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ABSTRACT

This paper is aimed to suggest a site specific partial safety factor of offshore wind turbine (OWT) pile foundation design for the offshore
wind turbine complex at a West-South mainland sea in Korea. International offshore wind design standards such as IEC, GL, DNV,
API, ISO and EUROCODE were compared with each partial safety factor and resistance factor. Soil uncertainty analysis using a large
number of soil data sampled was carried out, and their results were adapted to estimate partial safety factor of OWT pile foundation
through reliability analyses. The representative partial safety factor has been estimated as 1.3. When a proposed partial factor is willing
to use to other sites, it is recommended that further studies on code calibration are required to validate their accuracy using more site
characterization data.
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Table 1. Level of Reliability Analysis
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Reliability analysis Design approach
Level 1 OR, = 22viLai (0 : Resistance factor, v; : Load factor)
Level II 3 = Br; FORM, SORM
Level I Pr =< Pyr ; Monte Carlo simulation, importance sampling
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Fig. 1. Principle of the Partial Safety Factors of Level |
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Table 2. Comparison of Resistance Factors and Partial Factors for Soil Parameters on the Design Criteria

Partial Factor API 1EC GL DNV 1SO Eurocode
Resistance Extreme load 0.8 + 0.8 0.8 0.625~1.0
Factor Operating load 0.7 + - 0.67 j
1.25(TSA)
ULS - + + - 1.0~14
Partial Factor 1.15(ESA)
SLS - + + 1.0 1.0 -

(TSA) : Total stress analysis / (ESA) : Effective stress analysis

+Refer to the internationally recognised standards such as API-LRFD, eurocode and ISO
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Table 4. Range of the COVs of Soil Properties
Physical property Mechanical property
Soil Property COV (%) Soil Property COV (%)

Unit weight 3-10 Shear strength Dr.amed(sand, clay) : 3~12

— - Undrained(clay, clayey silt) 10~63

Liquid limit(clay, silt) 3~30 Sand 14

Plastic llmlt(clay, Sllt) 3~30 Ang]e of shear Gravel 7

Water content(clay, silt) 8~30 resistance Clay 10~56

Relative density 10~40 : Silt 4-23

- - Cone resistance 5~60

Specific gravity 2 N-value(SPT) 15-50

Saturation 10 Dilatometer tip resistance 5~15
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(a) Buan-Yeongkang Sea

(b) Saemankum Sea

Fig. 2. Location of Drilling Boreholes

Table 5. Bottom Elevation of Soil Layer at Buan-Yeongkang Sea

Bottom elevation, m
Soil layer USCS
NO-1 | NO-2 | NO-3 | NO4 | NO-5 | NO-6 | NO-7 | NO-8 #4 #10 #15
Marine deposit | ML, CL, CH, SM, SW-SM | -62.5 | -55.5 | -54.7 | -59.3 | -28.0 | -48.0 | -46.0 | -39.0 | -32.5 | -243 -39.0
Weathered soil -67.0 - -57.0 | -60.5 | -32.0 | -67.0 | -57.0 - -35.0 | -27.0 -
Weathered rock - -585 | -61.4 - -38.0 - -59.0 | -41.0 | -42.0 | -340 | 413
Soft rock -72.0 | -63.5 | -66.4 - -43.0 | -72.0 | -64.0 | -46.0 - - -44.0
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Table 6. Bottom Elevation of Soil Layer at Saemankum Sea

Bottom elevation, m

Soil layer USCS
NB-1 | NB-2 | NB-3 | NB-4 | NB-5 | NB-6 | NB-7 | NB-8 | NB-9 [NB-10|NB-11|NB-12|NB-13|NB-14
Marine deposit [ML, CL, SM, SP, GP| -36.8 | -36.0 | -36.0 | -29.6 | -37.0 | -33.5 | -37.5 | -30.5 | -36.5 | -27.8 | -47.0 | -46.6 | -46.2 | -42.3
Weathered soil -40.5 | -40.5 | 43.0 | -39.0 | - |-343| - - - ]-36.0|-51.0 | -54.0 | -49.5 -
Weathered rock -42.2 | -54.0 | -51.0 | -54.0 | - - - ]-325 - | -445|-53.0 | -63.0 | - -
Soft rock -46.7 | -57.0 | -57.0 | -58.0 | -41.0 | -36.5 | -48.0 | -35.5 | -41.0 | -52.0 | -56.0 | -69.0 | -53.0 | -48.0
Table 7. Physical Properties of Sedimentary Marine Deposit at Buan-Yeongkang Sea
Borehole Depth (m) %) G Atterberg Limits N o P, (kPa) Novalue USCS
No. LL (%) | PI(%)
No-3 17.0~17.8 44.0 2.71 474 23.0 1.285 0.435 111 8 CL
No-4 17.0~17.8 40.5 2.70 439 21.9 1.156 0.409 108 9 CL
No-7 7.0~7.8 383 2.70 329 10.8 0.977 0.205 82 5 CL
No-8 7.0~7.8 38.7 2.70 312 13.6 1.070 0.374 83 2 CL
4.0~4.8 31.7 2.67 N.P N.P - - - 0 ML
6.0~6.8 30.3 2.67 N.P N.P - - - 2 ML
" 7.2~8.0 32.7 2.66 36.6 122 0.870 0.224 239 7 CL
13.0~16.0 233 2.65 N.P N.P - - - 8~13 SM
4.0~4.8 26.6 2.63 N.P N.P - - - 6 ML
#10 9.0~9.8 449 2.66 49.1 28.3 1.197 0.236 141 12 CL
12.0~18.0 26.2 2.67 N.P N.P - - - 30~50 SM
5.0~5.8 48.1 2.69 58.6 35.8 1.313 0.489 144 4 CH
415 8.0~8.8 42.5 2.69 59.9 36.3 - - - 3 CH
11.2~12.0 39.7 2.69 42.4 16.7 - - - 3 CL
37.0~39.0 19.1 2.64 N.P N.P - - - 49 SW-SM
w, : Water content, G, : Specific gravity, e, : Initial void ratio, ¢ : Compression index,
P, : Pre-consolidation pressure, V-value : SPT blow count per 30cm, N.P : non-plastic
Table 8. Physical Properties of Sedimentary Marine Deposit at Saemankum Sea
Borehole |y thm) | w, %) | @ Atterberg Limits ¢ c P (kPa) | Nevalue | USCS
No. LL(%) PI(%)
NB-1 3.0 27.3 2.67 N.P N.P - - - 6 ML
NB-1 14.0~14.8 43.1 2.68 34.9 13.0 - - - 4 CL
NB-1 37.5 333 2.66 N.P N.P - - - 30 SM
NB-2 5.2~6.0 33.1 2.68 36.3 15.0 0.981 0.284 32 3 CL
NB-3 8.0~8.8 333 2.69 433 24.1 - - - 0 CL
NB-4 6.5~7.3 32.7 2.68 40.1 213 0912 0.313 189 2 CL
NB-5 6.0 20.8 2.65 N.P N.P - - - 3 SM
NB-5 8.5~9.3 33.8 2.68 30.7 8.6 0.947 0.301 180 4 CL
NB-5 15.5~16.3 38.2 2.69 494 27.6 1.097 0.384 75 5 CL
NB-6 8.0~8.8 33.5 2.69 449 243 - - - 5 CL
NB-7 3.7~4.5 35.9 2.68 374 17.7 - - - 1 CL
NB-7 11.0~11.8 30.8 2.68 359 27.0 - - - 5 CL
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Table 8. Physical Properties of Sedimentary Marine Deposit at Saemankum Sea (continue)

Borehole Atterberg Limits
Depth (m) | w, (%) G, € G P, (kPa) | N-value | USCS
No. LL(%) PI1(%)
NB-9 3.0 27.5 2.66 N.P N.P - - - 5 SM
NB-9 6.7~7.3 36.1 2.67 29.9 10.1 - - - 2 CL
NB-12 13.0~13.8 31.9 2.68 324 134 - - - 2 CL
NB-13 45 26.7 2.66 N.P N.P - - - 12 SM
NB-13 15.5~16.3 38.1 2.69 46.1 243 1.034 0.557 190.9 5 CL
NB-14 4.5 30.7 2.65 N.P N.P - - - 12 SM
Water Content, w, (%) Plasticity Index, PI (%) N-Value
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Table 9. COVs of Drained & Undrained Shear Strengths for the Sedimentary Marine Deposit

Clay Silt Sand
Category CL, CH CL, CH ML SM, SW-SM
9, ¢ ¢ I ¢ I ¢
cov 0.171~0.291 0.229 0.061 0.178 0.016 0.265 0.063
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Table 10. Dimensions of the Reference OWT

Category Turbine Hub height (m) | Water depth (m)

NREL 5.0MW 87.6 15.0

Dimensions

Table 11. The Combined Loads at Seabed

Fx (kN)
11,525.0

Category
Combined load

Fyz (kN)
1,676.9

Myz (kN'm)
168,507.0

Table 12. Ground Conditions and Material Properties of Seabed

Soils
Soil layer | Depth (m)| THOKneSS | S o
i (m) | (Nm)| (kPa) | (kPa)
CH | 0-5.0 5.0 170 |20.00| - ]
Clay
cL()| 5.0~123 | 73 180 |33.54| - ]
Sand| SM [123-23.0| 107 | 190 | - |1663 |31.59
Clay|CL(2)[23.030.0| 170 | 180 |60.00| - ]

Q
Pfl\M

VW
| [ &
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(a) Beam-Column model

(d) g-w curve

Fig. 12. Model for Pile under Axial & Lateral Loading
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Table 13. Characteristics of Random variables and Parametric

Condition
Rarfdom oV Distribution
variable type
S,,¢ 10.10]0.15]0.20 | 0.25[0.30 [ 0.35 [ 0.40 | Normal
¢ 0.05|0.06 | 0.07 | 0.08 | 0.09 | 0.10 | 0.11 | Normal
Table 14. Monopile Foundation Dimensions
Category Case 1 | Case 2 Remarks
Pile dimension (m) 6.0 7.0 .
Steel pile

Pile wall thickness (mm) | 60.0 | 30.0
Embedded pile length (m) | 21.6 | 22.5

Embedded in dense sand
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Table 15. Reliability Indices with Two Failure Modes
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. Lateral displacement (mm) Rotation angle (°) o
Category Failure mode Reliability index (5)
Computed Allowable Computed Allowable
Lateral disp. 50.5 60.0 - - 3.3525
Case 1 -
Rotation angle - - 0.252 0.3 4.5332
Lateral disp. 51.7 70.0 - - 5.9069
Case 2 -
Rotation angle - - 0.273 0.3 3.6918
Table 16. Comparison of Reliability between Level I & Level III
Level II Level III
Category Failure mode
B By B By
Case | Lateral disp. 33525 4.005x10™ 3.3395 4.200x10™
Case 2 Rotation angle 3.6918 1.113x10™ 3.6154 1.500x10™
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Fig. 13. Monte Carlo Simulation Results
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Fig. 14. Sensitivity Indices of Random Variables
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Fig. 15. Reliability Indices and Partial Safety Factors with COV of Random Variables
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