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Fig.1 Shared mooring anchors for offshore floating structures

and finned suction caisson foundation
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Fig.2 Grid and boundary diagram of suction anchor model
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Fig.3 Schematic diagram of loading H and M in

a non—coplanar manner
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Table 2 Finite element model validation results
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Fig.4 Load—displacement curves under horizontal loads
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Fig.5 Displacement contours at failure under horizontal loading
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Fig.6 Load—displacement curves under moment loads
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Fig.7 Displacement contours at failure under moment loading
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IL+ M
Muh

fitting equation

Eyiil 0/(°) RN a b ¢
. Yt 182 174 147
SRR 60,90 EHFEE 173 172 1.36

Wit 172 152 1.28
EHFELE 157 139 117
¥iE+ 1.82 179 0.00
JEFE+E 209 204 0.00
YiE+ 186 1.82 153
FRI i 60,90 JEHFEE 180 178 141
¥+ 170 161 1.32
EHFELE 174 173 135
¥+ 271 231 0.00

JFEHFE+ 396 222 0.00

3L R 04k 30

SR BN 3 0

(e ok 30
(e ok 0

34 mh e Sd-mAE R (V-T)Z A T 4 RE
Hk

V-T WA 11 iR

TP 11 AT UL 35 R TN T LA 5 D i )

HeG Iy 3T AU

9 B L
8 o) S

20 25

VI(A*s0)

(a) TCHE P ALBIR G4 T

(b)Y H— LB 24 T

E11 V-THIFELE

Fig.11 Failure envelopes in V-T loading space

V=T H— B2 Wi 1] S 5K, L ARa8 B AR 3y
SIRREEXE V=T A— AL TR R
KA Shen ZMEGBIFTE R , 3 B A% GE 0% ) i

(I — ARSI f 265 T ik 0 3l R

T V
Tull _1

=0.6

~ .
’ Vuh

47



R ERETR

0.5
v 4 v
—04 T =0. .
oz fae oo o
T V
7=\ T <05
Vv 2377 Vv
-0.5 T =0.5, ——>0.5 (6
Vull {{1_(7"[]1[) } } ’ Vu]l > ( )

2026,44(1)

3.5 Amb KPR (T-H)E R T 69K E,
H P

T-H W48 & 12 i,

A 12 B 0L ZEX S AR v, 2 6,
M\ OCHETNZE 45°, 3 R B 7 40 2 AL R
LETHAE T TR AR A, 78 H J5 ) ] LA

WS TR 0,=0° FLR 0,=15° FLH) 6,=30° TR 6,=45°

WL e °
fmLy w o

TI(A *Ds5,)
(a) TR LS 1

H/H,

(D) — AL B2 THi

12 T-H B3FE%HE
Fig.12 Failure envelopes in T-H loading space

(R TG o, ARG e 2 o A
B850 )i e D/ R 787 N Ve YT e S B e Y|
W IR A5 25 R U R e
NI ES W,

(TTM +(£ﬂt)':1 (7)
FEGEW I A H— A B PR A0 285 T 2 8 20N
| ] (®)

ARE 5 A 3 AR Y JE — R SR A 2%
[ESe=w)

3.6 HEhAEIELE-TLETE(T-M) =) T a9 KE
A

T-M WA man &l 13 fios

rE 13 ] WL FEX A R A, Y 6,
M0 TINZE 45°, ToEANILBEIRE A EAE T J71n)
ToH R ARk MO AR I s R B
BISIRREER 0, %F T-M 3SR L2 B AR
WS/ )N, AL 75 0 IH — A I SR 2 TR AR LE T
BRI R ANk, B8 R AR A
P H— e R A 2% 1 e iR N
(%hyﬂil -1 (10)
e GEW IR AE A - AR ) — R I 2% T

Gyl 3R 0,=0° AU 0,=15° FAY 0,=30° A 9,=45°

T 1.75 H 2.8
(m) 4Hm):1 (9)
¥yt (] o
eyt = o

TI(A D-s.0)
(a) o AR 2 THI

0.1 0.3 0.5 0.7 0.9 1.1
T/Tu

(b) A — LRI A 45 T

B 13 7-M B E%mE

Fig.13 Failure envelopes in T-M loading space

.48 -



= R%
k=R
. 5 2
(Zail) + ;Zl) -1 (11)

4 EFHEMERBENAEERFEHERBRAHR
PR Z S B9 R 0
Ry A TRV S AT OB A BE R A T, % &
ANV R B 3 R B R R, e
TRF B0 0 #7100, 15°, 300801 45°, & T 4~8
TR R T S, RT3 BRI T 60°
F4) it 8GN AR B 5 % 2 3R ARG T 75°F0 90°
{14 iy 28Kt o 7
4.1 KPARBLFE
IR T R Ny TEAR R B e N A
A 0, F AR LA 14 Fis

14

[
S )

;n i
E @ °
NS 10+ 6,=30° 6,=90°
= o =45°
& 9
58 8 _

7 ' —

EEC
6

2 3 4 5 6 1 8
FHEEN

B 14 AEBRH, AEMERENKERE IR Ny
Fig.14 N for different number of fins and different
loading angles

HIE 14 al 0L, 24 6, Dy 0/, N M\ 2 3T =
8, I BRAK -7 28 7 734 ot AN S8 15T = rh il 4
= 1 30.8%,34.3%  FEXI BT - FAE R B L 2 N

A= BAR R T A BB B AR B AL AT R

h 2 W0, BN B R T T KRS, YN

3 F 4 B0, B SOK R 2T BEAIK

24N K 5~8 B, 60, WX K- 2 LT Je s

M)

42 HREARBLMN
LR T R Ny TEAR R B 8w N AN

[[] 6, T RYZEALINE 15 Frs,

12r
117
10p

=
9t = 00,=0°  ® 0,=60°
06,=15° ®g,=75°
©6)=30° ¢ 6,=90°
& 6y=45°

7}-“(—7&)‘] % ﬁ( Ny

[ R I L = ]

AEF it

2 3 4 5 6 7 8
HREGE N
15 AREERH, AEMEFHENTIERE N RE N
Fig.15 Ny for different number of fins and different

loading angles

H L 15 W] 0L, 2 0y o 0°H  ZEX BT R AR
A N 2 BN E 8, AR R S R T
21.0%,38.1%,

Yo R, 24 N 3 il 5~8 B, 0, B3 Xt
FRE I LT ICm ;s 24 N A 2 4 6,60, 13
IO B R AR R IR AR, 2 N R 4
I, 6 S 1IN BOES R AR TR 2 NV 2,3
5~8 ], 6, YRGS B AR Z ) JLF- TR,

43 FREE KR HE R AR IR BTN

ANV A 3 R ) A R A LB 4 [
16 fftos

(a)2 37 I R R LR

AP 16 AT 0L, XFF 2 3853 3 O o4, 24
6} O°l, JLF-JCHEI & 2 A3 A FR TR far 8k
HIBE 77524 60, M 0B N3 90° , /K- 2 i 5

(b)3 37 W ) il AR SR A LB

()4 3T IR AR R AL
B 16 ARERHEMNERBRABMBIANERSE

Fig.16 Schematic diagram of the failure mechanisms of finned suction caissons with varying numbers of fins

SR RS T B, R RE NG | B PR K
HRE S IBEZ $E15 524 04 R 90°HT, AR FRAK 7K 2%
TE5EHZE R (D+2S) AL G W 1A . 24 6, R

.49.



R ERETR

0°Hf, 2 M3 P S R 1k Bl K, Bl 0, 3500, 2
AE R PSRRI 2 W55 , 2 0, 18 F] 90°HT,
JUF T kA5 2 D3R TS R,

XFT 4 3R BRI 56, R 002 S A
4 53R A RARB KA 3, 0, R 45°0F,3 51 4
SE PO PRI AR, L SR 2 SE
EESEH, H 152 SEAJM o fUAE 90°
(a=180°HT, AT A K EFE 1 5 H1 2 53 5 HiK-F
TEIRE ST o B/ 1 5 2 53 1 RE D B
RAE) BRI T AR A, KT 2k 77 BRAIG 257 o
ML, 0, 0 0°BTREFE /5L 1 5 R0 3 53 i
YU REST 5 0,y 45°0F 4 DR NPTERE S
RICITRAE , FEOSH AR I EIL,

XFT 3 3R 38 AU P TR  fr 2%
TINgE A BE Ry 0°~30°HF R o] 455 fir g B — 2 T4,
PRIt 3L % - AR B R BB D 500, ek £ Xo A
BEARZE T BN T 5~8 3 A3 7 AL
T 3R AR BRI T R A A XA FR A
E= i) A LV
5 4ig

ASCHET AR ICHEA ABAQUS, FFIET 6y, 6y
X BR A e A RIS, DA R B = R X ]
AT AR R BSR4 5T, 28T T 60y
1 0y XA BR 5 50t 9 3 R I ) R i PR 7 2%
FI R

D24 6,0y M 0BG ZE 45° 4 38 F 38 F AU
FIEE AR BR AT RIS HE AR B BB, AR 2
TG S5, Y5 A HR K RS R Y
TR R, JREE 04,00 BRET (2 04,00 R
30°,45°), AEIYJE 4 EEREAR AR AMITE e ULEE
B SR AEAE 4 5T 4 o LU SR 2]

QML FAEGER 145, 32 5 TR AR5 MY
B REHWYRT V-H,V-M,V-T,T-H 1 T-M
T far A ] Y TC B AN AR AL ZK T 6, 6, DNO°
HafnZE 450 A fd V-H,V-M,T-H F1 T-M —4E)n
AT 0 TC AR A 2% 1 1) N, X
H 5 MBS TO, 245 6 D 03 g 90°, H-M
e TSRS 1 RBR SN 9%, H-M R4
TR FRIERE 6 ARG N 2 6<60°,0 X} H-M 1
L IR B2 2 6>60°0F W LT T8
AN

B Oy, 0 FHEIN, AN FIFL R H R R
.50 -

2026,44(1)

TR 7K1 SRR R 8 77l RE B v s AR
SRR | O AR BR A | A A B X
R BRAR T R

SE Wk

[1] Fu D,Bienen B,Gaudin C,et al.Undrained capacity of a
hybrid subsea skirted mat with caissons under
combined loading [J].Canadian Geotechnical Journal,
2014,51(8):934-949.

[2] Gourvenec S.Effect of embedment on the undrained
capacity of shallow foundations under general loading
[J].Géotechnique ,2008,58(3) . 177-185.

[3] Taiebat H A, Carter J P.Numerical studies of the bearing
capacity of shallow foundations on cohesive soil
subjected to  combined
2000,50(4).409-418.

[4] X, E&, T 208, 5 2 A NE R ASHEK i A
G A v v 2 T S Al b B 7 R ) A 2 D).
A TAEAR,2014,36(1) : 146-154.

[5] FEPK, 28/ H.V-H-T fir#82s ] ] I RULARTE &
AR LS R (1] AR T AR, 2010,43
(4):113-118.

[6] Chen H,Shen Z,Wang L,et al.Undrained capacity of

skirted circular foundations under fully three -

loading [J].Géotechnique,

dimensional loading [J].Computers and Geotechnics,
2023,156.105261.

[71 Fu D,Zhou Z,Pradhan D L, et al.Bearing performance
of finned suction caissons under combined VHMT

[J].Journal of Geotechnical and
Geoenvironmental Engineering,2024,150(5) :04024031.

(8] MR, 28T sk 2%, 451 B 7 XML ) 222
A R R EAREE M (1] 7T F AR BRI, 2024,42(1)
45-50.

(9] SKARTFH, ShIEE SR AWK, 45 K e rh i ) il S At A 4
FUARBAF PR FE(T]. °T 4 BE A, 2024, 42(8) : 1047~
1053.

[10] Fu D,Zhou Z,Yan Y,et al.LA method to predict the

loading in clay

torsional resistance of suction caisson with anti-rotation
fins in clay[J].Marine Structures,2021,75:102866.
[11] Butterfield R,Houlsby G T, Gottardi G.Standardized sign
generally  loaded
foundations[J].Géotechnique, 1997,47(5) : 1051-1054.
[12] Shen Z,Bie S,Guo L.Undrained capacity of a surface

conventions and notation for

circular foundation under fully three —dimensional
loading [J].Computers and Geotechnics,2017,92.57 -
67.



= N,E AZGHERARTEALBRAMGRELRITL

[13] Vulpe C,Gouvenec S,Power M.A generalised failure combined loading of strip and circular foundations on
envelope for undrained capacity of circular shallow clay[J].Géotechnique ,2003,53(6) : 575-586.
foundations under general loading [J].Géotechnique [15] Vulpe C.Design method for the undrained capacity of
Letters,2014,4(3) . 187-196. skirted circular foundations under combined loading:

[14] Gourvenec S,Randolph M.Effect of strength non — effect of deformable soil plug[]].Géotechnique,2015,65
homogeneity on the shape of failure envelopes for (8):669-683.

Research on the bearing performance of finned suction caisson
foundation under fully three—dimensional loading

Li Gang', Liu Bo', Ma Ling', Chen Yangming', Yan Yue®, Xu Ruizhe?, Fu Dengfeng’
(1.China Power Engineering Consulting Group Co.,LTD., Beijing 100029, China; 2.School of Civil Engineering,
Tianjin University, Tianjin 300072, China; 3.College of Environmental Science and Engineering, Ocean University

of China, Qingdao 266100, China)

Abstract: As floating photovoltaic systems gradually extend into deeper waters, shared mooring
anchoring systems have gained attention for their adaptability to complex marine environments.
This study aims to investigate the bearing performance of finned suction caissons under non—
coplanar combined loading conditions. Based on finite element software ABAQUS, the study
examines the impact of different horizontal and moment load angles on the ultimate bearing
capacity of finned suction caissons in homogeneous and normally consolidated soils, and explores
the influence patterns of fully three —dimensional loading on bearing performance within the
combined loading space. The results indicate that as 6yand 6y, (6 and 6), represent the loading
angles of horizontal load and moment load, respectively.)increase from 0° to 45°, the ultimate
horizontal and moment capacities of the four—fin suction caisson decrease, with a more pronounced
reduction observed in homogeneous soils. Additional fins significantly expand the dimensionless
failure envelope in V—H (vertical ~horizontal load application), V-M (vertical -moment load
application), V -T (vertical —torsional load application), T —H (torsional —horizontal load
application), and T-M (torsional-moment load application) loading spaces. As 6y and 6y, increase
from 0° to 45°, the dimensionless failure envelope in V-H, V-M, T-H, and T-M loading spaces
contracts inward. For non—coplanar H and M conditions, as increases from 0° to 90°, the H-M
failure envelope expands outward in the first quadrant, and its symmetry increases as decreases.
This study provides theoretical support for understanding the bearing performance of finned suction
caissons under fully three—dimensional loading, aiding in the enhancement of design accuracy and
structural safety.

Keywords: floating photovoltaic systems; bearing performance; suction caisson; fully three —

dimensional loading; failure envelope
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