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Kpatkwuia 0630p

Tpy6onposog «[onyboi NOTOK» - 3TO ra3onpoBOA ANA NOCTaBOK
NPMPOAHOTO ra3a U3 POCCUICKUX ra3oBbIxX ceTen Yepes YepHoe mope B
Typumto. MoaBoaHaA YacTb Tpybonposoaa npeacTaBnAeT coboi napHyto
Tpyby AvameTpoMm 24 fioriva, € TONWUHON cTeHoK 31.8 MM (copT X65

no knaccvicpmkarmm API), mponeratoLLyto Ha MPOTAXKeHUM no4Tn 400

KM M0 AHY YepHoro mopA. Borblue NonoBuHbLI NOABOAHOIO y4acTka
TpybonpoBoga nponeraet Ha rnybuHe 6onee 2000 M, NPy 3TOM CaMblii
r1y6OKOBOAHBIV YHaCTOK pacronioxeH Ha rmybuHe 2150 m. NocTaBkuy rasa
no Tpybonposoaam Ha4anuck B chesparie 2003 roga.

Bo3HMKanM MHOro4McneHHble NH>XXeHepHble CNOXXHOCTU B CBA3U C 3TUM
TEXHUYECKM TPYAHbIM TPYOONPOBOAHBLIM MPOEKTOM, BKIKO4AA OTCYTCTBUE
3KCNEepUMEHTASbHBIX AaHHbIX MO TONCTOCTEHHOW TPy6e 60MbLIoro
AvameTpa AJ1A UCTIoNb30BaHNA B MPOEKTUPOBaHMM Tpybonposoaa.
Oco3HaBan NoTpebHOCTb B TakuX AaHHbIX, komnanuA PeterGaz Ha

3Tane npeaBapuTensHOrO MPOEKTUPOBaHWA paspaboTana nporpamMmy
MCMbITaHWA Ha paspyLeHne cMATnemM anAa nonyyYeHnAa aTuxX AaHHbIX U
fy4yLlero NpeacTasneHna o TOM, Kak byaeT BecTu ceba Tpyba B yCrnoBuax
CO4ETaHWA Harpy3oK.

Bbinv npoBeaeHbl MHOTOYUCEHHbBIE UCTIbITaHUA OMNbITHLIX 06pa3LoB TPy,
BKJIHOYaA UCMbITaHNA BHELUHUM JaBNIEHNEM, COBMELLEHHbIE UCTIbITaHUA
BHELLUHVM [aBfieHUeM / Ha u3rub, a Takke UCMbITaHuA Ha u3rnb. Takke
6bInv NPOBeAEHbI COTHW UCMbITaHWIA Bbipe3aHHbIX 06pa3LIoB MaTepuasos,
XapakTepusytoLve NoBeAeHVEe MaTepuana npy gecopmauym ot
CKUMAOLLIEN HAarpy3Km MO OKPY>XXHOCTU TPyObl, MO BCEN TOMNLLUMHE CTEHOK
Tpybbl, a TaK>Xe A0 1 nocne n3rotosneHna Tpy6 no metogy UOE.
VicnbiTaHnAa Tak>ke NpOBOAVIMCH C LIENbIO KONTMYECTBEHHOTO 3amepa
CTeneHn BOCCTAHOBIIEHNA NMPOYHOCTM TEPMUYECKM 06paboTaHHOro
marepuana Tpy6bl nocne TepMmyeckon 0b6paboTku Npy HaHeCEHUN
nsonAuun. B naHHONM cTaTbe NpYBOAATCA pe3ynbTaTbl MPOBEAEHHON
9KCMEPVMEHTAIBbHOW paboThbl, a TAKKEe CPaBHUBAIOTCA peasibHbIe 1
NPOrHO3HbIE BEIMYUHbBI Pa3pPyLLEHVNA CMATUEM.

Beenenne

Tpyb6onposop, «[ony6oit NOTOK» ABNAETCA OAHUM U3 CaMbIX
rnybOKOBOAHbLIX ra30MpoBOAOB B MVPE M NPeAcTaBnAeT cobow

napHyto Tpyby B KMCNOTO3ALLMULLIEHHOM UCTIOSTHEHUN AMaMeTpom 24
Aloima, ¢ TonwmHon cteHok 31,8 Mm (copT X65 no knaccucmkaumm
API), nponeratoLyto no gHy YepHoro MopA (B pAge nybnukaumim [1,

2, 3] npuBoANTCA 06NN 0630P MPOEKTHBIX U KOHCTPYKTUBHBIX
ocobeHHocTeln TpybonpoBoaa, KOTOPbIE HE ONMcaHbl B HACTOALLEN
cTartbe).

B pesynbTare npeasapuTesibHON TEXHNHECKO OLEHKM Bbifiv BbIABNEHbI
orpaHVYeHVA B CyLLECTBYIOLLMX TEOPUAX NpoLecca paspyLleHna CMATUEM,
a TaKkXke OTCYTCTBUE SKCMEPUMEHTASTEHBIX AaHHBIX MO AUaMeTpy
NPOEKTUPYEMOro TPyGOMPOBOAA, TOMLLMHE CTEHOK U CBOMCTBAM
maTepuarnoB s paboTbl B KUCMON cpeae (M3BECTHO, YTO CEPOBOAOPOA,
npocaYnBaeTcA o AHa YepHoro Mops, 1 Hapy>KHaA NOBEPXHOCTb
JIMHEHOM TPY6bl MOXET NofBepraTbcA BO3AENCTBUIO 04EHb HU3KMX
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Abstr act

The Blue Stream pipeline is a gas transmission line delivering natural
gas from the Russian grid, across the Black Sea, to Turkey. The
submarine portion of this pipeline consists of a pair of 24-inch diameter,
31.8 mm wall thickness, API grade X65 pipelines running almost 400 km
along the floor of the Black Sea. Over one half of the submarine pipeline
lies at a water depth of more than 2000 metres, with the deepest portion
of the line reaching a depth of 2150 metres. First gas was supplied
through the lines in February of 2003.

There were numerous engineering obstacles facing this technically
challenging pipeline undertaking, including a lack of heavy-wall,

large diameter pipe experimental data to support the pipeline design.
Recognizing this need, PeterGaz commissioned a collapse test program
during the preliminary engineering phase of the project to generate these
data and to gain a better understanding of pipe behavior under combined
loading conditions.

Numerous full-scale tests were performed on prototype pipe samples,
including external pressure testing, combined external pressure and
bend testing, and bend testing. Hundreds of material coupon tests were
also performed to characterize material stress strain behavior around
the circumference of the pipe, through the wall thickness of the pipe,
and before and after UOE manufacturing. Tests were also performed

to quantify the strength recovery of thermally treated pipe material
resulting from the pipe coating process. This paper presents the results
of this experimental work and provides some comparisons to collapse
predictions.

Introduction

The Blue Stream pipeline is one of the deepest gas transmission lines in
the world, and consists of two, 24-inch diameter, 31.8mm wall thickness,
API grade X65 sour service pipelines running along the floor of the
Black Sea in water depths reaching 2150 metres (there are several
publications [1, 2, 3], that summarize the overall design and construction
of the pipeline, which is not described in this paper).

A preliminary technical assessment identified limitations in the available
collapse design theories and a lack of experimental data for the
proposed pipeline diameter, wall thickness and sour service material
properties (hydrogen sulfide gas is known to seep from the floor of the
Black Sea, and the external surface of the linepipe may be exposed

to very low concentrations of this sour gas. The efforts made in pipe
fabrication to mitigate this concern are beyond the scope of this paper).

This lack of data introduced a high degree of uncertainty regarding the
calculated collapse resistance of UOE manufactured linepipe. The Blue
Stream Collapse Test Program was thus initiated to generate these data
and ultimately reduce design uncertainty.

Several experimental objectives were met in order to verify the
preliminary wall thickness design of the pipeline. The following



KOHLIEHTpaLmiA 3TOro Kucnoro rasa. PaboTbl, NpoBoanBLUMECA NpY
U3roTOBMIEHUM TPYObI ANA YMEHbLUEHNA 3TOr0 BO3AENCTBUA, BLIXOAAT
3a pamMKv AaHHON CTaTbu). OTO OTCYTCTBUE AaHHBIX BbI3BAIO 60MbLLYIO
HeonpeaeneHHOCTb B OTHOLLEHWUW pacHeTHOrO CONPOTUBIIEHNA CMATUIO
JUHeHow Tpy6bl, nsrotosneHHon metonom UOE. Takum o6pa3om,

B LIeN1AX NONYYEHNA 9TUX AaHHbIX U YMEHbLLEHNA B KOHEYHOM UTOre
HeonpeaeneHHOCTU NpY NPOEKTUPOBaHUN Ha NPoekTe «[ony6oi NoToK»
6bina HayaTa NporpamMma UCrbITaHU Ha paspyLLIEHNe CMATUEM.

[InA npoBepku NpasunbHOCTY BbIGOpa NpeaBapuTENbHON MPOEKTHON
TONLLMHBI CTEHOK Tpy6onpoBoAa Obin AOCTUMHYT PAL, SKCNEPUMEHTamNbHBIX
Lenew. Bbinn namepeHbl 3Ha4eHVA CneayroLLVX NapameTpoB:

e ConpoTuBneHve paspyLleHnto ncnbitatenbHbIx 06pasLos Tpyo,
nopBepraembIx BHELLHEMY AABNEHMIO, a TaKXKe BHELUHEMY AaBeHUo
€ u3rnéom

e [poYHOCTb Ha M3rnb ncnbiTaTenbHbIX 06pasLoB TPy6, NoaBepraembIxX
YNCTOMY U3rnNby

¢ [eomeTpuyeckan xapakTepucTmKa uUcrbiTaTenbHbIX 06pasLoB Tpyb u
CBOVICTBA MaTepunarnos, UCMONb30BaHHbLIX NPU UX U3rOTOBMIEHNN

® Bnmanne TexHonorum nsrotosnenna UOE Ha gedopmmpyeMocTb

maTtepuanos

Bnuanue npouecca HaHeceHNA N3oNALMK (TEpMUYECKOe CTapeHune)

Ha AedopMMpyemMocTb MaTepranos

e BOS,D,GI?ICTBI/IG CMATMA UNn BCNy4YnBaHMA Ha KOJbLeBble CBapHble
LUBbI UMM PONTMKOBbLIE CBapPHbIE LUBHI.

B HacToALlen cTaTbe ONUCbIBAIOTCA O6BbEKTbI, HA KOTOPbIX
npoBoAUnack NporpaMma UCMbITaHWA Ha pa3pyLUeHne CMATUEM,

1 pe3ynbTaTbl, NONy4YeHHbIE Ha OCHOBE OBLLIMPHBIX MCMbITAHWI
maTepuanos, a TakXe MoNHOMacWTabHbIX WCMbITAHUI Ha paspyLUeHne
CMATWEM N Ha 13rnb. Takxe NpUBOAUTCA CPaBHEHME pe3ynbTaToB
UCMbITAHW C NPOrHO3HLIMN BEMNHYMHAMUN CMATUA.

MporpamMma ncnbITaHUA

Ha 6a3y C-FER ana ucnbitaHnin 66110 AOCTaBNeHo B obLuen
CNOXHOCTM 20 TPYOHbIX 3BEHLEB, U3rOTOBMEHHbIX N0 TexHonorum UOE.
3710 6bInn TPY6BI copTa X65 no knaccudpukaumm APl guameTtpom 24 f.
N C TONMLWMHON CTeHOK 31.8 MM. MnacTuHbl, B3ATbIE N3 OPUTMHANIBHOMO
nmcTa, Ucnonb3yemoro AnA nsrotosneHnA Tpyd no TexHonorum UOE,
6bIny TakXe AocTaBneHbl Ha 6a3y C-FER anAa uccnepoBaHua cBOWCTB
maTepvanos. B Tabnuue 1 npuBeaeHbl CBOAHbIE AaHHbIE MO Tpy6am

1 NnacTuHaMm, a TakXke MONHOMAaCLITAbHbIM UCMbITAHUAM MO KaXK Ao
Tpy6e. Takxe cnepgyet oTMETUTb, YTO TPYObI AnA 06pa3uoB 4 1 5 He
nocTaBNANMNCL ANA NPOBEAEHNA MNONHOMACLITAOHbIX UCTbITAHUIA; Obin
nocTaBneH TOMbKO NMMCTOBOW MaTtepuan [AnA UCTIbITaHWIA. p p

O6bpasel | MnactuHa | Copt | Onametp|TonwmHa | CocToAnue | Tun
no API | Tpy6ebi(a)| cTeHoK | Tpy6bl Nnepen, | monHomacLuT
(Mm) abHbIx
MCMbITaHN
1 na XS5 24 318 HT, GW C+P
2 na X65 24 318 HT C
3 na X65 24 31,8 HT, GW P+B
4 na XW5
5 na X65
6 HeT X65 24 31,8 HT, GW P+B
7 HeT X65 24 31,8 AR c
8 HeT X65 24 31,8 AR C+P
9 HeT X65 24 31,8 AR c
10 HeT X65 24 31,8 AR
1 HeT VXK 24 31,8 AR
12 HeT X65 24 31,8 AR
13 HeT X65 24 31,8 AR P+B
14 HeT X65 24 31,8 AR P+B
15 HeT X65 24 31,8 AR P+B
16 HeT X65 24 31,8 AR P+B
17 HeT X65 24 31,8 AR P+B
18 HeT X65 24 31,8 AR P+B
19 HeT X65 24 31,8 AR P+B
20 HeT X65 24 31,8 AR P+B

parameters were quantified:

e collapse strength of the candidate linepipe while subjected to external
pressure, and external pressure + bending

bending strength of the candidate linepipe while subjected to pure
bending

geometric and material characteristics of the test pipe

effect of the UOE manufacturing process on material stress-strain
behavior

effect of the coating process (thermal aging) on material stress-strain
behavior

effect of collapse or buckle propagation on girth welds and seam
welds.

This paper describes the facilities used for the collapse test program,
and the results obtained from the extensive materials testing as well as
the full-scale collapse and bend testing. Also shown is a comparison of
the test results to collapse predictions.

Experimental program

A total of 20 pipe sections, manufactured by the UOE manufacturing
process, were delivered to the C-FER facility for testing. These pipes
were API grade X65, 24 inches in diameter and 31.8 mm in wall
thickness. Plate samples from the original plate used to manufacture
the UOE pipes were also shipped to C-FER for material property
investigations. Table 1 summarizes the pipe and plate sections, and
the full-scale tests performed on each pipe. Note that no pipes for
specimens 4 and 5 were delivered for full-scale testing; only plate
material for material testing.
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Table 1 - Summary of Pipes and Plates Tested

Testing involved performing a controlled induction thermal treatment
(simulating a coating process) on specimens 1, 2, 3 and 6 at a coating
mill; cutting and girth welding specimens 1, 3 and 6 at mid-span; material
property tests; initial geometric measurements of the pipe specimens;
and full-scale collapse, bend, and pressure + bend tests on both as-
received and heat treated pipe samples.

1= b Fejlo = prommeeas b

Thermal Treatment Process

It is known that the UOE pipe manufacturing process normally results

in a reduction in material compressive strength in the circumferential
direction. This reduction is primarily due to the Bauschinger effect during
the pipe cold expansion process, where circumferential tensile strains
as high as 1.5% will reduce the hoop compressive strength [4]. Pipes
that experience external overpressure must rely on the circumferential
compressive strength to obtain satisfactory collapse strength, and p p
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HT- Tepmnyeckan obpaboTka (Tepmuyeckoe ctapeHne) AR- «Kak nonyyeHo»
GW - npucyTCTBYeT KOJbLIEBOW CBApHOW LLIOB B CEpeAnHe

C - paspyLueHue cmATuem; C+P — paspyLueHve CMATUEM U BCMyYMBaHue;

B - n3rn6; P+B-naBneHune n narnb

Tabnuua 1 — CeoagHaA nHdopmaumnaA no UcrbiTaHHLIM obpasuiam Tpy6 1

NIMCTOBOro Matepuana

VcnbiTaHnA BkNoYanm B cebA BbINOIHEHWE KOHTPOSIMPYEMOi
VHAYKLUVOHHON 3aKarku (MoAenMpyHoLLe NpoLecc HaHECEHUA NMOKPLITUA)
Ha obpasuax 1, 2, 3 1 6 B Liexe HaHeCEHVA NOKPbITUIA; pe3ka 1 cBapka
KOMbLIEBOIO LLBA NocepeavHe Ha obpasuax 1, 3 1 6; ucnbitaHnA CBONCTB
MaTepuarnos; Ha4asbHbIE reOMEeTPUYECKME n3mepeHus 06pasLoB Tpyob;

a Takoke nonHomacLUTabHble UCMbITaHWA Ha CMATKE, U3rMb, a Takxe
OMNPECCOBKY M M3rnb 06pasuoB Tpyb B TOM BUAE, B KAKOM OHM Oblin
NosyyeHbl, U MOCe TEPMUYECKON 06paboTKu.

Mpouecc Tepmuyeckomn 06paboTku

M3BecTHO, 4TO NpoLiecc narotoeneHna Tpyb no TexHonorum UOE,

Kak npaBurio, MPUBOAWT K CHYXXEHMIO NMPOYHOCTY MaTepuana Ha
CXXVIMAIOLLYIO Harpy3Ky Nno OKPY>KHOCTW. JTO CHMXEHWE B NepByio
ovepenb 06ycnoBneHo adhekTom baylumHrepa B npouecce XonoaHoro
pacLmperva Tpybbl, Koraa AechopMaumA PacTAXEHNA MO OKPYXXHOCTH,
pocTturaowan 1.5%, CHUXKaeT NPOYHOCTb Ha CXXMMAIOLLYIO Harpy3ky no
OKPY>XHOCTU [4]. Y Tpyb, KOTOpble NoasepraroTcA Ype3mMepHOMY BHELLHEMY
[aBneHunio, YyAoBNeTBOpUTeNIbHaA MPOYHOCTb HA paspyLUEeHe CMATUEM
3aBUCUT OT MPOYHOCTU HA CXKUMAIOLLIYIO Harpy3Ky Mo OKPY>KHOCTH,

1 AaHHOE CHWXXEHWE NPOYHOCTY HeBNaronpuATHO CKasblBaeTCA Ha
COMPOTUBMAEMOCTM Matepuana paspyLueHnio. PaboTbl, npoBeaeHHbIe AnA
nepcnekTusHoro Tpybonposoaa OmaH-UHaua [5], npoaeMoHCTpupoBany,
YTO NOMHbIN NPOLIECC HOpManM3aummn yBepeHHo obecrneynsaeT
BOCCTaHOB/EHME MI06bIX NMOTEPb, BbI3BaHHbLIX ASNCTBMEM CXXMUMAIOLLIEN
Harpy3ku no OKpY>XHOCTUW, OAHAKO OHW TaK>Ke NPOAEMOHCTpupoBani [6],
YTO He3HaumMTenLHaA TepMnyeckan obpaboTka, HanpuMep, B npoLiecce
HaHeCeHWA N30NALMKM, NO3BONAET CYLLECTBEHHO BOCCTAHOBUTL Npeaen
TEKYHeCTU MpY CXXMMALOLLIEN Harpy3ke Mo OKPY>KHOCTU.  AHanorvyHble
HegasHWe paboThl [7, 8] Takxe NPoAEeMOHCTPMPOBAN NpenMyLLecTsa
TEepPMMYECKON 06paboTku B pesyrnbTaTe NpoLecca HAHECEHNA U30NMALMN.
PaboTbl No Tepmmyeckon 06paboTke, CBOAHbIE AaHHbIE MO KOTOPbIM
npvBeaeHbl B HACTOALLEN CTaTbe, NPOAOIMKAIOT paHee NPOoBOAUBLLMECH
MCCneaoBaHvA, a Takxke Apyrie nporpaMmMbl UCTIbITaHUIA, MPOBOAMBLLIMXCA
Ha C-FER.

Mpn3HaBanA TOT hakT, 4TO TepMuyeckan obpaboTka, NPOUCXoaALLaA BO
BPEMA HaHECEHWA N30MALMM, MOXET CyLLECTBEHHO BOCCTAHOBMUTbL NOTEPU
MPOYHOCTY MPU  CXXMMALOLLIEN Harpy3ke Mo OKPY>XKHOCTU, 6bI10 MPUHATO
peLueHve noaBeprHyTb obpasLbl Tpyb TepMmnyeckon obpaboTke Ha
yCTaHOBKe ANA HaHeceHna nsonAaumn. OaHako nepes nonHoMacLITabHom
TepMuyeckoi 06paboTkol Tpybbl 6611 NPOBeAEH NpeaBapUTENbHbIN
aHanmM3 TepMnYecKn 06paboTaHHbIX Bbipe3aHHbIX 06pa3LoB Tpy6

C LiesIbto NOMbITaThbCA KONMMYECTBEHHO OLIEHWUTb BNAHNEO6LLErO

BpPEMEHU 1 BPEMEHU BbIAEPXKKM NPy ONpefeneHHon TeMnepaType Ha
BOCCTaHOB/EHME MPOYHOCTHBIX XapaKTepUCTVK. OTO UccnenoBaHue
06pasLoB NOMOTSIO ONPEAENUTb ONTUMASTbHYHO TeMIepaTypy TEPMUYECKON
06paboTky 06pasLOB C y4eTOM (DaKTUHECKOTO U3ONALMOHHOIO Matepuana
1 TEXHOMOTNYECKNX OrpaHuyeHnin. B Tabnuue 2 npeacTtaBneHbl CBOAHbIE
[aHHbIE CETKM MCMbITaHWA NO MCCNEeAOBaHUIO TEPMUYECKON 06paboTKm
BbIpe3aHHbIx 06pa3sL0B, a TaKXKe KONMYECTBO UCMbITaHWIA, MPOBEAEHHbIX
No KaxkJon kombuHaumu. Ha puc. 1 nokasaHo nonyyYeHHoe yBenu4eHme
npenena TeKy4ecTy Npu CXUMALOLLEN Harpy3ke Mo OKPY>XHOCTH, a

Ha pwc. 2 NpeacTaBneHa cTaHaapTHaA KpuBaA BPeMeHW BO34eNCTBUA
Temneparypbl Ha o6pasupl. P P

3apaHHoe BpemA | 3apaHHaA Temnepatypa
BblAESPXKMN 192°C 229°C | 268°C | 284°C
5 cek. 1 1 1 1

120 cek. 2 2 2 2

240 cek. 2 2 2 2

3apaHHaA cKOpoCTb M3MeHeHNA Temnepatypsbl = 3.0 — 4.0 C°/cek.
Tabnuua 2 — CeTka UCNbITaHWIA MO UCCIeA0BaHNI0 TEPMUYECKON
06paboTKM Bbipe3aHHbIX 06pasLoB
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this strength reduction is detrimental to collapse performance. Work
performed for the proposed Oman-India pipeline [5] demonstrated that
a full normalization process certainly recovers any hoop compressive
losses, but is was also demonstrated [6] that a mild heat treatment, such
as that during a pipe coating process, would recover a significant amount
of circumferential compressive strength. Similar recent work [7, 8] has

also shown the benefit of the thermal treatment resulting from the coating
process. The thermal treatment work summarized herein follows on work
performed in the past, and on other test programs performed at C-FER.

Recognizing that the thermal treatment occurring during pipe coating
may recover a significant amount of the circumferential compressive
strength losses, it was decided to thermally treat the pipe specimens at a
pipe coating plant. Prior to full-scale pipe thermal treatment, however, a
preliminary study was performed on thermally treated coupon specimens
in an attempt to quantify the effects of time and time-at-temperature on
strength recovery. This coupon study assisted in determining the optimal
temperature to thermally treat the specimens, given the actual coating
material and process limitations.

Table 2 summarizes the test matrix for the coupon thermal treatment
study and the number of tests performed for each combination. Figure
1 shows the resulting increase in circumferential compressive yield
strength, while Figure 2 illustrates a typical temperature-time curve for
the coupons.

Target Target Temperature
Time-at-Temperature | 192°C | 229°C | 268°C | 284°C
5 sec 1 1 1 1

120 sec 2 2 2 2

240 sec 2 2 2 2

Target ramp rate = 3.0 — 4.0 C°/sec

Table 2 — Coupon Thermal Treatment Test Matrix
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Puc. 1 — PesynbTaThl TEpMUYECKON 06pabOTKM Bbipe3aHHbIX 06pa3LoB
Figure 1 — Results of Coupon Thermal Treatments

It is recognized, though, that pipe coating at a temperature above 260°C
will result in a degradation of the coating material (in this case, fusion
bond epoxy coating). In addition, the physical set-up of the coating plant
allows for a time at temperature of approximately 125 sec. This is the
time from when the pipe exits the induction coil to when the pipe enters
the quenching operation.

With these operational limits in mind, the results of the coupon thermal
treatment study suggest a circumferential compressive yield strength
increase of 10-15% could be achieved for the actual pipe.

Pipes 1, 2, 3 and 6 were then fed through the coating plant. All line p )
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[Mpu 3TOM cunTaeTcA, YTO HAHECEHMe N3oNALMK NPU TemnepaType
Bblwe 260°C npyBedeT K Aerpagaumm N3oiALMOHHOMo maTepyana

(B AAHHOM Cny4ae, 3NMOKCUAHOIO MOKPbLITUA, HAHOCMMOrO METOLOM
onnaeneHnna). Kpome Toro, huanyeckne HacTpOrMKn N30NALMOHHOM
MalUWHbI MO3BOMAIOT 3a4aThk BPEMA BbIASPXKKM MPN OnpeseneHHon
TemnepaType AMTENbHOCTLIO NopAAKa 125 cekyHa. OTo nHTepsan
MeX Ay BbIXOAOM TPY6bl U3 MHAYKLMOHHOW KaTyLLIKW 1 MOMEHTOM, Koraa
Tpy6a BXOAMT B AyLUMPYIOLLEE YCTPONCTBO.

MpyHMMaA BO BHUMAHWE YNOMAHYTbIE 3KCMNyaTaunoHHble Npeaen.,
pesynbTaTbl UCCNEAOBaHNA TepMUYECKon 06paboTKM Bbipe3aHHbIX
o6pasuoB npeanonaraloT yBeNUYeHne npeaena TeKy4ecTv npu
CXXMMaloLLen Harpy3ke no okpy>xHocTu Ha 10-15% ana peasibHom
TpyObl.

3atem, Tpy6bI 1, 2, 3 1 6 6bINM NPONYLUEHbI Yepe3 YCTaHOBKY

[ONA HAaHeCeHWA n3onAumun. bbiny BeINONHEHBLI BCe onepaunn, 3a
VCKITIOYEHEM (DaKTUHECKOro HaHEeCEHVA N30nALMK Ha 06pasubl Tpy6.
'pachnkm 3aBMCMMOCTY BpeMA-TemnepaTypa AnA 3TUX YeTbipex Tpyo
nokasaHbl Ha Puc. 3.

B ycTaHOBKe ANA HaHeCeHUA N3oNALMK UCMONb30BaNMChb ABE 0ObIYHbIX
ropenku, 3a KoTopbIMu 6bina yCTaHOBMEHa MHAYKLUMOHHAA KaTyLuKa
Ha 1.3 MBT (paboTatowan Ha 90-100% OT NOMHOM MOLHOCTW) AnA
[OCTMXKEHNA Heobxoanmon Temnepatypbl. Pe3ynbTaTthl npouecca
nokasaHbl Ha Puc. 3, npy 3ToM /ABe ropenku Harpesanu obpasLibl Mo
NCTEYEHUN OpNEHTUPOBOYHO 50 cekyHA 1 150 cekyHa. IHayKuMoHHaA
KaTylKa ucnonb3osasnach AnA Harpesa 06pasLoB Ha NPOTAXEHUN
OpMEHTUPOBOYHO 220 ceKyHA. Tpy6bl BOWNW B AylumpyloLlee
YCTPOWCTBO NpnbnuanTenscHo Yyepes 340 cekyHA,.

PesynbTaThl nocneayoLWwmx NCMbITaHW Bblpe3aHHbIX 06pasLoB,
60nee noapobHO onncaHHbIe B crneaylowwemM pasaene, NoaTBepannu
yBenuyeHve npeaena TeKy4ecTun Npy CXMMaroLLen Harpyske no
OKPY>XHOCTU Ha 15%.

WecnbiTanua CBOMCTB MaTeprarnos

WcnbiTaHnA Ha pacKpbiTUe KonbLa

VcnbiTaHnA Ha packpbiTe KoMbLia NMPOBOAUINCE Ha KaxaoM obpasue
Tpybbl B COCTOAHWM «Kak nony4eHo». Konbua anvHon 175 MM 6biim
noAroToBNEHbl N Npope3aHbl Ha BCKO TOSWMHY NO CBApHOMY LWWBY ONA
nony4eHnA OTBEPCTMA. 3HA4YEHNA CMELLEHVA OTBEPCTUI KOMbLEBbIX
CeKLui bblan BNOCNeACTBUM MCMONb30BaHbl ANA pacyeTa 0CTaTo4HbIX
HanpAXKEHWIN MO OKPY>XXHOCTW MO KaXXaoMy obpasLly Tpy6bl.

B uenom, ncnbitaHnA Ha KONbLEBOE PacKpbITUE MPUBENU K PaCKpPbITUIO
B CpeAHeM Ha 5 MM, YTO COOTBETCTBYET OCTaTO4HOMY HANpPAXKEHUIO MO
OKPY>XHOCTU, OPUEHTUPOBOYHO paBHomy 34 MIMa, ucxoaa U3 NMHENHOro
pacnpeneneHna HanpAXeHNA, BbI3BAHHOIO yNpyrum n3rnbom, no scew
TOMLWWMHE CTEHKU. DTN UCNbITaHWA NOATBEPAUN OTHOCUTENBHO HU3KWI
YPOBEHb NPUCYTCTBUA OCTATOYHbIX HAMPAXKEHUIA MO OKPY>KHOCTH,

1 NO3TOMY He MPUHUMANVCh BO BHUMaHWe Npu nocneayoLem
NPOrHO3MpPOBaHNM Pa3pyLUEHNA CMATUEM.

UcnbiTaHuA Bbipe3aHHbIX 06pas3LoB

Bbino npoeeaeHo B 06LLei CNoXKHOCTHN 354 UcnbiTaHWA Ha pacTAXEHne
1 cxatue o06pasuoB, B3ATbIX M3 NNCTOBOrO MaTepuana, Tpyb B
COCTOAHUM «KaK MOJTyYEeHO», a TaKXXe TepMUYECKM 06paboTaHHbIX
Tpy6. OTHOCUTENBHO NPOAOSLHOMO CBAPHOrO LWBA (nonoxeHue 0°),
npoaonbHbIe U KosbLeobpasHbie 06pasubl 6biiv B3AThI B NONOXKEHUN
45°,180° n 270°. Kpome TOro, o6pasubl 66111 B3ATbI B ABYX TOYKaXx
BHYTPMW CTEHKM TPyObl: B MakcuManbHON 6rn3ocTu K Hapy>XHOMY
OvaMeTpy 1M B MakCMMasibHOM 6IM30CTU K BHYTPEHHEMY AMaMeTpy
Tpy6bI.

B uenom, peaynbTathbl UCTIbITaHW Bblpe3aHHbIX 06pa3LoB NO3BONUK

BbIABWTb CreaytoLme TeHASHLUMN:

e Npepen TEKYyYeCTH NpU CXXMMAtOLLEN Harpy3ke No OKPY>XXHOCTU He
HWXe, YeM Npeaen TEKYYECTU B APYrUX HanpaBneHusaX.

e Tpybbl AEMOHCTPYPYIOT Camyto BbICOKYHO MPOYHOCTb Npu
PacTAXKEHWUN MO OKPY>KHOCTU.

e [pouecc Tepmmnyeckon 06paboTkn xapakTepusyeTca TeHAEHUMEN D p
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operations were performed, with the exception of the actual coating of
the pipe specimens. The time-temperature plots for these four pipes are
shown in Figure 3.
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Figure 2 —Typical Coupon Time-Temperature Plot
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Figure 3 — Results of Pipe Thermal Treatments

The coating plant used two regular furnaces, followed by a 1.3 MW
induction coil (operated at 90-100% of full power) to achieve the target
temperature. The results of this process can be seen in Figure 3,

with the two furnaces heating the specimens after approximately 50
seconds and 150 seconds. The induction coil heated the specimens at
approximately 220 seconds. The pipes entered the quenching operation
at about 340 seconds.

The subsequent coupon test results, described in more detail in the next
section, confirmed a circumferential compressive yield strength increase
of 15%.

Material Property Tests

Ring Opening Tests

Ring opening tests were performed for each as-received pipe specimen.
Rings 175 mm long were prepared and cut through their thickness

at weld seam to produce the opening. The opening displacements of

the ring sections were then used to estimate circumferential residual
stresses for each pipe sample. In general, the ring opening tests resulted
in an average opening of approximately 5 mm, which corresponds ) p
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K NOBBbILEHWIO Npeaena Teky4ecTu Tpybbl BO BCEX HANPaBNEHNAX,
0[HaKo HanbonbLLMii 3hdEKT AOCTUraNcA B HaNpaBneHun AencTemna
CXXMMAIOLLIEN Harpy3Kkun no OKPY>XHOCTW.

CospaeTcA BnevartsieHne, 4To NPoLEece TepMUHecKoi 06paboTku

He3HauMTeNbHO CHMXaeT npeaen NPOYHOCTH TPyObl Ha paspbIB

B/IO/Tb OKPY>XHOCTMW.

e Mexay nonoxennamn 45°, 180° n 270° 3ameTHa pasHuLa B
MPOYHOCTU NPV OCEBOM CXKATWWN, OCEBOM PACTAXEHUN 1 CXXMMatoLLe
Harpyske rno OKpy>XHOCTW, OiHaKO pasHULbl B PaCTAXEHUM Mo
OKPY>XHOCTU BbIABIIEHO He 6bI0.

Ha puc. 4 npvBeaeHa cBogHaA Tabnvua NpesenoB TEKYHeCTU 1
NPOYHOCTYM Mo ob6pasLam, B3ATHIM BAOSb OKPY>KHOCTY TPYH B COCTOAHWN
«Kak Mony4eHo» (npeaesn TEKyYeCcTn B HACTOALLEN paboTe 0THOCUTCA K
HanpaxeHuto Npu 0.5% pacTAXeHus).

Ha puc. 5 nokasaHa obLian TeHAeHUMA 3HaYeHWi Npeaena TeKy4ecTy Ha
1800 oT nncToBoro obpasua Yepes Tpyby K 06paboTaHHON TEPMUHECKIM
cnocobom Tpybe. VIHTepecHO, 4TO MO BCeM HanpasneHuaAM, 3a
VCKITIOHEHNEM CXXMMAIOLLIEN HArpy3KM Mo OKPY>KHOCTU, OTMEYaeTcA
MNoBbILLEHVE NMpeaena TeKy4ecTy OT NIMCTOBOrO obpasua K Tpybe u aanee
K 06paboTaHHOW TEPMUYECKMM criocobom Tpy6e.
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Puc 4 — CpaBHeHVe 3Ha4eHU TEKYHECTU U NMPOYHOCTM MO
OKPY>KHOCTM Yy 06pasLioB, BbIpe3aHHbIX U3 TPYObl B COCTOAHUM «Kak
nony4eHo»

Figure 4 — Coupon Strength Comparisons Around the Circumference
of As-received Pipe

Ha puc. 6 1 7 npuBeaeHbl NPUMepb! Auarpamm HanpsaXeHwui no
pasnunyHbIM HanpaeneHAM. [NprBeaeHHbIe UMMpPbI TAKXKe MO3BONAIOT
yBUAETb BNIMAHNE TEPMUHECKON 06paboTKM Ha XapaKTepuUCTUKN
marepuana. pp
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Figure 6 — Axial Tension Stress Strain Curves
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to a circumferential residual stress level of approximately 34 MPa,
assuming a linear elastic bending stress distribution through the
wall thickness. These tests confirmed the relatively low level

of circumferential residual stresses present, and were thus not
considered in subsequent collapse predictions.

Coupon Tests

A total of 354 tension and compression tests were performed on
coupons taken from the plates, as-received pipes, and thermally
treated pipes. Relative to the longitudinal weld seam (0° position), axial
and circumferential coupons were taken from the 45°, 180° and 270°
locations. In addition, coupons were taken from two locations within the
wall thickness of the pipe: as close to the OD as possible, and as close
to the ID as possible.

In general, the following trends were noted from the coupon test results:
e The circumferential compression yield strength is lower than the yield
strengths in the other directions.

The pipes are strongest in the circumferential tensile direction.

The thermal treatment process tended to increase pipe yield strength
in all directions, but most notably in the circumferential compressive
direction.

The thermal treatment process appears to have slightly reduced the
ultimate tensile strength of the pipes in the circumferential direction.
Strength differences are noticeable between the 45°, 180° and 270°
locations for axial compression, axial tension, and circumferential
compression, but are not noticeable for circumferential tension.

Figure 4 summarizes the yield and ultimate strengths for coupons taken
from around the circumference of the as-received pipes (yield strength in
this paper refers to the stress at 0.5% strain).

Figure 5 shows the general trend of the 1800 yield strength from plate to
pipe to thermally treated pipe. It is interesting to note that in all directions
except for circumferential compression, there is an increase in yield
strength from plate to pipe to thermally treated pipe.
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Puc. 5 — CpasHeH1e Npo4HOCTH BbIpe3aHHbIX 06pasLIoB OT SINCTOBOrO
marepuana Kk TepMuyecku obpabotaHHou Tpybe

Figure 5 — Coupon Strength Comparisons from Plate to Thermally
Treated Pipe

Figures 6 and 7 illustrate examples of the stress strain curves for the
various directions. The effect of the thermal treatment process can also
be seen in these figures.

Full Scale Tests

Table 1 previously summarized the full-scale tests performed on line pipe
specimens. A total of 18 full-scale tests were performed: 3 collapse, 2
collapse + buckle propagation, 3 bending, and 10 combined external
pressure + bend tests. P p
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Figure 7 — Circum. Compression Stress Strain Curves Full-scale Tests

MonHomacwTabHble ucnbiTaHUA

B Tabnuue 1 6b1nm paHee npvBeaeHsl CBOAHbIE AaHHbIE Mo
nonHomacLTabHbIM UCTbITaHUAM, MPOBEAEHHBIM Ha obpasLiax
Tpy60npoBoaHon Tpybbl. Bbino npoBeaeHo B 06LLEN CIOXHOCTH

18 nonHomacLUTabHbIX UCTIbITAHWIA: 3 UCTIbITAHWA Ha CMATHE, 2 — Ha
paspyLUEHME CXXMMAtOLLIE Harpy3KoW 1 BCTyumBaHue, 3 UCTbITaHuA Ha n3rvb
1 10 COBMELLEHHbIX UCTIbITAHWI BHELLHMM AaBMIEHVMEM + Ha U3rub.

McnbiTaHnA Ha cMATKE, BCyYMBaHUE U COBMELLEHHbIE MCTbITaHWA
BHELUHVM AaBrieHneM 1 Ha usrvb 6binm npoBeaeHb! B [y6okoBoaHON
OkcnepumeHTansHon Kamepe C-FER, nokasaHHoi Ha puc. 8; cBoaHble
AaHHble npeacTasneHbl B ApyrMx MCTodHuKax [9, 10]. MowwHocTb
[aBneHnA kamepbl coctasnAeT 59 MIMa npu BHyTpeHHeM anamveTpe 1.22 n
obwel BHyTpeHHel anvHe 10.3 M.

HyTapHbIN Npecc, NCnonb3yemblii AnA BbirbaHnuA 06pasLos, Obin
paspaboTaH AnAa MoHTaxa nmbo Ha nony nabopatopun AnA NpoBeaeHNA
UCMbITaHU Ha u3rnb (MakcumarbHaa aecdopmauma nsrnba 4%), nubo B
rmnepbapy4eckon kamepe AJ1A NPOBEAEHNA COBMELLEHHbIX UCTIbITAHWN
BHELUHVM AaBneHneM 1 Ha usrmb (MakcymansHaa gedpopmauma nsruba
1.5%). Cuctema 6bina paspaboTaHa AnA NpUNoXKeHNA YETbIPEXTOHEHHON
Harpy3ku K 06pasLy € LIeNbto NMomny4YeHna YucToro nsrmba c
MakcuMasibHbIM 3HaveHuem 7000 KHM B LeHTpasibHOM YacTv Tpy6bl

Ha npoTsxeHun 6.0 M. Ha puc. 9 nokasaHa KoHUrypauma rHyTapHowm
cucTembl Ha Npo4Hom nony nabopatopum C FER.

Ha puc. 10 nokasaHa KoHdMrypauma cucTeMbl MpU UCMbITAHNAX BHELLHWM
[aBrieHvem u Ha n3rmb. bnaropapa rHyTapHoOn cucTeme, yCTaHOBNEHHOW
B [NMy6okoBoAHOW JKcneprmeHTanbHoi Kamepe, komnnekTHoe
UcnblTaTenbHoOe YCTPOMCTBO 06ecrneymnBano npunoxeHne narnbatoLero
MOMeHTa A0 7,000 KHM npy BHELIHEM rmapoCTaTU4eCKOM AaBNEHNN,
pocturatowwem 59 Mla. MNpocTpaHCTBO BHYTPY KaMepbl NO3BOMAMO MHyTb
06pasLibl C Hapy>XHbIM AnameTpoMm 24 AtoriMa ¢ MakcumanbHow aed
opmaumen usrnba 1.5% ¢ coxpaHeHnem onpeaeneHHoro sasopa. b P
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The collapse, buckle propagation, and combined external pressure

+ bend tests were performed in C-FER’s Deepwater Experimental
Chamber, shown in Figure 8 and summarized elsewhere [9, 10]. The
chamber has a pressure capacity of 59 MPa, an inside diameter of 1.22
m and an overall inside length of 10.3 m.

Puc. 8 - Iny6okoBoaHaA skcnepumeHTanbHasa kamepa C-FER
Figure 8 — C-FER’s Deepwater Experimental Chamber

The bending rig used to apply bending to the specimens was
designed to be assembled either on the laboratory floor for
conducting the bend tests (maximum bending strain of 4%), or
installed inside the hyperbaric chamber for conducting the combined
external pressure + bend tests (maximum bending strain of 1.5%).
The system was designed to apply four point loading to the specimen
in order to achieve pure bending to a maximum of 7000 kNm, applied
to the central region of a pipe specimen over a length of 6.0 metres.
Figure 9 shows the bending system setup on C FER’s laboratory
Strong Floor.
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Puc. 9 — Cxema KoHdUrypaumm npn UCnbiTaHMAX Ha n3rmb

Figure 9 — Bend Test Setup Schematic
Figure 10 illustrates the pressure + bend setup. With the bending
system installed in the Deepwater Experimental Chamber, the
complete testing fixture was capable of providing a bending moment
of up to 7,000 kNm while loaded under 59 MPa external hydrostatic
pressure. The space inside the chamber allowed the 24-inch OD

specimens to be bent to a maximum of 1.5% bending strain, with
some clearance.

Initial Measurements

Prior to full-scale testing, specimens were grid-marked and initial
measurements were taken to quantify initial diameters and wall
thicknesses. Table 3 summarizes these measurements, along with
calculated ovalities. b »



IIMP“H Europe

Multlphase Pump User Roundtable

Multiphase pumping is an emerging technology hat i boosting production and reducing the cost!
complexity of il & gas operations around the warld. For the past edgh! years. tha Multiphase Pump User
Roundtable (MPLIR) has provided vital information on this technology and provided a forum for discussion
and learning. This year, the MPUR comes fo Europe (o provide a focus on European |ssues such as

* Subsea Pumping/Compression = Mitigation of Erosian from Prodvced Sand

« Heavy ON Development Method's + Lezsons Learned, from Instalfation lo Operaiion

* Wai-Gas Purnging/Cormpression

The eveni features highly interactive workshop sessions and the opportunity o gain incate from those thal
have successfully appled this exciting new lechnalogy.

" -
_—
";'._'_h "1_!_._ i F
o
i .

I||r..1 ..'l

_. i' I_. I-—||l|

.Hi_‘

www.MPUR.org/Europe

Amsterdam - Oct. 9, 2006



HauyanbHble uamepeHua

Mepen NpoBefeHeM nonHomacluTabHbIX UCMbITaHWIA, Ha 06pasLbl
6blna HaHeceHa MapKMPOBOYHAA CETKa, U Bbinn NPOBEAEHbI
nepBUYHbIE 3amMepbl C LIeSbIo M3MEPEHNA NepBOHaYasibHoro anameTpa
1 TOMLLUMHBI CTeHOK. B Tabnuue 3 npuseaeHbl pesynbTaThl AaHHbIX
3aMepoB, a TaKXKe paccHTaHHble 3Ha4eHNA OBaNbHOCTU.

Tpy6a | Hapy>xHbin TonwmHa CTeHoK OBanbHOCTb,
a avameTp(a) (Mm) fo (%)
CpenH Crang. CpenH CraHg. Crang. CpenH
Crang. H OTtkn. OTtkn.

1 24.020 0.029 3172 0.102 0.292 0.442
2 24.000 0.029 31.30 0.094 0.310 0.428
3 24.016 0.029 31.66 0.113 0.306 0.428
4 24.028 0.028 31.66 0.108 0.296 0.376
5 24.020 0.028 31.70 0.114 0.292 0.368
6 24.051 0.025 32.15 0.128 0.256 0.316
7 24.047 0.023 31.67 0.116 0.236 0.384
8 24.024 0.027 31.70 0.123 0.280 0.338
9 24.031 0.027 31.71 0.125 0.274 0.452
10 24.016 0.029 31.73 0.110 0.288 0.462
1 24.051 0.023 31.75 0.096 0.236 0.330
12 24.024 0.028 3175 0.100 0.292 0.480
13 24.031 0.024 3175 0.124 0.240 0.352
14 24.043 0.024 31.94 0.130 0.240 0.374
15 24.020 0.027 31.71 0.115 0.272 0.362
16 24.020 0.025 31.67 0.108 0.266 0.380
17 24.039 0.022 31.63 0.096 0.238 0.326
18 24.028 0.029 31.70 0.106 0.300 0.538

Tabnuua 3 — CeBogHanA Tabnuua pesynbTaToB Ha4asibHbIX U3MEpPEHUI

UcnbiTaHUA Ha pa3pyLlueHue CMATUEM

McnbiTaHua Ha paspyLueHue CMATUEM NPOBOAMIUCHL Ha obpasuax 1,
2,7 8, n9. Bxoge vncnbiTaHui o6pasLibl NoABEpPrasicb BO3AENCTBUIO
NOCTENEeHHO BO3pacTatoLLero BHELLHEro rmapocTaTMYeckoro 4aBneHnaA

Pipe QOutside Diameter Wall Thickness Ovality,,
(in) (Mm) fo (%)
Avg St Dev. Avg St Dev Avg Max

1 24.020 0.029 31.72 0.102 0.292 0.442
2 24.000 0.029 31.30 0.094 0.310 0.428
3 24.016 0.029 31.66 0.113 0.306 0.428
4 24.028 0.028 31.66 0.108 0.296 0.376
5 24.020 0.028 31.70 0.114 0.292 0.368
6 24.051 0.025 32.15 0.128 0.256 0.316
7 24.047 0.023 31.67 0.116 0.236 0.384
8 24.024 0.027 31.70 0.123 0.280 0.338
9 24.031 0.027 31.71 0.125 0.274 0.452
10 24.016 0.029 31.73 0.110 0.288 0.462
1 24.051 0.023 31.75 0.096 0.236 0.330
12 24.024 0.028 31.75 0.100 0.292 0.480
13 24.031 0.024 31.75 0.124 0.240 0.352
14 24.043 0.024 31.94 0.130 0.240 0.374
15 24.020 0.027 31.71 0.115 0.272 0.362
16 24.020 0.025 31.67 0.108 0.266 0.380
17 24.039 0.022 31.63 0.096 0.238 0.326
18 24.028 0.029 31.70 0.106 0.300 0.538

Table 3 — Summary of Initial Measurements

Collapse Tests

Collapse tests were performed on specimens 1, 2, 7, 8, and 9.
Testing involved subjecting specimens to gradually increasing
external hydrostatic pressure until collapse occurred. In collapse
testing with buckle propagation (specimens 1 and 8), the buckle
was propagated by continuing to pressurize the collapsed
specimen until a well defined propagation pressure plateau was
developed.

The results of the collapse tests are shown in Table 4. Figure
11 shows a collapsed and buckle propagated specimen being
removed from the test chamber.

[0 HacTynneHvA paspyLueHus. Mpu ucnblTaHnAX Ha paspyLueHne
Coflepmi | Frigpmgrhion | Erigine e L HY oF
CMATMEM 1 BCnydmnBaHue (o6pasLibl 1 1 8), BCry4mBaHme nponcxoansio g gy [l A ORI S
BCMNEeACTBME HENpPeKpaLLaoLLenca OnpPeccoBKN paspyLLEHHOro rp [eongmen | rpw | e Mt P |ubiBj i
obpasua Ao Tex nop, noka He 6bin chopM1POBaH YETKO ONpeaeneHHbIN % | M7 o | Ca o1 CE]
FOPU30HTASIbHbBIN YHACTOK KPUBOW AABMNEHWA BCY4YUBAHUA. i " [ i 1
PesynbTarbl UCMbITAHUI HA paspyLLeHe CMATUEM NpUBeLEHb! B 3 ) HT Gy ) FiE . iy L
B TG | Ml - - - ¥ 47TR 1T
Tabnuue 4. Ha puc. 11 nokasaH npoLecc U3BnevYeHna paspyLLeHHOro = — = — - - - -
obpasLa co BCry4YeHHbIM Y4aCTKOM W3 UCTbITaTeNbHON KaMepbl. r T — =0 o
L] L] ine
Tpy Cocton Tan Paspyw | Jaenexue | BHewHee | Mukosbl PactaxeHne z AR = et bl 2 '_"'-
6a Hue nenbl aiouee BCMy4vBa | JaBneHn | n B MUKOBbINA :I :: : y j:.; : ::
Tanuit | pasnedu | HuA e(MMa) | moment | momenT (%) = ] oy 7T T ™
e(MMa) | (MMa) (kHM) i i Had oL . LIL
1 HT.GW | C+P | 450 |107 f s o = = o — L
2 [HT__[C T[40 T T
3 HT, GW | P+B 36.5 4444 0.478 ] A=f 1 i ) ]
4 HT, GW | P+B 35.2 4778 0.749 | AR P=f Az a a4 3BT
5 AR C 370 - F1 ] el T gk ke
6 | AR C+P [ 350 [101 okl dutros oty g
7 AR c 370 ey D e v e m e [ Pl s emes
8 AR B 5581 2.162
o a8 ss81 | 2408
10 AR B 5879 2.268
11 | AR P+B 29.8 4515 0.665 Bend Tests
12 | AR P+B 28.5 5006 0.918 Bend tests were performed on specimens 10, 11, and 12. Testing
13 | AR P+B 25.8 4944 0.912 involved steadily increasing specimen bending until a noticeable drop in
14 | AR P+B 28.9 4892 0.786 the bending moment occurred, or until the 4% maximum bending strain
15 | AR P+B 32.6 4340 0.471 limit of the bending rig was achieved.
16 AR P+B 31.0 4215 0.469
17 | AR P+B 321 4604 0.571 The results of the bend tests are shown in Table 4. Figure 12 shows one
18 | AR P+B 24.8 4999 0.876 of the test specimens being bent to near its peak moment.
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HT- Tepmuyeckan obpaboTka (Tepmuyeckoe ctapeHue) AR- «kak nony4eHo»
GW - npucyTCTBYeT KOMbLIEBOV CBAPHOIA LLIOB B CEpeavHe

C - paspywenne cmAaTnem; C+P — paspylueHne cMATHEM 1 BCnyymBanve; B

- n3rnb; P+B-paBneHue n nsrnb

Tabnuua 4 — Pe3ynbTaThl NOHOMACLUTabHbIX UCMbITaHUN

UcnbiTaHuA Ha u3rné

McnbiTaHuA Ha u3rmnb 6binm nposedeHsbl Ha obpasuax 10, 11 1 12. B
Xofe UcnbiTaHWi 06pasLibl NoABEPrasiMch NOCTENEHHO YCUNMUBAIOLLENCA
nsrnbarollen Harpy3ke A0 HacTymnneHMA 3aMeTHOro nNageHna
n3rmbaroLLero MOMeHTa, Unn noka He 66110 LOCTUrHYTO OrpaHnyeHne
rHYTapHOro npecca no makcuManbsHon fgedopmauum nsrnéa (4% ).
PesynbTaTthl cnbITaHU Ha n3rnb npueeaeHsl B Tabnuue 4. Ha puc.

12 nokasaH oauH 13 ucnblTaTenbHbIX 06pa3uos, Npy N3rnbaHnm
[OCTUraloLWmMiA MMKOBOTO 3HAYEHNA MOMEHTA.

N
i

Puc. 12 — doTorpadma KoHGMrypaLym CUCTEMbI MPY UCTIbITAHUAX Ha U3rMb

Figure 12 - Photo of the Bend Test Setup

WcnbiTaHuAa pasneHnem un Ha usrué

McnbiTaHuA gaBneHvem u Ha u3rnb NnpoBoaMInCb Ha obpasuax

3,6, 113 -20. B xone ncnbitaHuii K obpasuiam nepeoHayanbHoO
NpVKnaasiBanocb paBHOMEPHO BO3pacTatollee BHeLLHee faBneHne
[0 AOCTVXXEHVA 3a4aHHOrO 3HAYEHNA; 3aTeM, NPV Noaaep>kaHnm
[OCTUrHYTOro 3Ha4eHuA aasneHna, obpasLbl n3rnbanvce Ao
HacTynneHnA paspyLleHun.

PesynbTaThbl UCNbITaHWA AaBneHnem 1 Ha n3rnb npueeaeHsbl B
Tabrnuue 4. Ha puc. 13 nokasaH obpasel B npouecce U3Bne4YeHna ns
ucnbiTaTenbHOW Kamepbl.

06cy)AeHe pesynbTaToB

Bnuaxue TexHonorun UOE u npouecca Tepmuyeckon o6paboTku
Kak 6bIno nokasaHo paHee Ha puc. 5, NPon3BOACTBEHHbIV MPOLIECC

no TexHonorun UOE 1 TepMuyeckana obpaboTka (MogenupoBaHmne
HaHeCceHNA N30MALMN) OKasanu CUNbHOE BINAHWE Ha CBOMCTBA
maTepuanos. [pn 0CeBOM CXaTuu 1 PacTAXEHNUN, a TaKXKe Mpu
pacTAXEHUM MO OKPYXXHOCTU, BbINO OTMEYEHO NOBbILLEeHNe npeaena
TeKy4ecTu y Tpybbl B COCTOAHUN «Kak MOJSly4eHO» Mo CPaBHEHUIO C
NUCTOBbLIM MaTepManom, a Takxe y TepMnyeckn obpabotaHHoN TpyObl
MO CPaBHEHWIO C TPY6OI B COCTOAHMM «Kak MonyyeHo». OgHako npu
CXXUMAIOLLEN HArpy3Ke no OKPYy>XHOCTM BblNo OTMEYEHO 3HAYNTENbHOE
CHWDKEHME Npefena TeKy4YecTun y TpyObl B COCTOAHUMN «KakK Mony4YeHo»
MO CPaBHEHMIO C IMCTOBbLIM MaTepUasnom, 1 CyLLeCTBEHHOe
NoBbILLEHWE Npefena TEKy4eCcTn y TepMnyecku 06paboTaHHOM

Tpy6bl NO CPaBHEHUIO C TPYBOI B COCTOAHUMN «Kak MonyYeHo». JATo
CHWDKEHWE Npefena TeKy4YecTun y Tpybbl B COCTOAHUMN «Kak Mony4eHo»
Mo CPaBHEHWIO C IMCTOBbLIM MaTeEpUanom B OCHOBHOM 0ByCroBfieHO
OKOHYaTeNbHbIM XONOAHBIM PaCLUMPEHNEM, KOTOPOEe NPOBOAUIIOCH

B Xofe usrotosnenna no TexHonorum UOE. XonogHoe paclumperue p p

Puc. 11 — Pa3pyLueHHbIn obpasel B npoLecce U3BneveHma
Figure 11 — Collapsed Specimen Being Removed

Pressure + Bend Tests

Pressure + bend tests were performed on specimens 3, 6, and 13 - 20).
Testing involved initially applying a steadily increasing external pressure
to a target value then, while maintaining this value, increasing bending
until collapse occurred.

The results of the pressure + bend tests are shown inTable 4. Figure 13
shows a specimen being removed from the test chamber.

Puc. 13 - 13BneyeHve obpasuia nocrie UCrbITaHni JaBEHNEM U Ha U
Figure 13 —Pressure + Bend Specimen Being Removed

Discussion of Results

Effect of UOE and Thermal Treatment Processes

As shown previously in Figure 5, the UOE manufacturing and thermal
treatment (simulated pipe coating) processes influenced the material
properties quite dramatically. In axial compression and tension, and
circumferential tension, there was a noted increase in yield strength from
plate to as-received pipe, as well as in increase from as-received pipe to
thermally treated pipe. In circumferential compression, however, there
was a significant decrease in yield strength from plate to as-received
pipe, and a significant increase from as-received pipe to thermally
treated pipe. This decrease in plate to as-received pipe strength is

due primarily to the final cold expansion performed during the UOE
manufacturing process. Cold expansion plastically deforms the pipe in
circumferential tension to strain levels in the 1.0 1.5% range. A reduction
in circumferential compression is expected due to the Bauschinger effect
and, as shown in Figure 5, this reduction is in the order of 19%. The
subsequent circumferential strength increase of 15% from the thermal
treatment process is a result of the thermal aging that occurs. This
phenomenon is described in more detail in [6], and compares to thermal b p
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BbI3bIBAET NNacTnyecKyto aedopmaumio Tpybbl, Co3aaBan pacTAXeHne
MO OKPY>XHOCTW, NP 3TOM YPOBHM HaNpAXeHui coctaenAtoT oT 1.0 fo
1.5%. OxmnpaeTcA CHUXXEeHNe CXXMMAatOLLIe HAarpy3ku no OKPY>XHOCTH
nopAaaka 19%, obycnosneHHoe adcpekTom baylmHrepa, Kak nokasaHo
Ha puc. 5. MNocneaytoLlee NoBbILEHNe NPOYHOCTU Ha CXXMMAIOLLIYIO
HarpysKy no OKpy>HOCTu Ha 15% BCneacTBue TEPMUHECKON
06paboTKM 06yCNOBIEHO NPOUCXOAALLMM NPU 3TOM TEPMUYECKUM
ctapeHvemM. Bonee nogpobHoe onucaHwe aTtoro adpdexkTa

npuBeaeHo B [6], Tam Xe NpoBOANTCA CPABHEHVE C NOBbILLEHNEM B
Xo[e TepMmnyeckon 06paboTKM, KOTOpOe Tak>ke Habnaanocs Npu
NpoBeAeHNM ApYrMX NPOrpaMm UCMbITaHWA Tpy6: MoBbiweHue Ha 23%
[7] v Ha 30% [4], COOTBETCTBEHHO.

B pesynbTarte NoBbIEHWA NPOYHOCTU HA CXXMMAIOLLYIO Harpy3Ky
MO OKPY>XHOCTM TaK>Xe Habmioaanoch NoBbILEHNE CONPOTUBNEHUA
paspyweHuto. CornacHo HabnAeHWAM, 3TO NOBbILWEHWEe AOCTUrano
OPWEHTUPOBOYHO 24%, 1 BbI1I0 3aMETHO BbILLE, YEM MOBbILLEHNE
npefena TeKy4ecTy Npy CXXMMaloLLEn Harpy3Ke Mo OKPY>KHOCTW.
310 nponcxoanT NOTOMY, YTO NPOYHOCTb HA CMATUE TakK>XXe 3aBUCUT
OT KPYTU3HbI KPMBOW HanpaXeHuA-aecopMaumm (3XeCTKOCTH
martepuana). lNpouecc TepMuyeckor 06paboTKu NoBbICUN Npeaen
nponopunoHanbHOCTU, NOBbIWaA XXeCTKOCTb MaTepuana u,
COOTBETCTBEHHO, €70 MPOYHOCTb K Pa3pyLUEHNIO.

Mpouecc Tepmmyeckon 06paboTKM Tak>Ke NPUBESN K NOBbLILLEHWIO
[aBneHuA Bery4unBaHua Ha 6%. OTO MOBbILEHWE He ObIIO TaKUM
3HauUTENbHBIM, KaK NOBbILLEHWE pa3pyLUatoLLero AaBeHna, YTo
MOXeT 4YaCTUYHO 06 BACHATHLCA NpUHATUEM BO BHUMaHWEe TOro CbaKTa,
YTO JaBNeHVe BCMyYMBaHWUA 3aBUCUT HE TOMBKO OT MPOYHOCTU
matepuasna Ha CXXMMaIOLLYIO Harpy3Ky Mo OKPY>XHOCTU, HO Takxe U OT
€ero ConpoTUBIAEMOCTU OCEBOMY BO3AENCTBUIO. [10oBbILLEHME 0CEBOro
npenena Teky4ecTy nopaaka 3 — 5% no3BonAeT NPeanosnoXnTb, YTO
0CeBOV Npefen TeKy4ecTy ropasfo cunbHee BIVAET HA AaBReHWe
BCNy4nBaHUA MO CpaBHEHWIO C NpeaesnioMm TeKy4ecTu npu BOS,qu7ICTBI/II/I
Mo OKPY>XHOCTW.

HeCMOTpFl Ha 3amMeTHOe NOoBbllleHne NPO4YHOCTU K CMATUIO BCieaAcTeune
TEePMUYECKON 06paboTKU, 3TO MOBbLILLEHUE CHUXXAETCA No Mepe
ycuneHua nsrnba. 3To BbI3BAHO MOBLILEHNEM BIMAHNA OCEBON
NPOYHOCTY MaTepuana Ha addekTrBHOe HanpaxeHue oH Museca

o mMepe ycunenva aecopmaumm nsrmba. B cBAsu ¢ Tem, 4To npoLecc
TepMUYEcKon 06paboTKy NPUBEN K MEHbLUEMY MOBBILLEHWIO NMPOYHOCTM

B NpPOAOMbHOM HanpasfieHUN, MOXXHO OXKUAaTb MeHbLUEero noBbilleHnA
CTOVIKOCTU K pa3pyLLeHuio y Tpy6, NoaBeprHyTbIX 6oree cuibHOMY U3ruoy.

CpaBHeHune pe3ynbTaToB UCMbITaHWI € pacHeTHbIMK hopmynamv DNV
PesynbTaThl UCMbITaHUIA CPABHUBANWCH C YPaBHEHNEM
B3aMMOAENCTBNA pas3pyLUeHne-n3rmb, NpuBeaeHHOM B MPOEKTHO-
KOHCTPYKTOPCKOM CTaHZapTe ANA MOPCKWX TpybonpoBoaos

DNV OS-F101 [11]. B ¢oopmyne pa3pywenuna DNV ucnonbayetca
NPON3BOACTBEHHbIN hakTop ANA y4eTa npouecca, MPUMEHAEMOro
npu NPou3BoOACTBE TPYD; OHa NCNosb3oBanach B AaHHOM CPaBHEHWUM C
Liefblo NPOAEMOHCTPUPOBATL NPEUMYLLECTBa NPUHATUA BO BHUMaHWeE
adhdpekTa Tepmmnyeckon 06paboTku Npu pacyeTe Tpybonposoaa no
paspyLuaroLLMM Harpy3kam.

B cootBeTcTBMM ¢ DNV OS F101, KpuTnyeckoe BHeLIHee AaBneHne,
BbI3blBatoOLLiee paspyLleHue, pc, PacCyMTbIBAETCA CEAyOLLMM

obpasom:
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treatment increases observed in other pipe test programs: a 23%
increase in [7] and a 30% increase in [4].

As a result of the increase in circumferential compressive strength, an
increase in collapse strength was also observed. This increase was
found to be approximately 24%, and is notably higher than the increase
in circumferential compressive yield strength. This is because collapse
strength also depends on the slope of the stress strain curve (material
stiffness). The thermal treatment process increased the proportional
limit, increasing the material stiffness and thus the collapse strength.

The thermal treatment process also produced an increase in the buckle
propagation pressure of 6%. This increase was not as significant as

the increase in collapse pressure, and this can partly be explained

by noting that the propagation pressure is dependent not only on the
circumferential compression material properties, but also the properties
in the axial direction. Increases in axial yield strengths were in the
order of 3 — 5%, suggesting that the axial yield strength influences the
propagation pressure much more than the circumferential yield strength.
Although there is a noticeable increase in collapse strength due to the
thermal treatment process, this increase becomes less with increased
bending. This is due to the increased influence of axial material strength
on the von Mises effective stress as bending strains increase. Because
the thermal treatment process produced less of a strength increase in
the axial direction, a smaller collapse strength increase can be expected
for pipes subjected to higher levels of bending.

Comparison of Test Results to DNV Design Equations

The test results have been compared to the collapse-bend interaction
equation found in the DNV OS-F101 offshore pipeline design standard
[11]. The DNV collapse equation uses a fabrication factor to account

for the process used in pipe fabrication and has been used in this
comparison to illustrate the benefits of considering the thermal treatment
effect in pipeline collapse design.

In accordance with DNV OS F101, the critical external pressure causing
collapse, pc, is to be calculated as follows

(1
N
(.- p Y - p.l = popap g
where,
e i e
¥ =
Fa ] =w’ |. f,ﬁJJ,
(3)
.= 2 MY,
(R
- 1'.-|'.I':'__III (4)

(A

The DNV OS-F101 interaction equation between bending and external
pressure, in simplified form, is as follows:

P | E (5)
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where,

TR 6)
£ =078 | o) |' ks |
b I VT8

p = external pressure

e = bending strain

YS= yield strength

TS = tensile strength
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YpaBHeHVEe B3aMMOAENCTBUA MEXAY U3rMOOM U BHELLUHUM AABNEHNEM,
npuseneHHoe B fokymeHTe DNV OS-F101, B ynpoLieHHOM Buae
BbIMNAAUT cneayowmmM o6pasom:

i (5)
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p= BHeLIHee JaBneHve
e = usrnbatollee ycunue
YS = npenen Teky4ecTtun
TS = npeaen Nnpo4HOCTN Ha paspbIB

Ha pwuc. 14 npvBeaeHo cpaBHEHNE MeXdy pacHeTaMun Ha OCHOBE
ypaBHeHu DNV 1 pesynbTtatamv UCMbITaHWA C UCMOMb30BaHNEM
HOMVHaIIbHbIX FEOMETPUYECKUX CBOWCTB, YKa3aHHOrO MUHMMAaIIbHOIO
npeaena TeKy4ecTy, MakCMMasibHO AOMyCTUMOrO COOTHOLLEHWA
YS/TS (npenen Teky4ectu / npeaen NPoYHOCTM Ha paspbis), U
oBasbHocTu (fo) paBHor 0.005 B ypaBHeEHWAX (0BaNbHOCTb BCEX
ncnblTaTesnbHbIX 06pa3uoB 6binia MeHbLe 0.005, MUHUMAaNbHOro
3Ha4eHuA, ncnonb3yemoro B ypasHeHUn DNV). VIHTepecHo oTMeTUTb
TOYHOCTb MPOrHO3HbIX 3HAYEHWI pa3pyLUeHna AnA Tpyd B COCTOAHUM
«KakK rMony4yeHo» Nnpu UCMonb30BaHUM NPOM3BOACTBEHHOIO hakTopa,
afab, pasHoro 0.85, B TO BpemA Kak NPorHo3Hble 3HayYeHnsa

AnA Tpy6 B COCTOAHUM «KaK MoJsly4eHo» Mo AaBEHUIO U U3ruby
ABNAIOTCA KOHCepBaTUBHbIMK. YpaBHeHe DNV Takxe ABnAeTcA
KOHCepBaTUBHbIM NpKY NCNob30BaHUN NPOM3BOACTBEHHOIO d)aKTOpa,
paBHoro 1.0 1 cpaBHEHUM Pe3yNbTaToB C pe3ynbTaTaMu UCMbITaHWN
Tpy6, NpoLleAwnx TepMnYecKyto 06paboTKy. ITO No3BonAeT
npeanonoXuTb, YTO B NpoLecce TepMnYecKon o6paboTKy NPOn30LLSIO
BOCCTaHOBJIEHWE NOTEPb MPOYHOCTW, BO3HUKAIOLLMX BCNEACTBMNE
nepBOHaYasbHOro npouecca n3rotosnenua no tTexHonornm UOE, un
4YTO UCMONb30BaHNEe NPON3BOACTBEHHOO hakTopa pasHoro 1.0 MoxeT
6bITb OMpaBAaHO 3KCNEPUMEHTASILHO MyTEM NPOBEAEHMA NPOrpamMbl
UCMbITaHWI, NOAO0BHON JaHHOWN.

Ha puc. 15 nokasaHo cpasHeHue ypasHeHuA DNV ¢ pesynbtatamu
UCTbITaHUI C UCMOMb30BaHNEM CPEAHMX 3HAYEHWA Npeaena Teky4ecTn
06pasLIoBOro Marepyana npy CXMmaroLLiei Harpy3Ke no OKpY>XHOCTH

Kak AnA npoLeawmnx TepMmyeckyto obpaboTky Tpy6, Tak 1 AnA Tpyb B
COCTOAHWM «Kak MOny4eHo», C UCMONb30BaHVEM MPON3BOACTBEHHOMO
hakTopa, paBHoro 1.0, a TakXKe C UCNONb30BaHMeM haKTUHECKMX
3HaueHuI cooTHoweHnA YS/TS (Npepena Tekyydectu / npenena
MPOYHOCTM Ha pa3pbiB). B AaHHOM cryqae, nonyyYeHHbIe OMbITHLIM NyTeM
pesynbTaTbl B3aMOAENCTBUA JaBNEHWA U n3riba BnosHe conocTasMbl C
pesynbTaTtamu UCMbITaHWI; TO XXe OTHOCUTCA K MPOYHOCTY Ha paspyLUeHue
TepMmyeckn obpaboTaHHON TPybbl, 0OoHAKO Tpyba B COCTOAHWUN «Kak
nony4eHo» oTnmM4aeTcA 6onee HU3KON MPOYHOCTLIO MO CPAaBHEHUIO C
pesynbTatamu Bbl4MCIEHUIA Ha ocHoBe YpaBHeHuA DNV.

Pesiome

MH)XeHepbl-NPOEKTUPOBLUMKN 1 UHXXEHEPbI-MOHTaXKHUKM
CTOJIKHYJIMCb C 60/bLIMM KONTMHYECTBOM Npobnem, CBA3AHHbIX CO
CBepxr1ybokoBoAHOM TPY6ONPOBOAHOM CUCTEMOM «[0NyHON NOTOK».
OpHol M3 aTMx Npobnem 6bI10 NPefoCTaBNeHVE afeKBaTHON
NMPOEKTHON JOKYMEHTaLMM C y4ETOM OBLLEro HefocTaTKa AaHHbIX,
noaTeepXAarwmx NpoeKTHbIe NpeanonioXXeHnA NpuMeHUTeNnbHO

K Tpy6onpoBoay Takoro pasmepa u npoTsaxeHHocTU. Mporpamma
UCMbITaHWIA Ha paspyLUeHne, onMcaHHanA B HACTOALLEN cTaTbe, BHeCNa
CBOW BKag B pa3paboTKy NpoeKTa NyTem KOMYECTBEHHON OLIEHKM
MHOTO4UCIIEHHbIX HEOMPEeAENEeHHbIX NapaMeTpoB, BKOYaA BUAHNE p p

Figure 14 illustrates the comparison between DNV equation calculations
and test results using nominal geometric properties, the specified
minimum yield strength, maximum acceptable YS/TS ratio, and an ovality
(fo) of 0.005 in the equations (the ovality of all test specimens was less
than 0.005, the minimum to be used in the DNV equation).

It is interesting to note that the collapse predictions for the as-received
pipe are accurate when using a fabrication factor, afab, , of 0.85, but the
as-received pressure + bend predictions are conservative. The DNV
equation is also conservative when using a fabrication factor of 1.0 and
comparing the results to the thermally treated test results. This suggests
that the thermal treatment process has recovered the strength losses
resulting for the initial UOE manufacturing process, and that the use of
a fabrication factor of 1.0 may be justified experimentally through a test
program such as this.

Figure 15 illustrates the DNV equation comparison to the test results
using the average coupon circumferential compression material yield
strengths for the thermally treated and as-received pipes, using a
fabrication factor of 1.0, and using actual YS/TS ratios. In this case,
the pressure + bend interaction test results compare quite well to the
test results, as does the thermally treated collapse strength, but the as-
received pipe collapse strength is less than that suggested by the DNV
Equation. pp
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PucyHok 14 — CpaBHeHve pe3ynbTaToB UCMbITaHWI C pe3ynbTaTtamm

BbI4MCNEHUI HA OCHOBE YpaBHeHnAa DNV
Figure 14 —-Comparison of Test Results to DNV Equation
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PucyHok 15 — CpaBHeHve pe3ynbTaToB UCMbITaHWI C pe3ynbTaTtamm
Bbl4MCNIEHUI HA OcHOBE YpaBHeHna DNV

Figure 15 — Comparison of Test Results to DNV Equation
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nponssoAacTBeHHoun TexHonornm UOE 1 npouecca HaHeceHA n3onaumm
Ha CBOWCTBA MaTepuanos, 1 hakTnieckoe KpynHomacwtabHoe
B3aMMOAENCTBME MEXAY BHELIHUM AaBIIeHNeM 1 3rmnbom. 3Tn
AaHHble 060CHOBaNN NCnonb3oBaHne NPOU3BOACTBEHHOIO hakTopa,
npesbiwatowero 0.85, anA TpybonpoBoAHbIX TPY6, N3rOTOBAEHHbIX

no TexHonorun UOE, Takxe 6b1510 NOKa3aHo, YTO OHW BbIXOAAT 3a
npenensbl obLmx TpeboBaHui, YCTaHOBNEHHbIX AS1A MPOEKTUPOBaHWA
TPYy60ONpOBOAOB B COOTBETCTBUN C MPOEKTHO-KOHCTPYKTOPCKNUM
cTaHAapToM AnA noaBoAHbIX Tpyb6onposoaos DNV OS-F101.

bnarofapHocTi

ABTOpbI XO0TENU 6bl BbIPA3UTb CBOKO NpPU3HaTENbHOCTL PoHy Takepy

1 MuHr Jlny 3a nx Bknag B Nporpammy UCNbITaHUA, a Takxe Ux
konneram u3 otaenenua INTEC Engineering B lendTe, ycunuamm
KOTOpbIX Bblna n3HavanbHO paspaboTaHa NporpamMmMa UCbITaHUN.
Bbipaxkaem 6narogapHocTb npodheccopy Ctenvocy Kupnakugecy 3a
npepocTaBfieHne 6eCLEeHHbIX PEKOMEHAALUMIA U SKCMIEPTHYIO OLIEHKY
MeXaHW4eCKOro NoBeaeHNA Tpybbl B XoAe NPOBeAEHNA NporpaMmbl
ncnblTaHun. Takxke 6narogapum nepcoHan PeterGaz 3a pykoBoACTBO U
0anbHOBUAHOCTb Ha NPOTAXEHUN BCEro NPoeKTa.

Cucrema 0603Ha4YeHuin

°C = rpagycsl Llenscua

AC = oceBoe cxarme

AR = B COCTOAHUM «KaK Mosly4eHo» (Tpyba, U3roToBneHHasa no
TexHonorum UOE)

AT = oceBoe pacTAXxeHue

AIT = oceBoe pacTAXeHNe (BHYTPEHHAA NOBEPXHOCTb)
AIC = oceBoe cxaTue (BHyTPEHHAA NOBEPXHOCTb)
Avg = cpegHee 3HayeHue

B = UcnblTaHve Ha n3rné

C = UCnblTaHne Ha paspyLueHne

C+P = ucnblTaHne Ha pa3pyLueHue 1 BCcry4nsaHune
CC = cxkumarowana Harpyska no oKpy>KHOCTU

CIC =ocxvMaroLan Harpy3Ka no OKPY>XKHOCTU (BHYTPEHHAA NMOBEPXHOCTb)
COC = cXkvmaroLan Harpy3Ka no OKpy>KHOCTU (BHELLHAA NMOBEPXHOCTb)
CT = pacTaXeHue Nno OKPYy>KHOCTU

CIT = pacTAXeHWE N0 OKPY>XHOCTU (BHYTPEHHAA NOBEPXHOCTb)

COT = pacTAXXeHUEe Mo OKPY>XHOCTW (BHELLUHAA NOBEPXHOCTb)
E = MOAyIb YNpyrocTtun

fo = oBasnbHOCTb = (ODmax — ODmin)/(ODnominal)
GW = npucyTCTBYyeT KOJbLEBOW CBapHOM LLIOB

HT = TennoBasa (unm TepMuyeckan) obpaboTka

ID = BHYTPEHHWI anameTp

in = [IOMbI

kN = KWU/1OHbIOTOHbI

kKNm = KWNOHBIOTOH-METPbI

Max = Makcumym

mm = MUIIMMETpbI

MPa = Meranackanu

MW = wmeraBsarThbl

OD = Hapy>XHbIn AnameTp

OBAJIBHOCTb = f, = (ODmax — ODmin)/(ODnominal)

P+B = wucnblTaHuA gaBfieHMeM 1 Ha u3rmb

p = BHELUHee JaBneHve

pe = paspyLiatoLlee AaBneHne ¢ NPUNoXeHWeM TONbKO BHELUHEro
nasnexun

pel = [ABIEHME YNPYroro paspyLueHusa

P, = AaBneHne NNacTM4eckoro paspyLeHna

sec = CeKyHAapl

SMYS = pacyeTHbI MMHUMASIbHbIN NPeaen TeKy4ecTu

StDev = cTaHAapTHOE OTKNIOHEHWE

t = TOMLUMHA CTEHOK

TS = npeaen Npo4HOCTU Ha paspbIB

UO = npouecc n3rotoneHna Tpyb (6e3 XonoaHOro paclumpeHmns)

UOE = npouecc n3roToBnieHnA Tpyb (C XONoAHbIM pacLUMPEHUEM)

YS = npepen TekyyecTu (HanpaxeHue npu 0.5% Aechopmaumn)

oy, = MNPOUBBOACTBEHHbIN chakTop cornacHo DNV OS-F101

€ = usrnbaroLyee ycunue

€ = usrnbaroLLee ycunme, Bbi3blBatoLLiee MECTHOE BCry4/BaHue

Y = cooTHoLeHwue lNyaccoHa p p
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Summary

Design and installation engineers faced many challenges associated
with the ultra-deepwater Blue Stream pipeline system. One of these
challenges was to provide sound engineering design with a general lack
of data to support design assumptions for this size and depth of pipeline.
The collapse test program described in this paper contributed to the
pipeline design by quantifying numerous uncertain parameters, including
the UOE and pipe coating effects on material properties, and the actual
large-scale interaction between external pressure and bending. These
data have supported the use of a fabrication factor of greater than 0.85
for UOE manufactured linepipe, and have been shown to exceed the
general requirements set out for pipeline design in accordance with the
DNV OS-F101 submarine pipeline design standard.

Acknowledyments

The authors would like to acknowledge the contributions made to

this test program by Ron Tucker, Ping Liu, and their colleagues at the
INTEC Engineering Delft office, who initially developed the test program.
Professor Stelios Kyriakides is acknowledged for providing his invaluable
advice and pipeline mechanical behavior expertise throughout the
conduct of the test program. PeterGaz personnel are also recognized for
their guidance and foresight throughout the project.

Nomenclature

°C = degrees Celsius

AC = axial compression

AR = as-received (as UOE pipe)

AT = axial tension

AIT = axial tension (inside surface)

AIC = axial compression (inside surface)

Avg = average

B = bend test

C = collapse test

C+P = collapse + buckle propagation test

CcC = circumferential compression

CIC = circumferential compression (inside surface)
cocC = circumferential compression (outside surface)
CT = circumferential tension

CIT = circumferential tension (inside surface)

CcoT = circumferential tension (outside surface)

E = modulus of elasticity

Jo = ovality = (ODmax — ODmin)/(ODnominal)
GW = girth weld present

HT = heat (or thermally) treated

1D = inside diameter

in = inches

kN = kilonewtons

kNm = kilonewton-metres

Max = maximum

mm = millimeters

MPa = Megapascals

MW = megawatt

OD = outside diameter

ovality = f, = (ODmax — ODmin)/(ODnominal)

P+B = pressure + bend test

p = external pressure

pe = collapse pressure with external pressure only
pel = elastic collapse pressure

Py = plastic collapse pressure

sec = seconds

SMYS = specified minimum yield strength

St Dev = standard deviation

t = wall thickness

TS = tensile strength

18[0) = pipe manufacturing process (no cold expansion)
UOE = pipe manufacturing process (cold expansion)
YS = yield strength (stress at 0.5% strain)

Ol = fabrication factor according DNV OS-F101

€ = bending strain

€ = bending strain causing local buckling

v = Poisson’s ratio p p
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