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Bending Tests and Cross-section Analyses of

Multilayered Flexible Pipe Models

by

Ichihiko TAKAHASHI, Sotaro MASANOBU, Shigeo KANADA, Katsuya MAEDA

Simplified models of multilayered flexible pipes for marine use were manufactured and put to a series of bending tests where
biaxial bending strains and torsional strain of tensile armors were directly measured. Focusing on the effects of the holding
bandages, which hold the tensile armors from the outside, on the bending stiffness of the pipe and the stresses of the tensile
armors, four types of pipe models with different specifications of the holding bandages were prepared. Cross-section
analyses based on two kinds of methods were also carried out and comparatively examined with the above bending test
results, and the applicability of each method was evaluated. As a result, it was found that the in-plane bending stress of the
tensile armor at the neutral axis of the pipe remarkably increases as the elastic modulus of the holding bandages increases,

while the in-plane bending stress could be much more relaxed than the estimation by the cross-section analyses due to certain

Hiroki MANABE, Takeharu YAMAGUCHI and Yoshihisa TANAKA

Abstract

elastic deformation of the holding bandages.
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1. FANE

WEGFERIERA O T A P =2 LWL 7 LT AR 7L, £ UTEMM (FITHIER) LR
FEEA (EICHR) OffEIC X VRS D2, <A T8, i, WML EOfkx 208 1B TR
RERGEAN L U 2 BTG 2 fiEIC R E R SHEE 2 2 L ARGE L ZaRii bR L 725 (Fig. 1). FFZih
TR 702 & D FEIR N 252 (TR OMRBEE A T & LW /J58 5% (Tensile armor) (23T, FHfE S 7ZHFATH
DFARITE O CHRFETAR DRFERIE, INHPEDRE 2 85, AIRESRNE (FEM) (2 X 2L IEMET — /1 (Abaqus
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2 E) I X DT TR IEHECTM O DIEEL 725 W2, — )7 TR OIS & HE T 572D
F FE fifffr 2 — RAMER SN, —EOEIMELHER SN TWDR Y, a7 o —o i Tl MRS OIIR HENZE
HINDEIZFEET VAR L CGGHELET &V ) OlL, TURIEOHES &, 1LV EME L Ebis.

o T, BBV THBERIPI-HEOE T A RE R SNd e L, BRI LT X R
TRFREINELR 4D K 9 7B ITIE, FE AT Cldie <, #EE ) FRIBIERIC IR W TR IRHI A 1T 5 7 3 858
MTHHL, TOLIRFATRRESNZEMES, TROLEZMAPAALTLTERY 7 b7 b RZIT 65 9,

LMWL G, A TH0 T (BRCHT) 252007 & SRR C D057/ BICBET 5 E T — 2 1B
HZEEITZ LY, oLy REMbB LY 7 b = 7T OIELMEEZ BT HITITRB AR TH S & Hbh
5.

Fiz, A T OGN ERER EAMER U 72 B AR ESMUT NI D A TR Z D X 5 2RI
E LT LE > HEERE (Wb b Birdeaging) 2 1L 272, fliIisEgc 2 4MllD S OAHT e (Holding
bandage) |2 Lo TEEHKED TIH Z MBI, Z O OR BEHNERO S K 6 iR SR AE U 2 )Ie sk

ET IOV TEBRIICHEE L72BIT RS- 520, B2, 2 TRMT 23200 23854, W8FERof s
aiz%@@ﬁ%i@ﬁ@ﬁié%ﬁmﬁ%ﬁéb(ﬁg@,%iﬁﬁ@@ﬁ%k%é 1%, 3o ZO/F T
T DIRED L E S () R, LECamOrER (/iR O & 230 OV O] I k> Tk
IZEBb T LEZLNDTZD, L0 MR ET =2 ZINE L TB LENDHD.

T TARMIETIE, BT VXU A ToORRZRIEL T REBR A ERE L, fERE 2 FEO A X
Wi AT ORGSR & bl U7, Wrmfgtr o ik e LT, Bl L7e X9 ey & &, mﬁ&%fﬁﬁﬁ%*@
FERHEOERE A U THRISTE 5 & 9 et DRI S < 2 FEOEA(LZ 3RO, FEe it —L
ELTCTIRL, T LAY —/v & L TCOmMAMEIC OW G2 a7, Yy — Lo e E LT

1L, RHERER KL OYRREDHHEN TR TH Y, —EDiFE— A2 bH D WiTliRC 2 RATS IS o
%km:omf LR THY T HEEDPTZ DM E I DL 2 5.

RS, RO DA 7 ORI TR A U 2 0N KT TREICE R Z Y T, amofh
%#ﬂﬁé4@ﬁ@&@%%wtﬂ?ﬁ%®ﬁ%&,%Eﬁm_iéﬁiﬁ%&@%@@ﬂ%ﬁot.
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Fig. 1 Typical multilayered flexible pipe for marine use
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Fig. 2 Multiaxial stress states of tensile armors under bending of multilayered flexible pipe
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2. BN TETIOEELREERAE

2.1 R/ TETILOEELH
R TR S 7T L ORISR Table 1 IR, B b IO SUS304 27 2 L A A o & —
ny 7% (FH1E) OFRVICERIE B2 2/ LTCEUGERY AL 7 4> (PO) Fa—7ONE (53
&) ZARLLT-. ZAUCEERERGILE (54 J8) 2/t LT JIS SWRH6E2A Sl /hlinhse (4 5 J8) A& 35°
TEREMT, EICERYIEE (6 8) &/ LTS SWRH62A Siflodil /iiimss (G5 7/8) %5 5 8 & i3
EOBREMAIPCTEEIMTTModel 1 & L7z, 728, ETNAOEEIL3Im T, FHBROAHE ST 2m THS.
5 8~10 BIXF Nl sRssr o oA (Holding bandage) Th Y, % 8 BIR LUV 9 JBIIL2UE
(cross-linked, XL) PE 7 — 7" CIKBMEOEH %2, 510 BIXT 7 X Rill#ET —7" (AFT) TRt ZET /L
LD THD. it Model 1 UAOFREEHAREE LT, F8EETHE LI-HD%E Modelll, %59 J& % CEE
L7=H D% Model T, %5 10 £ THEL7-H D% Model IVE L7-. & HBEDZ Model IVIZHOWT,
b L7z oWrm (1/6 JE43) % Fig. 31T d. 72k, WEICHWZ PO F 2 —7 OFEEOAITEATH D,
i FRRERIE, Model I~IV OZ N ZEFIUZ DWW TESE L, B OF B X D HMERO SRS 1 7O hi |
PRSI TR DI N BT T B OV T~

Table 1 Structural specifications of the multilayered pipe models

Model Layer Material . Spec_j_ﬁ cz.tlon Lay angle Number L'Ig:;ness E:;reter mter
(dimensions in mm) (degree) (mm) (mm) (mm)
1 | Interlocked carcass | SUS304 stainless steel 06t - - 33 1524 159.0
2 | Antithrustlayer | Cloth tape 0.12 t (half lapped winding)| - - 024 159.0 | 1595
3 | Inner pipe Heat-shrinkable PO tube | 4.2t - - 42 1595 167.9
IO} IV] 4 | Anti-wear layer XL PE tape 0.3 t (half-lapped winding) - - 0.6 1679 169.1
5 | Tensile armors JIS SWRH62A steel wire | 2t> 11w 35 38 20 169.1 173.1
6 | Anti-wear layer XL PE tape 0.3t (half-lapped winding) - - 0.6 173.1 1743
7 | Tensile armors JIS SWRH62A steel wire | 2t> 11w -35 39 20 1743 1783
| 8 | Holdingbandage | XLPE tape (PE) 0.3 t (half lapped winding) - - 06 1783 | 1795
o 9 | Holdingbandage | XLPE tape (PE) 0.3 t (half lapped winding) - - 06 1795 | 1807
| [ 10| Holding bandage | Aramid fiber tape (AFT) | 0.36 ¢ (butt winding) . . 0.36 1807 | 1810

Fig. 3 Cross-sectional view of the multilayered pipe model IV

2.2 ¥EB/NA TETILOBEITRER

Table 1 1Z7% L7= Model I ~IVIZK LT, 734 TW%E LS—hA A N & F = — 2 LV s AIc 25| LChl
AR S 25Tz i U=, B, a0 ZHhaRificisis 2 #h=4 1000 mm OER 2 HWCEHIIL,
UAN—TRA A M X DESINTESNICEFE 10N O — R 2E U CEHIIL7-.
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#ETFALORBIRIE Fig 4~11 (RT

Fig. 4 Bow-shaped bending test of Model | Fig. 5 Bending strain gages attached to the
tensile armors of Model |

\ (Yo~
Fig. 6 Bow-shaped bending test of Model Il Fig. 7 Bow-shaped bending test of Model Il
(overall model) (vicinity of the middle section)

Fig. 8 Model Il in the vicinity of the middle section Fig. 9 Overall view of Model IV
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Fig. 10 Model IV in the vicinity of the middle section Fig. 11 Bow-shaped bending test of Model IV

2.2.1 FE5HAIAE

97 ORI K L, S TRFHATREIEO 1 E, 9 45°HE T 8 EiT (Fig. 12 2M) KO E
=R U CEREI T 72, FHAIL BB L O = OfIZLLFo@my Th b,
(a) ST E

Wbt o F BT 5 720 TP EZE & 288kt F B/ — (Fig. 13, ¥—YE3mm) %, iR
ZOWERIALE (Fig. 12 OFRVR) (ST L, SR omist i 2 55 L.
(b) HEPIERIFE

2HOHEES—Y (F—V K 1mm) %, 37 28 0iEgGoMimHRArE (Fig 12 OO R) ICZ2nEh
REAE L, SR O mPN T E 2 FHA L 7=
(c) HAMWE

Bt o AW EBRIER 7Y —2 Qfhix45°, F—VK2mm) % , E/MTRSOEFRALE  (Fig. 12 OIRVA,
R ES =T OUE) T L, BRSO AWTEZFHAIL 7.

Top gauge
/\ 31mm
7mm
15mm l
Bottom gauge
Fig. 12 Positions of strain measurement Fig. 13 Bending strain gage

on the tensile armors of the 7th layer

2.2.2 BHIFERBRES

BRFESIFMES2KN Z BRI, A TE=TLZ AN 1 A Z Vi FiE L L=, oMl s 13+ 7 L ih
FIIEL L7z, EBIFTEIZ A T OA 0 BA%2 BN Ll e S, WP offE « £ - ihR2H0EH L
7.
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3. BR/AA TETILOEEEN

ABFFECIE, 2 Y OERIC & - TR A 7 BT VORI 217> 7. —2I% Costello” (= X > CHESL
SNV AY—ue—TOMmEEE A TETNLVOHERICEDE TEFEELLELDOTHY, b5 —DiF
DNV-GL @ Sedahl & 2 L > TIRESNEZERIETH D WTFhoEib s, BEE DR\ H HERE L o
CTHREMOFERHE Y A3 E B 7 A8 (9T Slip f8k) (2B 2 0T, B HFOm RS gy 7 e
HY, WERERHY =L OHkE LTHOWADIZHFETHD. —5T, Slip fEEICE O T EEEE I C B 5 8
RO I O EHEFEI LI 4 2 FERIEAEIC W TIE BB L TR LT, X0 EREE O &) ) BERAE VI
BT, BIEBOBRY AN EED, GEORMEERL TS, LIF, %2 OERILOFEIZ OV TR,

3.1 {8IE Costello ¥k

Costello”lZ L » CTHEN. SNTZ T A ¥—u—7OHETIE, #2520 5 U4 Y —u— 7 OBEERA I I A
FECE DM DO AT v 7 LB 2 B, YiARHEM O #FHEWE ET &, SRR L U 2 e K P sl i
Hoviw , BNEIITIE I op0ue) , BRFEAWIEI 1AL, ZNEHRD X RO HND.

£l = mE.R* cosa 3.1
"~ 2(2 + vsinZa)
4mg (32)
O-b(in) = WCOS Q
4m (33)

Ob(our) = T3 COSQ sing

Com, (3.4)
T= 7R3 sSina sin @

T AT E, IFIBERM O o 7, R ITIEFETAM O MW, MRS 0% x4 (Fig. 2 8, STk 9)
BT DIREA aD R ), v ITIRIETM ORT v b, m TRETA TN ST E— A, ¢ TR O
AIENE (Fig. 122M) TH5H.

FiR U7f g~ 7T Lol RS B8 7 8) ICHWE U A Y — 3R EE o790, XG.1)~3.4) %k H
T DIZIIEETEWTE O~ HED B & 220 5 CEMMAWTE 5 R, ZRKODLVENH L. AR TIE, LAFIZHR~
% 3@ DERDFIECLY R, ZHH LT
(i) TR F—ZMITEETFLE Regonergy)

RegenergyV T, WESESMA DT 25213 72 & AR L DB RX — ORI ERBm O%G& L5 L kb XL
TR CH Y, BRIk LV RSN S.

g\ V4 (3.5)
Req(energy) = (T[_A>
12 N 12cos?a  24(1 +v)sin*a (3.6)
"~ b3t bt3 b3t + bt3

ZZITh BEU ITENENT A ¥ —OHEREm ORIERS KORE, v TV Y —MEORT YV o HTHD.
(l'i) MEE%@HME%% Req(area)
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RegareaV T, BEFEEH QWA FERWI I O A & 55 L < 72 D X5 12 LISl W R Th v, BARMIZITR
WXk EEEINS.

bty /2 (3.7)
Req(area) = (_)

s
(iii) Wridr 2 KPBE— X 2 N EITIETFEE, Regay
Reyap)h %, BREFETAF OWIHE 2 IRE— A SRR O%E L F L <722 X I LS MM - Th b,
BARMIZIIRIC LRSS,

21\ /4 (3.8)
Req(ip) =( T )
I_bﬁ+Nt (3.9)
P12

ZZT, 360°ElA Y S HEWE (Fig. 12 Z2H) OWiE 2 IE— A > FNOEEIE S x5 &1L, /2 &7ed 2 LIZiE
=R=Y (WlA%
KB.D~Cck vrand Eigesibix, UFTosR Y 7 b7 =7 LAYCALOIZHAAAZ N TN D,

3.2DNV-GL [ & B ERIE

Sedahl & NE, 7 LxITNNAL FRT L E ) IR ENMIT 22T T235E, iR X o f@iEaiic
AL BTS2 ERILZ2 T T s, FERBICBWTIE, 7 IRITF 2% 254, @itz
N TN O3 M EOIArE 2R/ FF L, SRFERHM O IO AT 24 L5 SRESINTEY,
WEBEEA O RTINS Doy 13k iz kv 52 6hn 5 .

0, = Eg[X, cos a (1 + sina) cos ¢k — Eg[X5cos*a sin ¢k (3.10)

T IS, EJTMBETM OV o T, dIETM 0% E A (Fig 2 ), I 7R, XN B IO X ST
ISTVRE DT O D JSFTIERE, g M DM ENLE Th S (Fig. 12 2H).

WRFEEE DN 2 A9 D 5E, G0 T 25 1 HOMEHESRM O NS &2, 56 2 A E/ T IS
NETNLIUR LTS,

KEB10NC X W RrEn s EitEsibix, DNV-GL O# Y 7 b v =7 HELICAYIZHASAE N TV 5.

4 BREFIUVUEE

4.1 gFRAIE

FEE A 7T MZAR ST T — A 2 b M &3 TR 531 Tk OBfR %, Fig 1412F
EOTRT. EBRFEREZAD L, WTNOET IMIEBWTHRERIERIEME, L0 bide AT Y U AHEICH
NTWD. FEEE O FREENCEN D IO 2R & L CiE, BREICIERT 2B, NWESEOBIIEH
BHZ BT 2 IERFE N R SN DA, KRFEBR T S FICKRERENENT TE LT EMEEES b ry/h &
WEEDLNDTZD, BEOMEERIBIC L DEENRRKE VLD LHREIND. 20X RS, T—X2DEDK
MExIGETHMIT I > THITHIE (77 70%) OfENZE(ET 57-DEEEZET 50, AFETIE, Fan
TZHIbZ@ Y, EEREEY L E LTCOFMEZ FIRE LCWD 20, —kiEPle LT, EHM - W hmo
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BRRE B TeT — & 2RI F S 208 5 EAR 228 T T3 FofiFiliE EI 2R 5 2 L2 Lz, FETF S
B9 % El O HFERZ R L&,

Model I (GJ#772 L) : E=0.81 kN-m’
Model I (PE 7—7"X1 &) : E=1.05kN-m’
Model Il (PE 7—7"X2 J&) : E=1.19 KN-m®
Model IV (PE 5 —7"X2 J&+AFT) : EF238 kN’

720, SIRITRAAR O A OB S AT RO IS O BN R LI, FRS, BIMBIZE#IET 7 I F
WHET —7" (AFT) BB O El O LFIIEETH Y, BRI TGED 2/ ER> TS,

Fig 14 121%, EFEY 7 b7 =7 LAYCAL (2R CHETZITE UV A v — O Wi 48 R, 278 =R /0 2 — %
D Regenergyyr WIEFEFAND Rogareayy WG 2 IRE— A & MEATOD Ry & LB OHEEIEE T ZHR LTV D
23, Model T (EH572 L) DA D ELE Royonengy) CROT-HEEAIZIT <, Model I (PE X 2) DA D EIE Rugfarey T
RDTHEEN L I1FIE 2L, Model II (PEX1) DOFAD EIE Model 1 3 X NI OFEHIAREE 72> TW5b. £
72, Model IV (PEX2+AFT) DI5E D EIZE Reyqy CROTAEEEITITV. £ 2T, AHED LAYCAL (2 K 55
BRI TIE, Model T LTI Regenengy %> Model T35 X OV 56 LTI Roggareg &, Model TV 125 LTI Ry
EENENHWDSZ Iz L.

—J7, Model IV DfERIE, DNV-GL DERIIC L HHEEME EI=2.44 kKN-m’ & K< &5 TW%. Ziud, DNV-GL
DEARJLTIEFig. 12123817 2 X3 B [ ~OE TR D TS DI E LR BELRNE D LEL TR,
Z ONEIEH O L CHMERERE L e DI oM TRV BFEN L 25 2 L LA LTV,

—e—Model Il (PEx2)
—o—Model IV (PEx2+AFT)
==-LAYCAL Req(energy)

= |AYCAL Req(area)
==+« LAYCAL Req(lp)

DNV-GL

P

1.0
§y==11'.11§)§<

— =1.06x
IS y=0.96x
i y=0.81x
< 0.5
-
% 0.0
g ’ —8—Model | (no bandage)
= —o—Model Il (PEx1)
@)}
£
©
c
[}
om

-1.0 -0.5 0.0 0.5 1.0

Curvature, x (1/m)

Fig. 14 Bending moment, M versus pipe curvature, «

4.2 EIFIEH
4.2.1 ESMIFIE S

Model I~TV DZNEIUTDONT, 3o TR o iR G5 7/&) 124 Clcms T IR o & 734
TR cE OBRE Fig. 15~18 1. HHIZBWT, #iFES—TYONE (Mg 1L Fig 121K LZEY T
bh5.
Model 1

Model I (@572 L) (ZDWT, HESMIT IR Opouy & 73 7 WD BIRZ Fig. 15 173, EAMIT A RK & 72
5 ¢=90°F LN 270°DFERE LD L, Reyenogy & HIV T2 LAYCAL 12 X HHEERER & 1ZF—F L T\ 5. Model 1
IZBW T TR 2 SMA IR & 200 DE a2, fAENE $=90°F LY 27001238\ Tl A 4ish s
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DRENLEBICEREE ERDEZENTE, Costelld? DU A ¥ —ua—7HEnIRESNT- LI ICHRARAT Y 7
ELTHDEILDLEEZILND.

200

Out-of-plane bending y=283x
Y

Model |
(no band)

100

~=g-00°

T X |-dgmg5e

—

—o—g=180°

—o—g=225°

——g=270°

58,7 |=——=LAYCAL Req(energy)
—DNV-GL

-100

QOut-of-plane bending stress, ob(out) (MPa)

-200 :
-1 -0.5 0 0.5 1

Curvature, k (1/m)

Fig. 15 Out-of-plane bending stress, op.uy, Versus pipe curvature, «, for Model |

Model I1, III, IV

Model I (PEX1) FEO (PEX2) (ZOWT, HEAMNTIET) oy & 73 7 Iz D BIRZ Fig. 16 BB LU 17
IZENZEIURT. Fig 15 LT 5 &, PET—7O&BEFIZL D ST DR & 7 5 ¢=90° & 270012351
/Z)a,,(au,)mﬁxﬂﬁ BT LTV D 2 & bh D, ¢=45° & 225002817 D Oy DOREXHE BRI LTS

3, —HETE=90° & 270°1 21T DA EEISGE b H o T,

Model Il (PE X 2) {22\ T D Fig. 17 Z /L5 &, ¢=90°& 270°12351F % Oy PAEIE, DNV-GL D ERAE (X(3.10))
(2 L DHEEREFATIT L, Rugronergy & AV 72 LAYCAL OHEEFER L0 H1L D0 _/J\éu\. Zhig, 28O PET—
BEMFICEY, MEEFTC T D8RG OEAETEANE OMITARIZIZTERM L TS (FE LR
LRV ZEIZEDbDEEZILND.

Fig. 18 (X Model Il (PEX2) DOfEFEIZ Model IV (PEX2+AFT) @%*%%E@t%@tzx AFT BE Ik
DAL TR AIERRD BT, DNV-GL OERAIC K DHEERE R

200

Out-of+ plane bending
Model Il v =333x
(PE band x1)
100
|~8=0=90°

R o
~e—g=0°

o g=205°
~—g=270°

——|—LAYCAL Req(area)
887

-100
/ X-SSSX

-200

——DNV-GL

QOut-of-plane bending stress, ob(out) (MPa)

-1 -0.5 0 0.5 1

Curvature, k (1/m)

Fig. 16  Out-of-plane bending stress, op.uy, Versus pipe curvature, «;, for Model |l
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200 200
E & Qut-of-plane bending Model 11l (PEx2)
=3 (P"éidddl“z) = 333x = Mode! IV (PEX2+AFT)
E= and X, g
§ 100 f% 100 Y = 480
z ==9=90° z _.y =88.0x
» - p=45° 7]
o 0 o= g=225° o 0
% o= =270° % =~ y=-64.8X
3 L AYCAL Req(arez) E ~.y=-64.8
E DNV-GL o o= g-90" (PB2)
5 100 5 100 e P G
5 y =-333x s o g=270° (PEx2+AFT)
5 ; e L AYCAL Req(Ip)
o} ] DNV-GL

-200 L L L 200 N N .

-1 0.5 0 0.5 1 K 05 0 0.5 1
Curvature, k (1/m) Curvature, K (1/m)
Fig. 17 Out-of-plane bending stress, opu, Versus Fig. 18 Out-of-plane bending stress, opu, Versus
pipe curvature, «, for Model lll pipe curvature, «, for Model Il and IV

4.2.2 ERHIFIEAH

Model I~V D ZNEHUZDNT, A Tl o fsRge (O 7 8) (& Cremm T IS S oy & 73 7
il ORARA Fig. 19~22 13, MHIZRWT, #FES—VOME (AE¢ LFig 121TRLEY Th
5.
Model I

Model I (23572 L) {22\, HNEINTIS ) o & 73 T HIER kDR % Fig. 19 1277, mNEIT 2 ek & 7
% ¢=0°35 L OV 180°12331F D 0y DAERMIENE,  Regoneryy ™ FV T2 LAYCAL OHEEFKER IS LU DNV-GL O ERIKIZ
L DHEERER LD BITDHMNTNEREE 25TV .

—J7, $=45°8 L 225°1281F D 0y DREMEIE, ¢=0°35 LT 180°DHIENE & KAEME 3, kMl & T LEl-
TWa5abbol.

200
In-plane bending Model |

g y =345.7x
= 100
c ~—g=180°
b» ~0—g=225"
g ——=270°
8 ~®—¢=90°
2’ 0 -.—q):45“
£ e
g |—LAYCAL Req(energy)
B DNV-GL
2  -100
5 y=-345.7x
<

200 ' I

y 05 0 05 L

Curvature, K (1/m)

Fig. 19 In-plane bending stress, g, versus pipe curvature, x; for Model |

Model II, I11, IV
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