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Ultimate Axial Strength of Longitudinally Stiffened Cylindrical Steel Shell
for Wind Turbine Tower
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Abstract - Ultimate axial strength of longitudinally stiffened cylindrical steel shells for wind turbine tower was investigated by
applying the geometrically and materially nonlinear finite element method. The effects of radius to thickness ratio of shell, shape
and amplitude of initial imperfections, area ratio between effective shell and stiffener, and stiffener spacing on the ultimate axial
strength of cylindrical shells were analyzed. The ultimate axial strengths of stiffened cylindrical shells by FEA were compared
with design buckling strengths specified in DNV-RP-C202. The shell buckling modes obtained from a linear elastic bifurcation
FE analysis as well as the weld depression during fabrication specified in Eurocode 3 were introduced in the nonlinear FE
analysis as initial geometric imperfections. The radius to thickness ratio of cylindrical shell models was selected to be in the range
of 50 to 200. The longitudinal stiffeners were designed according to DNV-RP-C202 to prevent the lateral torsional buckling and
local buckling of stiffeners.
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Fig. 2. Finite element model
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Fig. 3. Location and details of weld depression
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Table 1. Dimension of stiffened shell with various values of ¢ and FE results by LBA (7=2000mm)
Longitudinal stiffener P
Section r/t t : h s A(ihdl P”% (= fo = 14(17 ! BuCkligg buljlzrirrllzel;VZ£es
! ny, | (=——) 10°kN) mode 3)
(mm) | (mm) | (mm) st (MPa) (my xm,)
S50-A12 21 195 0.12 1383 2473 SB 6x14
S50-A30 | 50 50 205 838 | 15 0.30 1849 2641 PSB 2x10
S50-A50 65 260 0.50 2046 2729 PSB 1x8
S100-A12 13 115 0.12 358 1272 SB 9x20
S100-A30 | 100 32 110 598 | 21 0.29 414 1279 PSB 2x12
S100-A50 46 130 0.50 525 1394 PSB 1x10
S150-A12 10 78 0.12 153 816 PSB 3x16
S150-A30 | 150 28 70 483 | 26 0.30 181 830 PSB 2x14
S150-A50 38 85 0.50 214 852 PSB 2x14
S200-A12 8 60 0.12 70 500 PSB 3x18
S200-A30 | 200 23 55 419 | 30 0.30 91 557 PSB 3x18
S200-A50 32 65 0.49 115 611 PSB 2x16
1) 4

2) SB: shell buckling, PSB: panel stiffener buckling

3) my, m

c

number of buckling waves in the longitudinal and circumferential directions, respectively

Table 2. Dimension of stiffened shell with various numbers of stiffener () and FE results by LBA (r=2000mm)
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Longitudinal stiffener P Number of
Section r/t t h s P"{' fo (= /Y Buckling buckling waves
w n (<10°kN) mode
(mm) (mm) (mm) (MPa) (my xm,)
S50-N15 838 15 1383 2473 SB 6x14
S50-N19 50 21 195 661 19 1457 2532 PSB 2x10
S50-N23 546 23 1478 2497 PSB 2x10
S100-N21 598 21 358 1272 SB 920
S100-N27 | 100 13 115 465 29 376 1296 PSB 2x12
S100-N32 393 32 383 1287 PSB 2x12
S150-N26 483 26 153 816 PSB 3x16
S150-N33 | 150 10 78 381 33 160 831 PSB 2x14
S150-N39 322 39 162 821 PSB 2x14
S200-N30 419 30 70 500 PSB 3x18
S200-N38 | 200 8 60 331 38 86 602 PSB 3x18
S200-N45 279 45 87 592 PSB 3x18
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(a) S50-A12 (b) S100-A12

-

() SI50-A12 (d) S200-A12
Fig. 4. Linear buckling modes by LBA (6 =0.12)

-

(a) S50-N19 (b) S100-N27

-

(c) S150-N33

(d) S200-N38
Fig. 5. Linear buckling modes by LBA (n =1.25n,)
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Table 3. Axial compressive strength of stiffened shell having
initial imperfection in buckling modes with various
amplitudes (w,/t)

DNV FEA
Section £ wt P, £ fl frsa
(MPa) | ° (x10°%kN) | (MPa)
1 185 331 1.13
S50-A12 | 294 2 159 284 0.97
3 144 258 0.88
1 87 311 1.28
S100-A12 | 244 2 76 273 1.12
3 72 255 1.05
1 62 330 1.59
S150-A12 | 208 2 54 287 1.38
3 49 262 1.26
1 44 313 1.71
S200-A12 | 183 2 36 259 1.42
3 33 234 1.28

1) f...0 Design buckling strength of a shell
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Fig. 6. Load-displacement curve for S50-A12 model
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Fig. 7. Effect of imperfection amplitude w, on axial compressive
strength of shell with initial imperfection in buckling
modes

[

(a) SS0-A12 (w,/t =1) (b) S50-A12 (w,/t =3)

(d) S200-A12 (w,/t=3)

(¢) S200-A12 (w,/t =1)

Fig. 8. Effective stress distribution of shell with initial imperfection
in buckling modes at ultimate state
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Table 4. Axial compressive strength of stiffened shell having
initial imperfection in buckled modes with various
area ratios (9)

A A7t S7HE o= A= Afol= 1.5% F =& 1v]
gk A0 = AUt Table 20 UEhH HE}F Zro] n=n,
o SFsl= S50-N15 2} S100-N21 Hdl-e 4] X 7
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Table 5. Axial compressive strength of stiffened shell having
initial imperfection in buckled modes with various
values of n/n,

5 DNV FEA
Section - A ) Frea P (x Lo | Sl frsa
st” | (MPa) | 10°kN) | (MPa)
S50-A12 0.12 294 185 331 1.13
S50-A30 0.30 295 222 341 1.16
S50-A50 0.50 295 263 350 1.19
S100-A12 0.12 244 87 311 1.28
S100-A30 0.30 244 98 336 1.38
S100-A50 0.52 244 131 350 1.43
S150-A12 0.12 208 62 330 1.59
S150-A30 0.31 206 72 329 1.60
S150-A50 0.50 205 84 335 1.63
S200-A12 0.12 183 44 313 1.71
S200-A30 0.31 180 51 310 1.72
S200-A50 0.50 177 60 318 1.80
1.2
11 >
8 o 8 8
08 - *
- *
06 %
h X
04 -
O FEA(®=0.12) <+ DNV(5=0.12)
02 J A FEA®=0.3) X DNV(3=0.3)
O FEAB=05) X DNV(5=0.5)
0 T T T T
0 50 100 150 200 250

rit

Fig. 9. Effect of area ratio () on axial compressive strength of
shell with initial imperfection in the form of buckling
mode

DNV FEA
. o il
Section | n o Fred Pu3 (x £, Fo
(MPa) 10°kN) (MPa)
S50-N15 | 15] 1 294 185 331 1.13
S50-N19 | 19| 1.25 293 199 347 1.18
S50-N23 | 23| 1.5 293 204 345 1.18
S100-N21 | 21 1 244 87 311 1.28
S100-N27 | 27| 1.25 241 98 337 1.40
S100-N32 | 32| 1.5 240 100 336 1.40
S150-N26 | 26| 1 208 62 330 1.59
S150-N33 | 33| 1.25 201 63 325 1.62
S150-N39 | 39| 1.5 198 64 325 1.64
S200-N30 | 30| 1 183 44 313 1.71
S200-N38 | 38| 1.25 171 45 310 1.81
S200-N45 | 45| 1.5 167 46 310 1.86
1.2
1 5 o
o 8 2
08 -
- &
:\:: 06 - %
]
04
O FEAm) 4+ DNV(n)
0.2 A A FEA(1.25n) X DNV(1.25n,)
& FEA(15n) [1 DNV(1.5n,)
’ 0 50 100 150 200 250

rit

Fig. 10. Effect of number of stiffeners on axial compressive
strength of shell with initial imperfection in the form
of buckling mode
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(c) S200-N38 (d) S200-N45

Fig. 11. Effective stress distribution of shell with initial imper-
fection in the form of buckling mode at ultimate state
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Table 6. Axial compressive strength of stiffened shell with
initial weld dimple for various values of Aw,

DNV FEA /
Section | f, 1 P, (X 7 Ju
s va guw u3 u fksd
(MPa) (mm) | 10°kN) | (MPa)
8 198 355 1.21
S50-A12 | 294 16 500 188 336 1.14
24 174 312 1.06
8 94 333 1.37
S100-A12| 244 16 500 82 293 1.20
24 72 256 1.05
53 60 322 1.55
S150-A12| 208 10.7 333 50 268 1.29
16.0 43 232 1.12
4 42 306 1.67
S200-A12| 183 8 250 36 255 1.39
12 31 220 1.22
1.2
1 A
© A
o | % o -
o
> Q a °
o6 x o
b x
04 -
A FEA(Aw,) O FEA(3Aw,)
02 4 & FEA(2Aw) X DNV
0 : : . .
0 50 100 150 200 250

rit

Fig. 12. Effect of dimple depth Aw, on axial compressive strength
of stiffened shell with initial weld dimple
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(a) S50-A12 (Aw,) (b) S50-A12 (3Aw,)

(¢) S200-A12 (Aw,)

(d) S200-A12 (3Aw,)

Fig. 13. Effective stress distribution of shell with initial weld
dimple at ultimate state
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Table 7. Axial compressive strength of stiffened shell with
initial weld dimple for various ratios of &

5 DNV FEA
SeCtion (: A) fksd Pu (>< fu ;“/
st” | (MPa) | 10°%kN) | (MPa) |
S50-A12 | 0.12 294 198 355 | 1.21
S50-A30 0.30 295 227 349 1.18
S50-A50 0.50 295 263 350 1.19
S100-A12 0.12 244 94 333 1.37
S100-A30 0.30 244 97 333 1.37
S100-A50 0.52 244 130 346 1.43
S150-A12 0.12 208 60 322 1.55
S150-A30 0.31 206 69 318 1.54
S150-A50 0.50 205 82 326 1.59
S200-A12 0.12 183 43 306 1.67
S200-A30 0.31 180 49 302 1.68
S200-A50 0.50 177 58 311 1.76
1.2
1 8
: o,
08 ®
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02 | A FEA(8=03) X DNV (5<0.3)
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Fig. 14. Effect of area ratio (§) on axial compressive strength
of shell with initial weld dimple
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Table 8. Axial compressive strength of stiffened shell with
initial weld dimple for various values of n/n,

DNV FEA

. n 1./

Section n ny Fred P, (x /. Fon
(MPa) | 10°kN) | (MPa)

S50-N15 | 15 1 294 198 355 | 1.207
S50-N19 | 19 | 1.25 293 204 354 |1.208
S50-N23 | 23 | 1.5 293 207 350 |1.194
S100-N21 | 21 1 244 94 333 |1.365
S100-N27 | 27 | 1.25 241 100 341 |1.415
S100-N32 | 32 | 1.5 240 104 348 | 1.451
S150-N26 | 26 1 208 60 322 | 1.548
S150-N33 | 33 | 1.25 201 64 334 |1.662
S150-N39 | 39 | 1.5 198 67 341 | 1.722
S200-N30 | 30 1 183 43 306 |1.672
S200-N38 | 38 | 1.25 171 46 318 |1.860
S200-N45 | 45 | 1.5 167 48 328 |1.964
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Fig. 15. Effect of number of stiffeners on axial compressive
strength of shell with initial weld dimple
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