Level E [
ty o E
3] Transport, Temperature 10.2 |[NWP H=HV) COD, UNI NCM MSL Temperaturs effects U U N
installation, effects Vihab = V1
maintenance (parked, standing
5 and repair still or idling)
Emergency Earthquake 11.1 |NTM H=H/V) COD, UNI NCM NWLR Earthquake u U See [4.3.4]
stop (power . Vin < Vhub = Vout
6) Parked production)
';E‘ﬁ“d'"ﬂ Earthquake plus  [11.2 [NWP H=HV) COD, UNI NCM NWLR Earthquake plus grid loss U U See [4.3.4]
idIin;g Drifting sea ice grid loss Vin < Vihub < Vout
(parked, standing | (power
still or idling) production)
Earthquake plus [11.3 [NWP H=H/V) COD, UNI NCM NWLR Earthquake plus grid loss u U See [4.3.4]
grid loss Vi = Vi
(parked, standing
still or idling)
Wind farm 12.1 |NTM H=H(V) COD, UNI NCM NWLR wind farm influence F/u | F/u F/N
influence Vin € Viub < Vour
L (power
production)

h = hsg or largest value of
moving ice
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Structural Steel Plates and Shapes

Yield Sirength

Tensile Sirength

Group Specification & Grade at MFPa MFa
I ASTM A36 i6 250 400-550
ASTM Al3l Grade A (ABS Grade A) 34 233 400-513
ASTM AZES Grade C 30 203 3E0-513
ASTM Al31 Grades B, D {ABS Grades B, D) 34 233 AD0-515
ASTM A516 Grade 63 i3 240 450-5835
ASTM / irade 63 i3 240 5
ASTM ATOS Grade 3672 £l 250 A00-550
ASTM Al31 Grade E (ABS Grade E) (ABS Grade E) 34 233 AD0-515
I ASTM AS72 Grade 42 42 200 &0 min 415 min
ASTM / Girade 50 30 343 65 min 450 min
ASTM ASEE (to 2 in. thick) 50 345 Tl min_ 485 min
ASTM ATOS Grades S0T2, 50T3 50 343 65 min_ 450 min
ASTM Al31 Grade AH32 (ABS Grade AH33) 46 315 68-85 4T0-585
ASTM Al31l Grade AH36 (ABS Grade AH36) 51 350 71-90 490-620
API Spee 2H-Grade 42 42 200 62-80 425-350
AP Spee 2H-Grade 50 (1o 213 in. thick) 50 345 T0-90 485-620
(ower 214 in thick) 47 325 T0-90 485-620
API Spee 2W-Grade 42 (to 1 in_ thick) 290-460 62 min 425 min
fowver | in. thicky 200-430 62 ming 425 min
Grade 50 (1o 1 in. thick) 345-515 63 min. 450 min
tover 1 in. thick) 345-485 65 min_ 450 min
CGirade 50T {to 1 in. thick) 345-550 T min 485 min
fover 1 in. thick) 345-515 Tl min 485 mini
API Spee 2Y-Grade 42 (o 1 in_ thick) 290460 62 min 425 min
fowver | in. thick) 290-430 62 min 425 min
Grade 50 (to 1 in. thick) 343-515 65 min 450 min
fover 1 in. thick) i 65 min 450 min
Girade 50T {to 1 in. thick) S0-80 T min 485 min
fower 1 in. thick) 30-75 345-515 T min 485 min
ASTM Al31 Grades DH32, EH32 (ABS Grades DH32, EH32 46 313 68-85 4T0-583
Girades DH36, EH36 (ABS Grades DH36, EH36) 51 350 T1-90 490-620
ASTM A537 Class 1 (to 2V, in. thick) 50 343 T0-90 485-620
ASTM A633 Grade A 42 200 63-83 35-570
Girades C, D 30 343 T0-90 A80-620
ASTM AGTE (80) Grade A 50 345 Ti-90 485-620
ASTM A992 S0-65 343-430 65 min 450 min
i1} ASTM A537 Class 2 60 415 £0-1040 350-650
ASTM A633 Grade E &0 413 £0-1040 350-680
ASTM AGTE (80) Grade B i) 415 BO-1040 550-680
API Spec 2W-Grade 60 (1o | in thick) G0-940 415-620 75 min 515 min
fower 1 in. thick) 60-§5 75 min 315 min
API Spee 2Y-Grade 60 (o 1 in_ thick) B0-90 75 min 515 min
fower 1 in. thick) (0-83 73 min 515 min
ASTM ATID-Grade A Class 3 (10 2 in_ thick) 75 &5 min S5 min
12 in. to 4 in. thick) B3 75 min 315 min
{over 4 in. thick) 0 70 min 485 min
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TABLE 4
Charpy Toughness Specification for Steels

. : i Energy Absorption {Longitudinal)
Group Section Size -
fi-lh Joules
1 6mm-=<t<19mm (0.25m. <¢ 15 20
=19 mm (0.75 in.) 20 27
L__im (> 6mm (025 in) 25 34 ]
Notes
1 Test Temperatures — The following applies for service temperatures down to —30°C (-22°F).

For lower service temperatures, test requirements are to be specially considered.

a

For structural members and joints whose performance is vital to the overall integrity
of the structure and which experience an unusually severe combination of stress
concentration, rapid loading, cold working, and restraint, the impact test guidelines
of 2-1/Table 4 are to be met at test temperatures as given below.

Minimum Service Temperature

Grroup Test Temperature (As determined by 2-1/1.7)

L1 30°C (54°F) below
Minimum Service
Temperature

m —40°C (—40°F) —10°C (32°F)
—50°C (-55°F) —10°C (14°F)
=50°C (-58°F) -20°C (—4°F)
—60°C (-76°F) =30°C (-22°F)
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— 110~200 MPa (75mm3iI 55 ES)
— 800~1700 kg/cm? (300mm*150mm[El1¥ 5t 5E)
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— Eurocode 3/EN 1993-1-1 and EN 1993-1-6

m*ﬁ*ﬁﬁ:?ﬁrnxn
EiNEH R E IR E

— ISO19902 (D/t < 120)

— NORSOK N-004 (D/t < 120)

BnRa R E R AL D
—~ 15019902
— NORSOK N-004

STANDARD

Support structures

DNV-GL

for wind turbines

3 IR

AISC?

NORSOK STANDARD

N-004
v. 3, February 2013

dition April 2016
qDesign of steel structures
1
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§ Load irregularity ?

Number of cycles during lifetime
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Figure 2-8 S-N curves in air
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« DNVGL-ST-0126

— ESKZ=EIS0 19901-2:E17M EBaRE

— DNVGL-ST-0437H1Z=HRAE A& - §RI==1EC 61400-1 -
Eurocode 8K API Z HHEIIRZE - i {35 F Iz 5t s A B BsF e B 1S5 o0 A
1_.|'|:|:|:1E

— DNVGL-ST-043712E2K it EMREEFEHS (DLCs 11.1 - 11.2
11.3) -
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- IEC 61400-31F%
— IEC 61400-3#RE £ EIEC 61400- LT R4S
- FBRAEMRBZMRINEE SRR RELETIE - BRI
BEZALIAT S BB HA AT AT A
- BEFEfABRFSEREIMRE
— DNVGL-OS-C101K RARIA AT MR 285

— ISO 199022 API RP-2AWSDE EKkEif = 0 R L aZ=2=iE
WIE - BHERFREHE 2 &M EEZE  BREZEME(Extreme
Level Earthquake, ELE) X £E 22 112Z (Abnormal Level
Earthquake, ALE)

= 1SO 19902 AP| RP-2A WSD
MREEME | EAXLLEFEEoE 2XREFEEA
(ELE) 1B15 BAmEEE

EREEME |HERMGENTET MM EEREA
(ALE) RERNIRIEKE | BERRIF
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pQ ﬁ{ Case3 | ZE= | 78818895112 ( 329 | 245 | 059 | 551
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