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Quantitative Wear Estimation for Mooring Chain of Floating Structures and Its Validation

by Takaaki Takeuchi, Student Member

Koji Gotoh, Member

Tomoaki Utsunomiya, Member
Iku Sato, Member

Summary

It is necessary to develop quantitative wear estimation method of mooring chains for floating structures such as floating offshore
wind turbine. In our previous research, a numerical analysis combining 1) wear analysis between links by finite element method and
2) response analysis of mooring system has been proposed and validated qualitatively in the case of a single moored buoy. In this paper,
the proposed method is applied to a spread moored floating spar with three mooring lines for further validation. Here, the effect of
wind in addition to waves on the wear of chains is examined. As a result of comparison, it is found that the wear amounts estimated by
the proposed method fairly agree with the measured values. However, it is also found that the estimated wear amounts around the
touchdown point and those next to a clump weight considerably overestimate the measured values.
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Mooring system layout (S = 1/250)
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Fig. 1 Floating structure model ©.

Table 1 Mooring system components.

Li Floati
e Oatlflg body In between Anchor side
No. side
Stud-link Studless link
1 (R3, 56 mm) - (R3, 81 mm)
30.0m 218.0 m
Stud-link Studless link
2 (R3, 56 mm) - (R3, 81 mm)
30.0 m 218.0 m
i) Studless link
R 1
Studless link Polyester rope ( 3;’7(880 r;nm)
3 (R3, 68 mm) | (MBS:1960 kN) i) C.lumy
10.0 m 68.0 m P
weight
(10 ton in air)

*MBS : Minimum Breaking Strength

Table 2 Vickers hardness, H 9.

Grade R3 Grade R3S
kgf/mm? | N/mm? | kgf/mm? | N/mm?
Ave. 263 2579 295 2897
Standard | o0 | 4771 17.6 172.9
deviation
Number 6 10
of samples
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ESNTND 103, EEFELRE 2 MK OTIE & 3 5 7o D I3 B
JIDHNLZ NITHSE L7 A LTz,

(2) EFEZRHK

PERAREL I DWW TIE, FEDO—ES 9 NRKKEREET (Dry)
KON THEABRET (Wet) ICBWTEFNERE Y « £ -
T4 A7 RBREE L TBY, ZORBEEE Table 3 1R
7. Table 3 76 A LF/KEREE T T OBERAREUI R KBRS T
DHLDOLED HIEHHEN/NEL, HHH 105D 1 &/hs<
RoTWDZ ENHRTE D, ZHFIATHEKCE Y AT
SR N ER 2 R L 2 N REEE LTEZD
N5 W fREEOBRER G IR T TEL DL E Db, A
THEKEREE FIC31) 2 BEREMRER 26 L, LU T DT K OV
FEEFEMIZBWTIEZEOYEE 1.5x104 &2 L.

Table 3 Wear coefficient (x104), K 9.

Grade R3 Grade R3S
Dry Wet Dry Wet
Max. 83 10 100 6.1
Ave. 11 1.5 19 1.3
Min. 0.45 0.071 0.3 0.14
Standard 20 2.0 31 1.7
deviation
Number 40 24 28 12
of samples
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2By RUAF =—rDO-FE% Fig 2 12, ITET V&
Fig. 3 \Z7”7. MEMTSRAFOMEE % Table 4 12737, FOBHRRIE
FOVIHEZE T ABS BIASAE ® A4 L7z, F£72, GradeR3 ®
JESTOT Bl & LT 2 IRARL E/100 (E:7 > 7 3) O~ A
U=TF RBREMRE LT, AF v RL AT = — 2 ORIRIZHE
LTiE ABS® [Ranz ) v 7 NEDSHEA SR LETT L
k&1 T>7-. Fig. 2 I3 d XK 91Z, U v 7 iiLiEsE 1053
mm & 2673 mm OMNRGEY, EAUINET DFEMICTHE
REnD.

JEFER\CWE AR 52 BB L LT, BERY - A
IRlE - 3R/ 3 oM™EBZ 5D, JATHIZE Y 1TV T

486 mm

Point A \\‘

271.35 mm

267.3 mm

Fig. 2 Dimensions of studless link (81 mm).
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Fig. 3 Analysis model.

Table 4 Analysis conditions.

* Constraint condition
Cross section A:
ux=uy=6=6=0~0
Cross section B:
u=6=6-0
Boundary conditions * Loading condition
Cross section A:
tension 7' [N] (Table 5)
Cross section B:
enforced displacement for
sliding angle @[deg.] (Table 5)
Elastic modulus: £ [MPa] 206,000
Poisson’s ratio: v 0.3
Yield stress: oy [MPa] 410
Tensile strength: o» [MPa] 690
Wear coefficient: K [ - ] 1.5x10*
[\;1([31136;; ';hza]\rdness. 2579
Table 5 Analysis cases.
No. Friction Sliding angle Tension:
coefficient: Fs | amplitude @ [deg.] T [*10° N]
1 0.5 +5 1
2 0.5 +5 10
3 0.5 +5 50
4 0.5 +5 100
5 0.5 +5 200

BRI AIREO RS I 2R (RODICB 5
HBIEE o) ~ORBPN/NINZ L EHERL TWD D,
Table 5 (23T X BRI OWVWTOHME &7 7.

K Q) 1TRT XD ICHARR 872 O FEFEEITHE A DO
KPR LB D728, ST DR Z BB L, EE)
fHE A 0.5 deg/s & L=, 22T, HEMAIRY > 7 ik
JEEsO WL (Fig. 2, Fig. 3 12777 Point A) J& U [al#s & LI
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LEALOEESAZIERETIHNERDH L. £ 2T, Ak L
FETHPICRE S NBH X U= T, v VFRT 4 &4
A F 27 A (BREN ) (CHES S PLUTERMRIT Y 7 b =
7 Adams'? ZFEARY — & LTI 21T o 7=,
AIFFCOMHT RIS TH 2B Z U —I1%, 100 kW FARAFE
FREEMZEZSZE L CERESNZHDOTHS. SllfEH
U7 = — R, 5O 1319 33 Adams % FAMEHT
VL LTMEBIICBTE L2 b O TH Y, ARHER-C FE
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OIS & AR OB T, R R OBIMRITIE L L TR A
WHENTNWD T 7 R~ AEERM Lic. ZOFEE, HiS
MEEREORWIFRTERE, b L <IZHOOR2WER TS
FETH Y, MR SR ITHIR 03 722 < PLAPEICE
NTWD. ZOFEE AW HRARE O E— R R OBK
fRMT & RS R 2 R L7/ NE S 19 RLFlE S 19 o T
1%, EORGRFERO—EERL TV
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45
4
3.5
3
25
2
1.5
1

Wear volume on one side [mm?]

0.5

0 50 100 150 200 250
Summation sliding angle [deg.]

Fig. 4 Wear volume by varying tension, 7.

Table 6 Change rate of wear volume to summation sliding angle.
Tension: T [*x10° N] 1 10 50 | 100 | 200

Change rate of wear

0.065]0.786 | 4.62 | 9.77 | 20.6
volume x1073 [mm?/deg.]

0.025
E]
= 0.02
2 0015
E]
B
z P
g 001 P
z 2
S P
=} > P
] =
£ 0.005 i
& F
ﬁ P>
=
© 0

0 50000 100000 150000 200000 250000

Tension, T'[N]

Fig. 5 Change rate of wear volume to summation sliding angle.

B 21T > 2 BEOMTET V&2 FISHH LT\ 5. Fig. 61
Adams fEHTE 7 /L, Fig. 7T IZHERERT. BITET /MIL4
U—, IRERE, MERLOVMAIATWD. ¥ T —RUNVE
REEB ISR ORA S IT R T S h, Mt E2ZE L
TTIE RS TR, RBRIT EROMOEEE L AT
R ELTET L. REROLGENZOWTCIL, R
BHALERBOSE Y 7 R (0324 m) 12 TEEMICE
T L, TNLUSAOKETIEoEEREE 2m L7, &
7o, FREEHMMEICEREZRET 22 LT, 3ROKT AL
BHL, ToXEaz& ) v MoFeEf L L.

Table 7 (AR R D EHFE LA ~T . Table 7 128V TLRE
BHOMOMEIEIZ SV TCTIZT DNVOSE301'® 228, KU =
AT v — L OMOEIPEIZ SOV TIHRELS L2 Z B
1SO 1869219 ZZ MR L —EfE & L7z, IS0 18692 19 Tididlik
72 UA%OBRIMIM: (Dynamic stiffness at end of bedding-in)
DOfEDS 18~28 OHFIPHICH D Z EEHTELTRY, FEHDO—
o O FEBICER IR AT A —TZDONT,
FIHMREETIZ 20, 1 EMOEHE TIX 24 &2 OHFHE % 2
LTWAZEEMERL TS, Z2C, Az xTra—7
DEMEDZEAIZ L 2 BEFERE DB OWTHER T 5720,
FARAITED ERRAE & T RRAE Z €40 T ORMHT & Fhi L 7=.
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Table 8 1%, A bIAMEDOE (&KD 208%% 5D D) A
FW 0.5 m AFEIEW 5.5 s 1T B 1800 s ] TOHETEE
FEROIE 2R T FERE R IR & IR OHEA R 6 D%
BEESICH> THEREZRLTEY, 20 L SFREEROMHN
IEEE LTy (BUFAEE) . Table8 k0, 1A EDR
THE DTS20, 1212 m H TV 121.5 m #5112 T
ARV =27 v —7FORIEEZ 28 MBS & L7-HEEBEFERN
I8MBS & L7c#EEEAEZRE < ERlo TS Z &R ERTE
B, ZOEFITENEMICEBREO L ET IR E v FH TR A v
FCHDLZENLL, BEMOHEL THDICR ) = AT
na—7 0% 28 MBS & Lz, T ENHIBREIZ oW
TIiX DNV OS E301 ™ &ML, IEEAEIC OV TIE
BVNR 49320 ZZ2M UElEALZE LIEE LTWD.

THHFRHTIC 1T 2 AR E OB EIFIEIC DOV TRT . RIS
TERT 231, K(GS), RKOEWRTHEEETY VoKX 202 1z
X052 W5, £72, Wheeler DA MLy FHEE 2 |12 LD
KENLEE TOWHEZEE L TWD ARBHICTERT DI
DWTCIE, B - BHE L BITBRREEHOBINNE (M,
MIVEED), HLNC L bl dWEIN ZBE L TND. ek,
W I & FRBE 8 R QMR R SHIM O BEER 11T B L L 7R,

£

FT, T A — FORGET R L7 K S ICEHE DS 19

942 & O BEATOI TV B A8, AMEHTAHRIC 5T b A

Fig. 6 Model for response analysis.

Y Mooring line 2
Mooring line 3 Ve X
Incident angle
7.2 deg.
N
Wave, wind or current
(N: North)

Mooring line 1

Fig. 7 Definition of coordinate system and incident angle.
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Table 7 Mooring line element specifications for analysis.

Line Weight .LG. Drag Added mass
lement [ke/m] Stiffness | coefficient | coefficient
clomens | e [MN] | (TR,LG) | (TR,LG))
¢®56 mm
2 26,14 . 1.
studed link | 76 6, 3.57,1.79
et 2 372 24,115 | 3.24,1.62
studless link
et 131 523 24,115 | 324,1.62
studless link
Polyester 715 s 6 Lo, —
rope
Clump 110000 = 1.0, 1.0 0.5,0.5
weight kg

*TR: Transverse, LG: Longitudinal

Table 8 Comparison of estimated wear volume between upper
value and lower one of dynamic stiffness of polyester rope.

Estimated wear volume Difference of the
Line [mm?3/1800 s] estimated wear
length | 28 MBSin | 18MBSin volume,
(m] stiffness, stiffness, (W1s-Was)/Was
Wasg Wis [%]
78.0 2.11x10° 2.28x107 7.91
78.4 3.16x107 3.40x107 7.62
81.6 2.73x10° 2.97x107 8.86
81.9 3.42x1073 3.71x1073 8.62
83.6 2.68x1073 2.77x1073 3.21
83.9 2.13x107 2.32x107 8.66
108.2 8.51x1073 8.88x1073 4.30
108.5 8.49x107 8.85x1073 4.21
118.2 1.38x104 1.35x104 -2.08
118.6 1.16x10* 1.19x104 2.74
121.2 1.11x1073 9.37x10* -15.6
121.5 5.71x104 3.05x10* -46.6
128.3 1.30x107 1.41x107 8.80
128.6 2.25%107 2.45%107 8.84
BB ONRAUC & D (EAT e 28 5 1 i 47)
Fu(t) = =pCy = D3Py + pCy ZDZUy + 2 pCy' DT |7
(5)

P B QLA KD (A4l T 7 A 53)

Fy(t) = —Apiy + pCayViy + 3 pCoy Alory 10y (©6)
ZZ T,
p : WBKEE [kg/m®], D¢ : ¥MER [m]
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TEB)T Y v A v Y (MEMSIC £ VG440) L 0 B L7z,
FEMTAE & SEREIC BT 2 EOA (KG=15.59m) £ D%
@@Jﬁﬁﬂ@q:ﬁﬂ LR O A Table 10 1R, 3
HE T 7L f:m\t%ﬁm LI D) 2R LT
5. T, ERIfEL JL%HBN))\%?‘%@E 7 KR D -
ESPNC b T i&/u&f-?%;ﬁNo3 H-oTEY, MBITED
FEARIZAREE S No. 31T o 7o AB /A 0 deg. L o> TN DL &
7o, AT SRR IR IR \—VC%&L'@_E) HLOWZHED .

Table 10 (23T, fEHT TIL Sway, Roll, Yaw J5 [\ O EE)
FNFE A AL TRV, BT TR, & HI2 X fllic
Folz—HuRBLIOEE LTARLTWDZ &, F200
DEAENESNTVARNI LN EZEB L Ty
N 753‘%@@!&%2 bD. oL, Fig. 7B 607
LB IRBE N 3ICBITHREHOERALE X D LTIk
Sway, Roll, Yaw 77 [WiEBE) D8 L, Surge, Heave, Pltchji
MEENZ LR THIIT N S WE O LB 2 B, X EhC

—HAEB L E LTEH 25 Z LI Lo (W@%
Eﬁ:k%&b FHEESNDI20) [ZRDEEZLND.

RIZ, Surge, Heave, Pitch J5AIIEB) IOV THRHIE & AT
Ex T2 & RO BRI F - 28 % R T 01X
FREBOTEE LY bIEERETHDL LB HILDHR,
Surge, Pitch J7 [FJEB) O FEHE(R 72 0 SERIE & MEATIE & D ik
FERME A FEYEL LT 0.58~1.89 & 72> T 5. Heave FFlA)3E
izBW T, £ b2 b2/ S 23, Table 10(b)ICF
VT, Heave J7 [AIEB) DR HER 72 D F2AIME & fEATIE & DL
1L, FEHMEEEAEL L T1.04 725 T 5.

Plk, &b LIREDO/NSWEETOR D=0, FEHIE
EIRATEOMICIIA B R EZNER TELH 00, LT DEL
’:Jb‘b\f?%?ﬂ'ﬁ ZIEUE L LT 0.5~2.0 FREDOEREKIGE

B D TPHERZEEZ RS D 2 & C, RE SRR E
7‘5%,% FHATADbDEEZOND.
2.3.2 MBWEH

B Z U — R E SNBSS 2T AL E LN ERT
— X ROT A R @RI X DT — & b BT S 2 1EAk
L7z. Table 11 127”3 K DI & JRIZDUWNT 2 D OEHT SA:
LB DINEMRIT ATV, TRENICOW CTEFREEHEE %+ 5
JE U7z, F£72, TR 0~90s (TEEIRETH D & L, B
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Table 9 Environmental conditions of measurements for
comparison of response.

Measurement No.1 Measurement No.2
Standard Standard
Average .. Average ..
deviation deviation
N
umber of 5 5
samples
ignificant
Significan 0.508 0.04 1.45 0.129
wave height [m]
Significant 5.28 0.337 7.46 0312
wave period [s]
Peak incident
angle of wave -0.26 9.65 5.36 15.1
[deg.]
Average wind
2.66 0.469 7.81 0.587
speed [m/s]
Average
rurbulence [m/s] 0.632 0.109 1.26 0.400
Average
incident angle 4.34 8.81 -1.70 20.1
of wind [deg.]

Table 10 Comparison of floating motion between measured value
and analyzed one.
(a) Measurement No.l and analysis (Hs 0.5 m, Ts 5.5 s, Wind
speed 2.5 m/s, Turbulence 0.68 m/s).

Measured Analyzed

Average Star}de}rd Average Star}da‘lrd

deviation deviation
Surge [m] 0.300 0.186 0.093 0.107
Sway [m] -0.503 0.206 0.000 0.006
Heave [m] -0.007 0.076 -0.007 0.014
Roll [deg.] -0.123 0.072 0.000 0.007
Pitch [deg.] -0.617 0.143 -0.225 0.115
Yaw[deg.] 0.201 0.373 0.000 0.003

(b) Measurement No.2 and analysis (Hs 1.5 m, Ts 7.5 s, Wind
speed 7.5 m/s, Turbulence 1.43 m/s).

Measured Analyzed

Average Star.ld?rd Average Stal.ld?.lrd

deviation deviation
Surge [m] 0.522 0.345 0.224 0.207
Sway [m] -0.031 0.293 0.000 0.025
Heave [m] -0.006 0.069 -0.009 0.072
Roll [deg.] -0.342 0.150 0.000 0.029
Pitch [deg.] -0.458 0.244 -0.163 0.460
Yaw[deg.] 0.159 0.358 0.000 0.016

FERHEE 24T © fEHTRERH] 1800 s
(1)Analysis No. 1

Table 12 | ST — % OWIRBEE 27~ T. 2
T, 1R % %ﬂ;ﬁf“ﬂ 2016/07/06 ~2017/07/26 (=%} LI
81 2016/07/14/07:00 ~2017/07/13/05:00 (F% & 3 R PN D 94.5%)

WZITEH TR,




PRARHEE IR BB 351 B i BB HE Bl i 00 92 & WRE

Table 11 Overview of analysis conditions.

Analysi . L
Nza yoIs Applied external force Analysis time [s]
1 Waves 1800
2 Waves and wind 1800
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FEAFHE BB LT 0.1%ARIE O M & AR O/
AbEIZOVWTIEEBEL WAV, 2, BETL Yy byva
FA S = HHANRY f L W Z TR F 5B X
DR LB I OIRE & AIRE L E Airy B ICE A L
BERADOED LT, AHAREZ AR L7z, £, £RE%E No.
3 THNO AT DENEB L TWD Z &3 BT
— 2 X0, AHA%E 0" &Lk,
(2) Analysis No. 2
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WL, ZORFADIEENH AT ALZ —BIZRO D Z LA T
oo lod, FREEROXIFRE A B fE L 7= AR & OHEFH (-
45~45,45~135/-45~-135,135~225 ®» 3 fifH) =&z, %
O FRAEZ RO AHH & LTz, 220 o BGEH Rl & A
FAIZIIT DFABE % Table 13 1R T. Fiz, KEEHE R
&2k 2l (BUHZEBOEERA) -4 Table 14
IR, BEEST A —4 & LT Table 14 (23 EEE S0
&, ELAVOFEEE AR L.
2.4 ERSEHERURAELE DL

REHE oA RERMATIC L 0 HH L - EBREEHEX
@) IR —REROIGERT NG ON A NT A —
FERWMATLHI ISR, BREEHEELITS . Al Lk D
AR SR No. 3 IZ DWW T DL EEERFERG N2,
FREIFE No. 3 I DWW T O, MFtaiTo 7.
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Table 13 Frequency distribution in each wind speed and direction

[Y%].

Wind direction [deg.]
0 90 180 Sum
2.5 9.94 294 11.0 50.3
E L5 14.9 20.7 6.50 42.1
5 :Ef 12.5 2.71 3.50 0.88 7.09
é - 17.5 0.09 0.16 0.09 0.34
21.5 0.00 0.01 0.04 0.05

Sum 27.6 53.8 18.5

Table 14 Turbulence in each wind speed and direction [m/s].

Wind direction [deg.]
0 90 180
2.5 0.68 0.58 0.56
g |15 1.43 1.14 0.91
72 [2s 2.14 151 1.32
£ [17s 238 1.74 1.96
215 - 2.06 272

ET — T BERBEINT 2T — 2 BEEN TV, £
NHITEREADEZ 0mm’ & L, BEE S 0mm® & Lz,

Table 11 (2R fRHTE S 1 KON 2 DEERERHEERE R & 520
& DEGERZ Table 15 1IRT™. F72, ZhbzFE ek
% Fig. 8 (R, 22T, EEREREIRRE L RIEOES
B L OBRBRESITH > TREZ TR LTS, ZRHDHE
11X Table 3 12 7”§ BEFELR I O AME 1.5 X 104 &2 LT
WD, FRAE 10X 104 & O¥R/IME 0.071 X 104 DA
WTHR @)L ERERHEME A R L, EHE S Ok
Fig. 9 IZ7R7". Fig. 9 IZBWTIE, ISEOHEEICRIT 238%
& U CHENIE A B & U R 0.5~2.0 & AR, BEFE &
HEEM D LRRIEA 2 £%, TRMEZ 0.5 %L TW5b. Fig. 91%
Rt 7 7 & Lz D FEEEFRER: 0 mm® OO 7 1 v

MITo TR, Fiz, HEEBEREIIMITES 1122\ T
DHTry FLTND.

Table 15 (2R £ D IO LK O & B A EH S B85
DEEFEEAMEE TITFERME & i LT, < OFHAE TR
HEE L 2> CWD Z &R no 7=, Fig. 8, Fig. 9 TO kM
5, ZRAEICHEA LEARRETFIECOWTUTFD S S0

Table 12 Scatter diagram for analysis No. 1.

Significant Wave Period [s]
Sum
0.5 1.5 25 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 115 125

= 0.125 121 552 685 335 46 1739
%ﬂ 0.5 813 3166 3422 2358 1067 364 94 29 17 11330
g 1 56 697 719 383 219 101 64 42 24 2305
[}
§ 1.5 71 325 127 133 64 70 20 810
g 2 46 73 54 40 213
L
£ 2.5 200 18 38
2o
« 3 0

Sum 0 0 0 869 4055 5064 3646 1826 615 228 91 41 0| 16435
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Table 15 Comparison between estimated wear volume and measured one.
Estimated, Estimated, Measured
Line Analysis No.1 (waves) Analysis No.2 (waves and wind)
length [m]
[mm?/yr.] [mm/yr.] [mm?/yr.] [mm/yr.] [mm?/yr.] [mm/yr.]
78.0 454 0.126 460 0.128 1258 0.35
78.4 672 0.187 682 0.190 0 0.00
81.6 471 0.130 471 0.130 1438 0.40
81.9 60509 16.8 60502 16.8 2157 0.60
83.6 49743 13.8 49769 13.8 1978 0.55
83.9 376 0.105 378 0.105 0 0.00
108.2 1718 0.478 1725 0.480 180 0.05
108.5 1703 0.474 1711 0.476 0 0.00
118.2 2841 0.790 2933 0.816 0 0.00
118.6 2465 0.686 2593 0.721 1258 0.35
121.2 19086 5.31 18476 5.14 0 0.00
121.5 9685 2.69 10390 2.89 0 0.00
128.3 3 0.001 4 0.001 1798 0.50
128.6 5 0.001 5 0.001 1438 0.40
80000 22.3
=0 Estimated value (waves)
-0+ Estimated value (waves and wind)
60000 (o} —e— Measured value 167
£ [N £,
g ;R £
\ —_—
o 40000 i 1y 1.1 g
= ! \ 5y
= / \ °
S i \ g
§ 20000 H \ B 556 =
= i \ TN
[ \\ ./', @*.\
0 Br—i— e == 0
78.0 784 8l.6 819 83.6 839 1082 1085 1182 118.6 121.2 121.5 128.3 128.6
Measured point [m]
Fig. 8 Comparison between estimated wear volume and measured one.
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Fig. 9 Comparison between estimated wear volume and measured one by varying wear coefficient in the case of analysis No.1.
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Next to clump weight of 81.9 m
====Touchdown point of 121.2 m
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(a) Sliding angle.
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(b) Tension.
Fig. 10 Response of mooring line for only waves at the
overestimated point (Hs = 0.5 m, Ts = 5.5 s).
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Fig. 11 Response of mooring line for only waves at the point next
to the overestimated one (Hs = 0.5 m, Ts =5.5 s).
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Fig. 12 Tension distribution along the line length.
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