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Reliability Analysis of Tripod Support Structure for Offshore Wind Turbine using

Stress Concentration Factor
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Abstract : Reliability analysis of tripod support structure for offshore wind turbine was performed. Extreme distribution
function of peak response due to wind and wave loads was estimated by applying peak over threshold(POT) method.
Then, stress based limit state function was defined by using maximum stress of support structure which was obtained by
multiplying beam stress and concentration factor. The reliability analysis result was compared when maximum stress was
calculated from shell element. Reliability index was evaluated using first order reliability method(FORM).

Keywords : offshore wind turbine, tripod support structure, reliability analysis, first-order reliability method, stress
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Renewable Energy Laboratory(NREL) 5-MW R 2S5 3335}

© ™ (Jonkman et al., 2009), SH+ XA FZ+=
Energy Agency(IEA) Wind Annex 2394 5=3J% Offshore
Code Comparison Collaboration(OC3) ZZ A E o] wHl.S. tj
0 2 33 th(Jonkman and Musial, 2010). NRELS] 5-MW
adE k7= 3-8 = Upwind B} 0.2 AFAIEE H R
+ Table 11| g2k ch.

B HAAT 4 SH0] Fol= 247} aH O R E 87.5m,
90m ©|t}. 71 vl sjH.e} YAl 7} FA54 5 Rotor
nacelle assembly(RNA) ©f gt Al &S 23k Fig.
29} gt

S A A0 2t Wi of] whef Ao w FHEeto] Fig.
30l =Bl o, 7 Hajjel] sidsh= 27 9 7= Table
29} o} L1 A T4 A2l oF 42,958 mo| |, B2 -

<2 National

International

Table 1. NREL 5-MW baseline wind turbine

Rating 5 MW

Rotor Orientation,

Configuration Upwind, 3 Blades

Control Variable Speed, Collective Pitch
. . High Speed,
Drivetrain Multiple-Stage Gearbox
Rotor, Hub Diameter 126 m, 3 m
Hub Height 90 m

Cut-In, Rated,
Cut-Out Wind Speed

Cut-In, Rated Rotor Speed

3 m/s, 11.4 m/s, 25 m/s

6.9 rpm, 12.1 rpm

Rated Tip Speed 80 m/sec
Overhang, Shaft Tilt, Precone 5m, 5° 2.5°
Rotor Mass 110,000 kg
Nacelle Mass 240,000 kg

Nacelle CG

st

Connection Tower Top

Yaw Bearing
"Tower Top”

5.0

"Overhang, g
"Distance Rotor in Tower in TCS"

Fig. 2. RNA properties.
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Table 3. Design load case 1.6a

Design situation Power production
Wind condition Normal Turbulence Model(NTM)
Vie <V < Vot
. Severe Sea State(SSS)
Wave condition H=H

5,888

Wind and wave . . L
Codirectional in one direction

directionality
Current Wind-generated current
Water level 1-year water level
Limit state Ultimate limit state(ULS)
o] Al A AASkL Stk 1 ATl = Table 33
ol e ERe] A eA| S3slso] Agshs S @l
Fig. 3. Member properties Diameter(m). Mzor A4
THEXUE A FR RS 48sitlon, $52 Cut-in
Table 2. Properties of tripod member Member oﬂ A Cut-OutZhA] WA s2S Z=alstolo} 34k, 47
H 1 » ol 71 2 o] MABIRE & Aol 34F
BI 120 2 ol Wl S AT, W Y 9
B2 1875 2 o] AL GH_bladedS AHg310] AXFSISITHGH, 2013). 3}
5 247 » FEAL ) ol m S0 ARFY)] g 219
n 37 il 79 A7 AP Ek el 98 o Ae
- Top 5.7 50 71A 07 A (12)9}F o] Bel= Aol s ArE
Bottom 3.14188 30 91 Th(Morison et al., 1950).
C/ayy=18kN/m3 12m F= Csz‘”D|u|u+C’p“4Dzaal; (12)
c,=35kPa ¥
A7NA, € B D BARAS, ui B S
@ 2o, 2L 20 ASE 1215 p, & S
Sand woln ot
=20kN/m® 27m - = 51s - IR —
o ZE 99 el 5 A2 1ol 28] Wlahs Tidal
current®} Hjgto] 2H-g-gtol w} sfjprivke) o w Qlsl W
]V Ay 3= Wind-generated current® 7%= 2](13)3} 2o +
Clay ZiEe falsle] 27 2752 APds EthDNY, 2013).
y =19kN/ 11m
€, =50kPa 3 V(@) = V2 FVua(2) (13)
Weathered rock

h+Z /7
Vzide(z) = V!ideo('—'—) for z<0

Fig. 4. Soil properties. h

A7F AAE ] Q= T2F-A= Hebd o2 o]Fo]#] Qi Vyina(2) = vw,-,,do(holjz) for —hy<z<0
71 sele] Belsle] gliz ANk FE W ARIER of '
Folz B3k Xuko g FAslgl o, 7k o] T 4l X|uk ©§7]4 v(z) = total current velocity at level z
24 E Fig. 4o Felsi3dh z = vertical coordinate from still water level
Ve = tidal current at still water level
3.2 dAlslEx=A Vyindo = Wind-generated current at still water level
AASE 2L DNV 7|59 ol A4 =32 ™H(DNV, h = water depth from still water level
2013), A 71N AT AASHE 2L 58 H hy=reference depth for wind-generated current;

H1o) A5 de) 9l Foke, dEsks soll wet =7 34714 hy=50m
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Fig. 7. P-y curves for soil(cyclic loading condition).

Table 4. Turbulent wind field definition

Description Value
Mean wind speed 11.4 m/s
Turbulence intensity 0.16
Spectrum type von Karman
Duration time(1set) 600 s
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Fig. 8. Thrust force time history at hub.
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Fig. 9. Estimated distribution of peak response for thrust force.
Table 5. Ocean environmental conditions
Description Value
Water depth 45 m
Significant wave height, H, 85 m
Peak spectral period, 7, 123 s

Current

Wind-generated current

Spectrum type JONSWAP
Peakdness 33
Hydrodynamic drag coefficient 0.65
Hydrodynamic inertia coefficient 2
Duration time(1set) 600 s
° r | ce
T l[l ****** Jlﬁ‘” ***** ] E%*
3F----- - - T B e AR - e
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o 100 200 300 460 500 600
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Fig. 10. Shear force time history.
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O] Wk 0 deg(+x) WSO R sl FEHFES HA g
z3 A& Tt 7 Jointd &= AXEe 4
3} Fig. 13, Table 63} #o] o] 2, 3W o4 g-&o] 71
ELHI AP E AT, skl oisl i r3o]7] wiiEe] o

-2, 39§ U e AolH, A
T 74]*& 9 SAPESE oS 2H oS F-E VIEeR A4

SR
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el

O-]’ILIISEZ()/ stress (14)

n

SCF =

0.8

0.6

CDF

0.4

0.2

3 3.5 4 4.5 5 5.5 6 6.5 7
Shear force(MN)

Fig. 11. Probability plot for peak response.
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I FEZH (Xl thet BHEE/3L S RS F3l
% = ulek o F Table 89 4283t
FH(Shel)QA4F ARSI o5 A REEska 1 ¢
A FAe afA= ¥ (Beam) 20E AREEle] Aghel i
9

NE
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AAR el $E A

ke B2

B

Method 1: g, = Xo—S(F,X,,X,~X3) (15)
X (Beam) R ARHS ARE3E elo] 7

$AE 223
2 Abgate] A(16)% el Aol 5 gtk

%l

Method 2: g, = Xo—S(F,X,, X,~X)SCF (16)
o714, S() = FF FEAHE 5

Eol ARtEE SHoln, &
S0 7S Aol o) @ ;

Fejz Ak S %

3 .295E+08 .885E+08 - 143E+0% .207E+0% . 25SE+0%
/ Fig. 13. Stress plot for tripod joints.
25
L 2 / \ Table 6. Stress result for each joints
[a]
S5 / Joint Num. 1 2 3 4 5
1 Stress(MPa)  140.4 283.6 283.6 51.2 214.7
05 /
~ Table 7. Stress concentration factor
B4 08 %gak ResponsL Factor(PR1F')2 14 16 Nominal stress Hot spot stress SCF
138.26 MPa 283.66 MPa 2.0516

Fig. 12. Peak response factor.
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Table 8. Distribution of random variables
Symbol Description Unit Mean Cov Dist.
shape : -0.0335
X Peak response factor - scale : 0.1066 Weibull
location : 0.8381
shape : -0.1813
X, Thrust force MN scale : 0.0076 Weibull
location : 0.8307
X, Unit weight of soil(L1) kN/m’ 18 0.05 LN
X, Unit weight of soil(L2) KN/m’ 20 0.05 LN
X, Unit weight of soil(L3) kN/m’ 19 0.05 LN
X Internal friction angle(L2) 35 0.05 Beta
X, Undrained shear strength(L1) kPa 35 0.26 LN
X Undrained shear strength(L3) kPa 50 0.26 LN
X, Yield stress MPa 355*1.05 0.07 LN
4 Table 9. Sensitivity factors and MPFPs
—©— Method 1
~@-Method 2 . Method 1 Method 2
Random variable
= a MPFP a MPFP
x
§ X -0.9461 14252  -0935  1.4209
% X -0.0044  0.8335 -0.0051 0.8335
§ X 0.0084 17.9588 0.00644 17.9631
© ©
X, 0.0018 19.9704 0.0001 19.9747
) X; -2.58¢e-14 18.9763 -2.48E-14 18.9763
1 2 3 4 5
Iteration Number X -2.09e-13 35  -343E-13 35
Fig. 14. Reliability analysis by FORM. X; 0.0255 33.3329 0.0448 32.9214
X; 0.0002 48.3849 7.91E-08 48.3911
A AAdslo] 1T 2z} thakal o g vedl] $Jsl Saturated X, 0.3225 351.7040 0.3517 351.7040
Design ®H& AFESle] x4 HS A4 31 th(Box and Reliability index 2.4686 2.4872
Wilson, 1951). Probability of failure 0.0067 0.0064
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Table 10. Comparison of Results for Method 1 and Method 2

Method 1  Method 2 Relative error

Reliability index 2.4686 2.4872 0.74%
Probability of failure  0.0067 0.0064 5.33%

Elapsed time(Hour) 7.5 0.21
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