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Abstract

Objective of the present doctoral thesis is the investigation of the behavior and the formulation of
practical guidelines for the design of onshore, buried steel pipelines transmitting oil and gas, subjected
to seismic fault rupture and equipped with flexible joints as innovative mitigating measure against the
consequences of faulting. To that effect, a combined experimental and numerical approach is adopted
and a performance assessment methodology for pipelines at fault crossings is developed.

If a tectonic fault is activated, a buried pipeline crossing the fault is forced to follow the ground
movement, thus developing deformations and stresses, having bending, shear and axial components,
depending on the relative orientation of the pipeline with respect to the fault plane and the fault dip
angle. In such cases, the most common failure modes of the pipeline are local buckling of the pipeline
wall caused by high compressive strains and tensile weld fracture due to concentrated tensile strains.
The pipeline design against fault rupture is carried out in strain terms, given that the problem is
displacement-controlled. Hence, pertinent design codes provide expressions of allowable upper bounds
for the compressive and the tensile strains. The safety evaluation of buried pipes is thus carried out by
ensuring that the developing strains remain below the code-based limits, in order to avoid local buckling
and/or tensile failure.

The grave financial, environmental and social impact of a pipe failure necessitate the implementation of
appropriate seismic countermeasures in order to minimize the consequences of fault activation and the
potential of pipe failure. The primary aim of the measures used nowadays is the reduction of the
developing friction on the pipe — soil interface (e.g. trench backfilling with loose granular soil, pipe
wrapping with friction-reducing geotextile, use of concrete culverts), or the increase of the pipe strength
(e.g. steel grade upgrade, pipe wall thickness increase). However, the range of application of these
measures is not broad (e.g. maximum allowable fault offset magnitude with respect to pipe diameter),
while their efficiency has not been fully quantified.

Flexible joints are proposed as an innovative mitigating measure and are introduced in the pipeline in
the fault vicinity, aiming at absorbing the developing deformation through relative rotation between
adjacent pipeline parts, which then remain relatively undeformed and consequently unstressed. This
concept introduces a different design approach for reducing the risk of local buckling and/or tensile
failure, by transforming the pipeline structural system from continuous to segmented, thus
concentrating strains at the joints, instead of reducing the soil-induced friction.

In this thesis, the design and execution of a series of experimental tests of four circular hollow section
beams, three continuous and one with flexible joints are initially presented. The specimens were



clamped at their ends and subjected to transverse loading applied at their middle, in three-point bending
tests. The objective was that the deformed shape of each half resembles the s-shaped deformation
exhibited by a pipe subjected to fault rupture. The effect of the surrounding soil was not considered.
The test results for the continuous specimens and the specimen with flexible joints are presented by
means of photographs at various displacement levels, as well as load — displacement and strain —
displacement curves. The continuous specimen’s behavior was found to be initially elastic, up to the
formation of plastic hinges at the locations of maximum bending moment. On the contrary, the response
of the specimen with flexible joints was fully elastic. Based on the comparison of experimental results,
the effectiveness of flexible joints in reducing the developing longitudinal strains by three orders of
magnitude and thus efficiently protecting the pipe against failure is convincingly demonstrated.

Next, numerical modeling of the experimental tests with the finite element method is presented, aiming
at predicting the specimens’ behavior and extracting useful remarks for the subsequent stages of the
research. The continuous specimens were meshed with shell elements, while their boundary conditions
were assumed to be rigid, following an investigation on the effect of stiffness of the specimen — testing
frame connection to the specimen’s behavior. Additionally, the effect of longitudinal residual stresses
due to seam-welding of the specimen at the manufacturing stage, adopting stress distributions
published in the literature, was incorporated by discretizing the beam section into appropriate zones,
each of which had different initial stress. It was concluded that if geometrical and material nonlinearity,
as well as longitudinal residual stresses due to seam-welding, are included in the analysis, a satisfactory
agreement between numerical and experimental results is observed, in terms of strength, deformation
and developing strains. Then, the specimen with flexible joints was modeled with beam-type finite
elements and the flexible joints with nonlinear rotational and translation springs, whose properties were
evaluated by individual experimental tests. Comparison of numerical and experimental results indicated
a good match.

As mentioned above, the integration of flexible joints between adjacent pipe steel parts aims at
protecting the pipe against local buckling and/or tensile fracture. In case of reverse faulting the pipeline
is subjected to high compressive forces, and the reduction of overall stiffness induced by the flexible
joints may lead to a third possible failure mode, which is flexural buckling. The latter is also known as
upheaval buckling, as the pipe may then deform heavily within the trench or even outside of it. To
investigate this potential, a Winkler beam with flexible internal hinges is adopted as the appropriate
model. An internal hinge modifies the beam global stiffness and consequently affects the corresponding
buckling and post-buckling behavior. The extent of this effect depends on the relative pipe — joint — soil
stiffness and has to be taken into account in case flexible joints are adopted to mitigate the aftereffects
of faulting. In order to acquire qualitative understanding of the interaction between the hinge and the
soil stiffness for different cases, the beam under investigation is considered as either simply-supported
or clamped and with one or two equally spaced internal flexible joints. Firstly, elastic critical buckling
loads and the corresponding eigenmodes are numerically obtained via linearized buckling analysis.
Eigenmode cross-over is also investigated by considering the interaction of soil and hinge rotational
stiffness. Then, geometrically nonlinear analyses with imperfections are performed, indicating for most
cases descending post-buckling paths, thus unstable post-buckling behavior, with the exception of cases
of very soft soil. The response sensitivity to initial geometrical imperfections is also addressed, indicating
insignificant effect of the imperfection shape and on the contrary significant impact of the imperfection
magnitude on the post-buckling behavior and ultimate load. Moreover, the beam is considered to be
embedded in soil exhibiting different stiffness in the upward and the downward direction. Corresponding
results show that such soil nonlinearity has to be considered in the analysis in order to get reliable
results on the beam buckling behavior. The results are compared for each case to the corresponding
ones of a continuous beam, in order to highlight the impact of internal hinges on the beam overall
buckling behavior.



Next, the effectiveness of flexible joints in buried pipelines subjected to strike-slip fault rupture is
numerically evaluated. Firstly, the proposed numerical model for the analysis of buried pipelines with
flexible joints, based on the model of beam resting on soil springs, is described in detail. Then, the
optimization of the flexible joints’ configuration in terms of number and location is outlined. The behavior
of pipes with flexible joints subjected to strike-slip fault rupture is presented and the essential differences
to the continuous pipe in terms of deformation, developing stress-state, stress and strain distributions
and surrounding soil response are highlighted. Consequently, extensive parametric studies are carried
out to determine the effect of pipeline — fault crossing angle, fault offset magnitude, joint angular
capacity, burial depth and diameter over thickness ratio on the joint efficiency. Crossing angle dominates
the relationship of the bending and axial forces developing along the pipe, and thus affect the behavior
of pipes with flexible joints, the effectiveness of which is optimized as this angle approaches 90°,
particularly for high fault offset magnitude. On the contrary, burial depth and diameter over thickness
ratio have insignificant influence. The effectiveness of flexible joints is eventually compared to other
commonly used mitigating measures in terms of developing strains, highlighting their competitiveness.

In general, the efficiency of flexible joints in protecting the pipe against local buckling and/or tensile
failure is demonstrated convincingly. The results are used to formulate preliminary design guidelines for
the practical use of flexible joints in buried pipelines crossing active faults. Taking into account the
uncertainty regarding the exact fault trace location, it is proposed to integrate several joints over the
entire length of the pipe, in which the soil rupture is likely to appear, as is also the case for other
mitigating measures. Within this length, joints are proposed to be located at constant distances, equal
to the distance between the location of maximum bending moment and the fault trace in the
corresponding continuous pipeline without joints.

Finally, a performance assessment methodology for buried steel pipelines at fault crossings is presented.
The uncertainty associated with earthquakes and fault displacements generates the need to determine
the distribution of fault displacement that has to be taken into account for the seismic risk assessment
of a pipeline and thus a probabilistic approach is adopted. The proposed methodology is based on the
framework of Performance-Based Earthquake Engineering and consists of three interrelated steps:
seismic hazard assessment, pipe structural analysis and pipe strain hazard assessment. At first,
Probabilistic Fault Displacement Hazard Analysis is performed to quantify the probabilistic nature of the
fault offset, while the magnitude of the three fault displacement components in space is determined.
Decomposing the fault offset in three components leads to the introduction of a vector to serve as the
measure of intensity, instead of the typical scalar (e.g. peak ground acceleration or displacement).
Additionally, aleatory and epistemic uncertainties are considered in the seismic hazard analysis through
sampling and logic trees, respectively. Then, three-dimensional structural analysis of the pipe is
performed, using the nonlinear beam-type finite element model. Finally, the convolution of seismic
hazard and structural response results in joint hazard surfaces of compressive and tensile strains leads
to the estimation of the mean annual rate of exceeding any limit-state of interest. Strain demand and
capacity uncertainty are incorporated in the analysis and their effect on the mean annual rate of
exceeding local buckling or tensile fracture is evaluated. To demonstrate also the proposed methodology
as an engineering decision making tool, it is implemented to compare the failure probability of a
continuous pipe and the corresponding pipe with flexible joints.

In conclusion, flexible joints are highlighted as a very promising alternative for the protection of buried
steel pipelines against seismic fault activation.
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NepiAnyn

AvTiKeipevo TnG napouoacg diaTpIBnG ival n JEAETN TNG GUUNEPIPOPAG XEPOAiwV UNOyEIwV XaAUBdIvVWV
aywywv Pe eUKapnTouc KOPPBoUC unod diIappnén osiouikoU priyHaTog kai n d1atunwan NpakTIkwv o0dnylnv
yid TN XpNon Twv EUKAUNTWOV KOPBWV WG KAIVOTOUWY HETPWY NPOOTAciag EvavTl TWV ENINTOOEWV TNG
OIAppnENG PrYMaToC O€ aywyouc WETapopdc udpoyovavipdkwy. Ma Tnv eniTEUEN Twv OTOXWV auT®mv
uloBeTeiTal pia ouvduaopévn NEIPAPATIK Kal aplOunTIKr NPOCELyyYIon, €v® napoucialeTal kal pia
oAokAnpwpévn peBodoloyia yia TNV danoTignon TnG €NITEAECTIKOTNTAG Aywywv OE 0laoTaupwon HE
OSIoIKA pryHaTa.

>Tnv nepintwon JIdppnéng TEKTOVIKOU PriyHaTog, O TEUVOHUEVOC €K TOU PRYMATOC aywyog Eeival
avayKaopEévVoc va akoAouBnoel TIC e0APIKEG PETAKIVAOEIC, avanTUooovVTAG EVTOVEC NAPANOPPWOEIC Kal
EVTAOEIG, Ol OMOIEC £XOUV KAUMTIKA, OIATUNTIKA Kal afovikiy ouvioTwod, avaloya Me Tn ywvia
dlacTaupwang aywyoU — priydaTog kai Tn ywvia BUBiong Tou pryuaToc. O1 KUPIEG HOPPEG AoTOXIAG O
QuTAV TNV NEPINTWOoN €ival 0 TonIKOG AUYIOUOC TOU KEAUPOUG, AOYw avdanTuéng évrovwv BAINTIKWOV
NApagopPWOEWV Kal N EPEAKUCTIKI AOTOXid TWV GUYKOAANOEWY, AOYWw GUYKEVTPWONG EPEAKUCTIKWV
napagopPpuoewv. O oXedIaoPog TwV UNOYEIWY aywywv EvavTl SiIappnéng priyHaTog NpayUaTonoleiTal os
OpoUG NAPAMOPPWOEWV avTi TACEwv, kabw¢ To uno e&étaon npoBAnua eivar emBaAAOPevng
METAKIVNONG. QC €k TOUTOU, Ol OXETIKOI KAVOVIOUOI NAPEXOUV OXECEIC YId TOV NPOadIopIoHO EVOC AV
opiou yia TIC BAINTIKEG KAl €PEAKUCTIKEG NAPAUOPPWOEIC. 'ETOI, 0 £AeyX0C aopaleiac Tou aywyou
uhonoleital d1ao@aAifovTac NwC Ol avanTUOOOMEVEC MAPAUOPPWOEIC Ba eival HIKPOTEPEG and Ta
KavovioTIKG Opla, NPOKEIYEVOU va ano®euxBei o Tonikog AUYIOHOC f/kal n EPeAKUCTIKN aoToxia Twv
OUYKOMNOEWV.

O ONUavTIKEG OIKOVOMIKEG, NEPIBAMNOVTIKEG KAl KOIVWVIKEG EMNTWOEIC Miag evOEXOMEVNG aaToxiag
eMBAaMouv Tn Afwn KataAAnAwv PETPWV NPOCTACIAc Tou aywyoU, NPOKEIMEVOU va eAayioTonoin8olv
Ol GUVENEIEG TNG dIAppnENG PriyHaTog OTov aywyo Kal To €vOEXOMEVO aoToXiag Tou. Ta WETpA nou
XpnoidonoiolvTal GrEUEPA YIa TO OKOMO auTO GTOXEUOUV KUPIWG OTN HEIWON TNG avanTuoaopevnG TPIRNG
oTn diemipaveia aywyol — 3agouc (n.X. €nixwan opUyPaTog Ye XaAapd UN-OUVEKTIKO €da@IkO UAIKO,
nepITUNEN aywyol HE YEWUPAOUA HEIWPEVOU OGUVTEAEDTH TPIBAC, XPRAON OXETWV and OMAIGUEVO
oKUpOdeUa), N aTnv al&nan TnE avroxng Tou aywyou (n.x. BeATiwan noidoTnTag XaAupa, au&non nayoug
TolXwuaToc). Map’ 6Aa auTd, To €UPOG EPAPHUOYNG TWV PETPWV aQUTWV dev gival upy (n.X. WEYIOTN
EMITPENOPEVN UETAKIVNON PRYUATOC OE OXEON WE TN JIGUETPO TOU aywyoU), EV® N anoTEAEOUATIKOTNTA
Toug dev €xel diepeuvnBei NANPC.



O1 elkaunTol KOUBOI NPOTEIVOVTAl WG £va KAIVOTOHO PETPO NPOOTACIAC KAl I0AYOVTal OTOV aywyo oTnv
£yyUC NEPIOXN TOU pryHaToc, OTOXEUOVTAG TNV anoppo@nan TG avanTuooodevnC Napapoppwaonc Tou
aywyoUu HECW OXETIKNG OTPOPNC TWV OUVOEOPEVWV THNMATWY, TA OMoid NAPAPEVOUV OXEDOV
anapauop@wTa Kal CUVEN®MG atova. AUTH N NPOCEYYIon €l0ayel Yia S1apopeTiKr PpiAocogia oxediacyou
yla TOV MEPIOPICKO TOU KIVOUVOU TOMIKOU AUYIOMOU f/Kal PEAKUCTIKNG aoToxiac, kabwe To OTATIKO
oUoTNUA TOU aywyoU PETATPENETAI ANO GUVEXEC O£ OMOVOUAWTO, NMPOKEIPEVOU VA GUYKEVTPWVOVTAI Ol
avanTUCOOUEVEC NAPAPOPPWOEIC OTOUC KOPPBOUC, avTi va eMIDIWKETAI N Yeiwon TNG TPIRNG.

>Tnv napouaa diaTtpiPn napouadialeTal apxika o oXedIAoPOG KAl N EKTEAEDN Miag ogIpdac NEIPAPATIKWY
OOKIMWV TEOGAPWV OOKWV KOIANG KUKAIKAC OIQTOWNG, ATOI TPIWV CUVEXWV Kal iac Pe €UKAMMTOUG
kOuBouc. Ta dokidia ATav NaKTWPEVA OTA AKpA TOUG Kal UNoBARBnkav o€ €ykapola WETAKIvNon oTo
MEOOV TOUC, UAOMOINVTAC OOKIPEC KAPWNG TPIWV ONUEiwv. XKonodg autng Tng diaudppwong ATav n
napapop@won Tou Kabe nuI-doKigiou va poldlel Pe Tnv napapdpPpwon evoc aywyou UMOKEIPEVOU OF
Ol1appnén priydatoc. H enippory Tou nepiBarlovTog €dagouc O ANgonke unodwn. Ta neipaparika
anoTEAEOUATA TWV GUVEXWV JOKIMiwV Kal Tou doKIiou he KOUBoUG napoucialovTal HEow pwToypaPInV
TWV NAPAUOPPWHEVWY POpEwv Ot dIdpopa enineda emBalOPevnG WeTakivnong, kabwe kal UEow
OlaypappdaTwV QOPTIOU — PETATOMIONG KAl EPEAKUOTIKAG/OAINTIKAC napapdppwong — PeraTonione. H
OUMNEPIPOPA TWV CUVEXWV DOKIYIWV NTAV EAAOTIKN €WG TO GXNUATIONO TWV NAACTIKWV adpBPWOEWV OTIG
B£0eIC avanTuEng MEYIOTNG KAUNTIKAG POMNG. AVTIOETWG, N anoKpion Tou JOKIYIOU WE €UKAWMTOUG
KOUBoug nTav €€ oAokAnpou eAaaTikn. H oUykpion Twv NEIPAPATIKOV ANOTEAEOUATWV avadelkvUel JE
NeIoTIKO TPOMO TNV AMOTEAECUATIKOTNTA TWV EUKAMNTWV KOUBWV OTN HEIWON TWV aVanNTUOOOUEVWY
NapapopPWOEWV Kal CUVENWC OTNV MPoOoTacia Tou aywyoU €vavTl TwV CUVENEIWV TNG OEIOMIKNAG
01appnéng, kabwc ol avanTuxBeioeg NapapopPOEIC OTO JOKIUIO PE TOUG KOUBOUG NTav KaTd TPEIC TAEEIg
MEYEBOUC MIKPOTEPEC CUYKPITIKA E TA OUVEXTN JOoKipIa.

AkoAoUBwg, napoucialeTal n apiBUNTIKA MPOCOMOIWON TWV MNEIPAPATIKOV JOKIHWV HE XPNon Tng
HEBODOU TWV NEMEPACHEVWY OTOIXEIWY, OTOXEUOVTAG OTNV NPOBAEWN TNG CUMNEPIPOPAG TWV JOKIHIWV
Kal aTnNV €Eaywyr XProiNwy CUPNEPAcPATwVY yia Ta endyeva oTadla Tng épeuvac. Ta ouveyr dokiia
OlakpiTonoiNdnkav HeE MENEPACHEVA OTOIXEID KEAUPOUC, €V Ol OUVOPIOKEG OUVONKEG TOUC
npooopoIwdNKav Ye NAKTWOEIC, BATel TNG dIEPEUVNONG NOU NPAYUATONOINONKE yia Tov NPoadIopIopo
NG €nippong TnG Ouokapwiag Tng ouvdeong JOoKIPiou — NAdiciou JOKIUWV OTn GUUMEPIPOPA TOU
Ookigiou. EMINpooBETwe, n enippory Twv OJIQUNKWV NAPAPEVOUC®Y TACEWV, AOY®W TNG PAPRC
OUYKOA\NONG Tou OOKIYIOU KaTa To oTadIio TNG KATAGKEUNC Tou, EARPON unown HECW anonAoINKEVLV
KATavopdwv nou UuloBetrOnkav and Tn PBiBAloypagia. H emippor) TwV NAPAPEVOUCKV TACEWV
NPOCOHOIWBNKE aPIOUNTIKA PECW OIAKPITOMOINGNG TOU JOKIYIOU O£ ENAPKWC MIKPEC (WVEC, KABE pia ek
TWV Onoiwv gixe IAPOPETIKI Napapévouca Taon. Ano TIC apIBUNTIKEC avaAUoEIC NPOKUNTEI NWE EQOCOV
An@Bouv undwn oTnv avaiuon n KN-yPauUIKOTNTA UAIKOU Kal YEWHETPIAc, kabwe Kai n nippor Twv
Napagevouowv TACEWY, OIAMIOTOVETAlI IKAVOMOINTIKN OUYKAION METAEU Twv apiBunTIKQV Kal TV
NEIPANATIK®OV anoTEAEOUATWY OE OPOUC avToxNC, METATONIOEWVY KAl avanTUOGOPEVWY NAPAUOPPWTEWVY.
'Eneira, To doKiyio pe e0kaunTouc KOPPOUC NPOCOMOIWONKE WE YPAUMIKA NENEpACTUEVA aToIXEia dokou
Kal ol eUKAUNTOl KOUBOI HE WN-YPAUMIKA OTPOQIKA €AATNPIA KAl EAATRPIA PETABEONG, TWV OMOIWV Ol
IDI0TNTEC NPOCDIOPIOTNKAV AMNo EEXWPIOTEC NEIPAUATIKEG DOKIPEG OE EUKAUNTOUG KOUPoUG. Kal o auTthyv
TNV NEPINTWAN, 1 CUYKPION MNEIPAPATIKOV KAl apIBUNTIKWV AnoTEAEOMATWY OEiXVEl HIa IKAvOMoINnTIKN
NPOCEYYION.

'Onwc Npoava@ePOnKe, N el0aywyrn UKAPNTOV KOPBWY HETAEU Twv d1adoxIkwV XaAUBSIVWV TUNHATWV
TOU aywyou aToxeUel 0TV NPooTacia Tou &vavTi TonikoU AUYIoHOoU 1i/Kal EPEAKUTTIKNG aoToxiac. ZTnv
nepinTwaon avaoTpo®ng dIappnENG, 0 aywyoc UMOKEITAl O £vTovn BAIWN Kal n peiwon TG KAaBoAIKNAG
duokapwiag TNG KaTaokeung, Adyw Tng €1I0aywyng Twv UKapNTWV KOPPBwv, evOEXETAl va avadeifel Tov
KaunTIKO AUyIONO w¢ pia TpiTn miBavry poppn actoxiag. O kaunTIKOG AUYIOHOG aywywv ival eniong
YVWOTOC WG KABOAMKOC AUYIGHOC, OMOU 0 aywyog KNopei va napagop@wBei évrova we dokOC evTOg Tou



opUyHaToc r akopa kar ektoc autou. Ma va SiepeuvnBei auTO TO EVOEXOUEVO HOPPOVETAI TO HOVTEAO
NG dokoU Winkler pe eowTePIKEC EUKAPNTEC ApOPWOEIC. H e0wTEPIKT) ApOpwan YeTaBAAel TNV KABOAIKN
duokapwia Tng dokoU Kal GuvenakoAouBa Tnv NMPOAUYIGHIKN KAl HETAAUYIOMIKA TNG oudnepipopd. H
£KTaON auTnc TNG enipponc &aptdaral and Tn OXETIKN dUoKapwia aywyou — apbpwaong — £dagpoug Kal
npénel va AauPaveralr unoyn oTnv NEPINTWON nou ol eUkaunTol KOUPBol epappodlovral wG PETPO
npooTaciac aywywv UMOKEIPEVWV O CEIoWIKn OIappnén. 'ETol, MPOKEINEVOU va anokTndsi MoloTIKnA
katavonon Tng aMAnAenidpaong WETA&U Tng oTPo@IKNG SuoKapwiag Tou KOWBOU Kal TG €dA@IKNG
Ouokapwiag yia dIapopeC NEPINTWOEIC, N UNO PEAETN OOKOG BWPEITAl WG AUPIEPEITTN 1} AP@INaKTn Kal
Me €vav n 0UO I0OKATAVEWNMUEVOUC €0WTEPIKOUG €UKAMNTOUG KOUBOUG. Apxikd, mpoadiopileTal To
€AAOTIKO KPIOIHO opPTio AUYIOHOU Kal Ol QVTIOTOIXEG IOIOHOPPEC AUYIOUOU WECW apIBUNTIKWOV
ypaupikonoinuévwy avaAloswv AuyiopoU. Alepeuvaral, eniong, n YeTABeon TNG KPIoIKNG IO10HOPPIC
ouvapTnosl TNG aMnAenidpacng TNG OTPOPIKAG kal Tng €0a@ikng Ouokaupwiag. ‘Eneita,
npaydaronoiouvral Pn-ypapuikEG avaAloEIG YEWUETPIAG HE apXIKEC aTENEIEC, ol onoiec avadeikviouv
oTNV NAEIOVOTNTA TWV NEPINTWOLWVY NWCE N JETAAUYIGUIKT CUKNEPIPOPA Tou PopEa gival aoTadng, EKTOC
TWV NEPINTWOEWY NMou n dokd¢ edpalertal eni €dAPOUC NOAU XaunAng duokauwiac. H digepelivnon Tng
€uaioBnoiag TNG andkpIonG OTIC APXIKEG YEWUETPIKEG ATENEIEC eV GuveXEia uNodelkvUEl NWG N ENIPPON
TOU OXNMATOC TwV aTEAEIWV gival aXeOOV aueANTEQ, eV AVTIBEDE! E TO WEYEDOC TWV ATEAEINV, TOU OMOIoU
n enippon ival NoAU onuavTiki. EninA£ov, n dokOG BewpeiTal EyKIBWTIOWEVN EVTOC £da@IkoU UAIKOU E
dlaQOopETIKN duoKaPWia aTnV Npog Ta avw Kal TNV Npog Ta kaTw dielBuvon. Ta OXETIKA anoTeAéopaTa
OEiXvouV NwC auTr n KN-YPauuIkoTnTa Tou £da®ikoU uMikoU Ba npénel va Aappaverar unown katda Tnv
avaluon, MPOKEIMEVOU Ta anoTeAéopaTa va eival agioniora. Téhog, Ta anoTeAeopara Tng kabe uno
€EETAON NEPINTWONG CUYKPIVOVTAl |JE T avTigToIXa TnNG ouvexoug dokoU, waTe va 0oBei Eugpacn aTnv
EMIPPON TWV E0WTEPIKWYV APOPWOEWY OTNV CUVOAIKT AUYIGHIKF GUUNEPIPOPA TG dokoU.

'EneiTa, n anoTeAeopaTikOTNTA TwWV €UKAUNTWV KOUPWV O UNOYEIOUC aywyouc UMOKEIUEVOUC OF
O1Gppnén opildvTiag ohioBnong diepeuvaral apiBunTIkd. Apxikd, napoucialeTal TO ApIBUNTIKO HOVTEAO
Mou JOP@WVETAI YId TNV NPOCOUOINON TWV AywYwV HE EUKAUNTOUG KOPBOUC, BACI{OUEVO OTO HOVTEAO
NG dokoU eni eAaTnpiwTou €dagouc. Eneita, nepiypagetal n diadikacia BeATioTonoinon Tng dIATagng
TwV €UKAMNTOV KOUBWV OTOV aywyo avagopikd PE To nARBoc kai Tn XwpoBétnon autwv. H
OUMNEPIPOPA TWV AYWYWV HE EUKAMMTOUG KOPBoug und di1appnén opildvTiac oAioBnong eEetaleTal
akoAoUBw¢, divovTag £ueaacn aTiC JIAPOPEC PETAEY TwV CUVEXWV KAl TWV aywywV HE KOUBOUC og dpoug
napaydppwons, avanTuooOPEVNG €vTaonG, KATAVOUWV TACEWV Kdl NApapopP®OswV, KaBwe Kal
anokpiong Tou nepIBArovToc £dagouc. Ev ouvexeia, npaypaTonolouvTal EKTETAPEVEG NAPAMETPIKES
avaAUoEIG yia Tov Npoadlopiopd TN €NIpPONC TNG ywviag diacTalpwong aywyou — priydaTtoc, Tou
Mey£Bouc TN OEIoIKAC dIappnéNG, TNG OTPOPIKAC IKAVOTNTAC Tou KOMUBOU, Tou BABOUC TAPNG Kal Tou
AOyou SIaPETPOU NPOC NAXOC OTNV ANOTEAEOUATIKOTNTA TwV KOPPBwV. H ywvia diaoTaupwong aywyou —
priyHaTog kabopilel TN ax€on TNG avanTUCOOWEVNC KAUMTIKNG Kal agOVIKNG €vTacnc OTov aywyod Kal
ENOMEVWC ENNPEAlEl TN CUWNEPIPOPd TWV AYWYWOV HE KOPBOUC, TWV OMOIWV 1 anoTeAEOPATIKOTNTA
au&averal 600 N ywvia auTr npoaoeyyiel TiG 90°, 1ID1IaITEPWG YIa Peyalo péyebocg dIappnEnc. AvVTIBETWC,
To PBABoc TaPnG kai o AOYoG OIQUETPOU MPOC MAXOC €XOUV apeAnTEa enidpaocn. AkoAoubwc,
napouoialeTal GUYKPITIKA JEAETN TNG anodoTIKOTNTAG TV EUKAUNTWV KOUBWY O OXEON HE Ta ouvnon
METPA NpoOTACIAC O OPOUC AVAMTUCCOUEVWV NAPAMOPPWOswY, Nou avadelkviel Tnv
avTaywvioTIKOTNTA TOUG,.

JUMNEPACUATIKA, N ANOTEAEOUATIKOTNTA TWV EUKAUNTWV KOPBWY GTNV NpooTacia Tou aywyoU &vavri
TonikoU AUuyIoHOU N)/Kal EPEAKUCTIKNAG aoToxiag anodeikvUETal E NEIOTIKO TpOMno. Ta anoTeAéopaTa Tne
ap1BunTIKNG diEpelivnong XpnaoigonololvTal yia Trn diIaTuNwon NPoKaTapKTIKwV odnylwv oxediacuouU yia
TN XpNon Twv eUKaunTwv KOUPwv oTnv Npagn w¢ YETPOU MpooTaciac aywywv oc dilacTalpwon HE
EVEPYA OEIOUIKA prydaTa. AaupBavovrag unown Kal Tnv aBeBaidtnta w¢ npog Tnv akpipn 6éon
ekONAwONG NG €daIkng dIAppnEng, NpoTeiveTal ol kOPBOI va TonoBeTouvTal o OAO TO WIKOG TOU



aywyou, oTo ornoio €ival evOEXOUEVN N EUPAvICN TOU IXVOUG TOU pryHaToc, Onwc aAwaTe cupBaivel kal
oc GAa pETpa npootaciac. Evrog autoU Tou WRAKOUC ol KOPBO! npoTeiveral va dlaTdccovTtal ava
0TaBepEG anooTAcEIC, i0eC e TNV anooTaon TnG BEong PEYIOTNG KAWMTIKAG ponng and Tn BewpnTikh
B£0n TOu PrYHUATOC, YIa TOV AVTIOTOIXO CUVEXN aywyo Xwpic KOUBOUC.

TeAog, dlaTUNWVETAl Hia oAokANpwuEVN HeBodOAOYia yia TNV anoTipunon eNITEAECTIKOTNTAG UMNOYEIWY
XaAUBdIVV aywywv uno didappnén priyMaTtoc. H TuxaloTnTa eu@Avionc evoc osiGUIKOU YEYOVOTOG Kal
NG dIdppn&NG PAYHATOG Nou TO NPOKAAEi dnMIoUpYE TNV avdaykn yia Tov Npoadiopiopd TNG KaTaAAnANg
TIUNG WETAKIiVNONG priyuaToc nou Ba npenel va AngOesi unown kaTd To oxediaopd Kal Tn OEIOHIKN
anoTignon aywywv uno diappnén pnyuaToc. MNa To Aoyo auTtd uioBeTeiTal pia niBavoTiKr) NPooLyyion
nou BacileTal oTo NAQioI0 TNG ZeIoMIKNG Mnxavikng Baosl EMITEAEOTIKOTNTAG Kal cuvioTaTal and Tpia
aMnA&vOETa BrpaTa: anoTiunon osIoyikou KivoUvou, SOMIKR avaAuon aywyou kal anoTipnon kivouvou
napapopPpwoswv. Apxika, epappoletal n MeavoTikr) AvaAuon Kivduvou Metakivnong PriyMdaTog yia Tnv
noooTIKoMoinan TN MBavoTiknG pUONG TNG HETAKIVNONG pPriyHaToc, v npoadiopileTal To PEyedog TNG
KABe ouvioTwoag TNG METAKIVNONG priyMaTog oto Xwpo. H avdAuon Tng HPETAkivnong pnydaTog o€
XWPIKEC OUVIOTWOEG KPIVETAlI anapaitntn, AOyw TnNG EMIPPONG TWV GUVIOTWOTWV OTNV anokpion
PNYHATOC, evw 0ONnyei oTnv UIOBETNON €vOC dlIavUOUATIKOU WETPOU &EvTAONG yia Tn oUVOEoN TNG
avaluong osiopikoU KIvOUvou Je Tn OopIKR avaAuon Tou aywyouU. MapaAnAg, ol pUOIKEC aBeRaIOTNTEC
avTipeTwNifovTal PECWw OElydaToAnyiag, €ve Ol €NIOTNUIKEG MEOW Aoyikwv Oevopwv. ‘EneiTa,
npayugaronolcital TpiodiactaTn SoWIKR avaAuon Tou aywyoU JE Xprion Tou apiBunTIKoU POVTEAOU TNG
Ookou eni eAaTnpiwToU £dAPouC. TEAOC, 0 OUVOUAOHOC TWV ANOTEAEOUATWY TNG AvAAUONG OEIOUIKOU
KIvOUVOU Kal TNG QOMIKNG avaAuong Tou aywyoU odnyei oTn dnuioupyia ouvOUaoTIKWV KAUNUAQV Kal
ENIPaveiwv KIVOUVOU YIa TIC EPEAKUCTIKECG Kal BAINTIKEC NAPAPOPPWOEIC, MPOKEINEVOU VA NPOadIOPIOTEI
0 MECOC £TNOIOC pUBOG UNEPBACNG 0MNoIacdnnoTE OpIaKNG KaTaoTaong evolapépovtod. H aBefaiotnTa
TNG anaiTnong Kal TnNG IKavoTnTag € OPOUG NAPAUOPPWOEWY AQUBAVETAl UNOWN, WOTE va NPOodIoPICTEI
N €NIPPON TOUC OTO PEDO ETROIO0 PUBO UNEPBAONG TOU TOMIKOU AUYIOHOU Kal TNG EPENKUCTIKNG aoToXiac.
EminpooB&éTwe, n npoTteivopevn pebodoAoyia XpnoILONOIEITal yia TNV anoTignon Tou KivdUvVou acToxXiag
EVOC ouvexoUC aywyoU kal TOU avTioTOIXOU HE €UKAUNTOUG KOMBOUG, WOTE va avadelxBei n
£QApPOCIYOTNTA TNG WG EpYAAEio ANYnG anopacewy.

Ev katakAeidl, ol eUkaunTol KOPBOI avadelkvuovTal wg Hia UunooXOuevn evaAAakTIKr npdTaon yia Tnv
npooTacia Twv UNOYelnv XaAUBdIVOV aywywV EvavTl evOEXOUEVNG dIAppnENG CeIoUIKoU priydaTog ano
TO onoio dIEpyovTal.



CONTENTS

1 INTRODUCTION seueueuesnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssasasasnsasass 1
1.1 HISTORICAL BACKGROUND AND PREFACE ......cciitttiiiiieiiiinneeeiie st s een s s esan s s eeanneeees 1
1.2 ACTIONS ON PIPELINES.......uciiiiitusiiieenasesieensssrrssssssnnssssssnsnsssssrnnsnsssssnsssssesnsnsssesnsnnssenns 4
1.3 REVIEW OF PIPELINE DAMAGES DUE TO EARTHQUAKE EFFECTS.......coovvtiiiiierrninneennnnneens 5

1.3.1 Historical pipeline damage due to earthquake effects .........ccovvvviiiiiiiiiiin e, 5
1.3.2 Pipeline subjected to faulting .......ccooeiiiiiiii s 6
1.3.3 Pipeline failure modes due to faulting ..........ccoeeriiiiiiiii e 7
1.3.4 Preventive measures against the consequences of faulting on pipelines..................... 9
1.4 OBJECTIVE AND STRUCTURE OF THE THESIS .....c.uciiiiriiiiiiirrr e rrnseerrnn s ernn s e e 10

2 THEORETICAL BACKGROUND AND LITERATURE REVIEW ..cvrurersssssassssssasssnssnsssnssnsnsnnnnnss 11
2.1 INTRODUCTION ..iuiiiiiiiii ittt s e e s s e e e e s s e e e s e e aa e s e e aan e e e e e a e e e e esa e e e ernan s 11
2.2 PIPELINE STRAIN-BASED DESIGN AGAINST FAULTING......coivirreiirrrrnnseerrnnsnerrnnssernnnnnns 12

2.2.1 Strain-based versus stress-based deSign ...........ceeiiiiiiiiiiimiiiiie e 12
2.2.2 Code-based strain lIMitS.......ccuuiriiirriiriicriiir s e er e s es e e e e e rrnas 13
2.2.2.1 COMPIrESSIVE SEFAIN ..vvvuiiersiernserrareerassersasersserrsseerssernasersssenrassennssernnsens 13

2.2.2.2 TeNSIle SLraiN ..vvvvuiiieerse e s s s s s e s an e s e rrn e s e rennnaaees 14

2.3 ANALYSIS OF CONTINUOUS PIPELINE AT FAULT CROSSINGS.......ccvvviiirirnrinirernnneesnnnannns 15
2.4 EXPERIMENTAL STUDIES OF PIPES......ccuuiiiiiiiiiiiiiiie et eers s ser s seaa s eeran s enaa s 20
2.4.1 Experiments of members with circular hollow Section ...........cccovviiiiieeiiiiiiinieeneeeeenns 20
2.4.2 EXPEriments Of PIPES ...cuvuiiiiiiiieiiiriiie s s s s s s e s s s e s s e e s s e e r s s e rrn e e e nnaas 21
2.4.2.1 Experiments of pipes without surrounding soil ........c.cccceeiiiiiiiiiiic s 21

2.4.2.2 Experiments of pipes with surrounding Soil .........c.cccviiiiiiiiiii 23

2.4.3 Experiments of pipe mitigating measures ........c.c..ceev i 24
2.4.4 Framework of experimental investigation ...........ccccviiiiiiiiiiiie e 24

2.5 CURRENT SEISMIC COUNTERMEASURES IN FAULT CROSSINGS.....ccccotivirrrinrrrrnnnnessennnnnns 24
2.6 FLEXIBLE JOINTS ...uiiiiiiiiiiiciieeseerrias s s s ssas s s s erss s e s sesns s s senna s s sennan e s s ennasasnnnaeesennansesnnnnnss 28
2.6.1 Slip €XPaNnSIioN JOINES ... iiuiiiii i e 29
2.6.2 Ball JOINTS ..iiiiiiiiii i 30

2 TR T = =10 PP 30
2.6.3.1 Introduction t0 BEIOWS ........uciiiiiiiiiiiiiiie e e 30

2.6.3.2 Types oOf belloW JOINTS ....iiiivriieiiiiriie e s r s rr e ees 31

B T O] 4T 001y (= Y/ oL PP 32

2.7 SEGMENTED PIPELINES UNDER PERMANENT GROUND DISPLACEMENTS.........ccoeerrvennnnnn. 33
2.7.1 Review on flexible joints in segmented pipes subjected to ground movement.......... 33
2.7.2 Experimental investigation ........coiiiuiiiiiiiiiie e 36
2.7.3 Analytical methodolOgies .......ccvuiiiiiiiii 37

2.7.4 Criteria for flexible joint selection.........ccoivii i, 40



2.8 CONCLUSIONS. .. ..ccttttttu i ierrrss s s r e s e e s e s e s s e e e e a s r s e e reens 40

EXPERIMENTAL INVESTIGATION wucucureusssassssssassssssassssssassssssassssssassssssssssnnssssnssnnnsnsnnnns 43
3.1 INTRODUCTION ....ceiiiniuieeeeeeeieenn e s e e eeeeeessa s s e s e s e e e eeeessn s e e s eeeeens s s seeesenennnnanasaeasennns 43
3.2 DESCRIPTION OF EXPERIMENTS AND EXPERIMENTAL SET-UP....covuvuuiiiiiiieiieeeeiee e 43
T Y o T= Tl o 1= T PP 43
I =\ v 1oV I = 0 1 RS 46
3.2.3 Testing procedure and measuring deVICES ........viiiuiiieieiiiiiie i eeas 47
3.3 STEEL PROPERTIES ......iiiiiiiiiiietie e e e eeceenas s s e s e e e e e eeeee s e e s s e e eeensn s e e e e eeennnnaaneeeaannnes 49
3.4 FLEXIBLE JOINT PROPERTIES.......uciitiiiiiiiiirnuaseeeeeseereessnnssesseserenssnnssesssseensssnnsssssesnenes 51
3.5 EXPERIMENTAL RESULTS ....coiiiiiiiiiiin i s rer s s s s s e s s snannas s s s s neens 55
3.5.1 CoONtiNUOUS SPECIMENS ....uuiiiiiiiiiiiriis e s e e e s e s e s e an s s s ra s s rana s e eenas 55
3.5.2 Specimen with flexible JOINES ....cceeeeeiie e 60
3.6 COMPARISON OF EXPERIMENTAL RESULTS .....oiiiiiiiiiiriiiinin s irsnsi s esnssn e 63
3.7 CONCLUSIONS......cceiiieuae e e eeeeeet e e e e e e e e eee s e e e e e e e ee s s e e e aeeerees s sesaeeeennnnnnaaeeaeennes 64
NUMERICAL MODELING OF EXPERIMENTS cuuuesasssasasasssnsssasssssasssssasssssnsssnsnsnsnsnsnnnnnnnnns 65
4.1 INTRODUCTION ..cetttuuaiieaeieeennnnussseeseeerrnsnsssssaseseesnrsssssssseassennsssnssssseseseensnsnsssseesesnenns 65
4.2 DESCRIPTION OF NUMERICAL MODELS AND ANALYSES ........coiittmimiiinnnesirseni e 65
4.2.1 CONLINUOUS SPECIMIENS .uuiiiuiiiiriieiies et s et s e etessasseesasseaa s era s eea s eesaseeaansernsernnsenen 65
4.2.2 Specimen with flexible JOINES .......oiii i 68
4.2.3 ANAlySisS MELNO ... ..iicrii i e 69
4.3 EXPERIMENTAL AND NUMERICAL RESULTS .....coiiiiiiiiiiiinin i esrrssn s ersssi e 70
4.3.1 CONtiNUOUS SPECIMEN .....iiiiiiiieiriisrerrrss s s rrs s s s rraa s e r s s s s r s e s r s s s rra s e s erans s 70
4.3.2 Specimen with flexible JOINES ........ooiiiiiieie e 74
4.4 CONCLUSIONS. ....ceittuaeeeeeeeerrrras e e e e e e eeessaa e s e e e eeeeess s s e e aeseenessnaaseaeeeennssnnnnsaeasnenns 75

MODELING BURIED PIPELINES. ..cucutssasssasssasasasasasasasasasasasasasssasssassssssssssssssasasasasnnannss 77
5.1 INTRODUCTION ..oiiiiiiiiii ettt a e e e e e e e e e e e e e e e e e e e e e e e e e e a e e e e e e e e e e e e aeees 77
5.2 LITERATURE REVIEW AND RESEARCH OBJECTIVES.....ccctuuiiiiiiiieirirriiin e nseseennsinnnsnseeeenns 77
5.3 ANALYSIS MODEL ....ccttuuieiieeeieieiee e e e e e et e e e e e e e e e e eeee s s e e s e e eeensna s s e aeeeeennnnaaaeaaesnnnes 79
5.4 LINEARIZED BUCKLING ANALYSIS .....oiiiiiiiiiiiiieeeeeeeeeernsnss s s seeerenssn s e s seseensssnnnsesassenes 81
5.4.1 GeNEral @SPECES....cuvuuiiiiiriii it rra, 81
5.4.2 ContinUOUS DEAM .....ciiiiee e e 82
5.4.3 Simply-supported beam with one internal hinge.........cccooviiiiiiiii i, 86
5.4.4 Simply-supported beam with two internal hinges.........cccciiiiiiiiii i, 87
5.4.5 Critical buckling loads of simply-supported beams ...........ccoevevuiiiiiiiieeeeeiiee e 88
5.4.6 Clamped beam with one internal hinge.........covuvviiiiii e 89
5.4.7 Clamped beam with two internal hinges ........coouemeiiii e 89

5.4.8 Critical buckling loads of clamped beams.........ccccoii i, 90



5.5 GEOMETRICALLY NONLINEAR ANALYSIS....ccutuuiiiiiiiiiirrnniniin s o1

5.5.1 Analysis methodology and imperfections .......cccccoiviiviiiiiieiic e 91
5.5.2 Simply-supported beam with one hinge..........ccooiiiiiiiiiiii e, 92
5.5.2.1 Low SOIil Stiffness Ks=180 .....uiiiieruiiiiirniiiiiirrissseressssssrns s sesnssssseesnnnnenes 92

5.5.2.2 Medium soil stiffness Ks=10000 ..........ccuueriimmennniimmrninrnerrneseeensseernnnneees 93

5.5.2.3 High soil stiffness KS=20000.........ccoiiiriieerrmiianeeeeeeeerrnare e s eeeeernn e e 94

5.5.2.4 DisCUSSION Of FESUIES ...vvuuiiiiriiiiieiiii i secris e s e r s e a s s e rr e ees 94

5.5.2.5 Considerations on eigenmode CrOSS-OVEr ........ucvvieernuirierennnnsseesnssssessnenanes 95

5.5.3 Simply-supported beam with two hinges ........cccoiviiiiiiiii e, 96
5.5.3.1 Low SOil Stiffness Ks=180 .....uiiiirruiiiiiiniiiiiiriiinsseressssssrsnssseesnssssssesnnnnenes 96

5.5.3.2 Medium soil stiffness Ks=10000 ..........ccuueiiimmmnnniirmeninrnerrnseernn s serennnnneees 97

5.5.3.3 High soil stiffness Ks=20000 .........ccoviiiiimimrmniineeeeeeeerrans e e e eeeeennnn s 98

5.5.3.4 DisCUSSION Of FESUIES ..cvvuuiiiirriiiieiiie e erie e s e s e an s s e nrn e e ees 98

5.5.4 Comparison of simply-supported beam ultimate loads .......c.cccoeeiiviiiiiiiiiiiiiice e, 99
5.5.5 Clamped beam with 0ne hiNGE .....ccuiiiiiiii e, 100
5.5.5.1 Low SOIil Stiffness Ks=180 .....uiiiieruiiiiirriiiririiniserensn s resss s rrrs s eenn s 100

5.5.5.2 Medium soil stiffness Ks=10000 ..........ccuuiriimmrniniimmrinnerrres e eeen s 100

5.5.5.3 High soil stiffness Ks=20000 ..........ccoviiiimimmmmiiaeeeeeeeeerieee e eeeeeeesenenannns 101

5.5.5.4 DisCUSSION Of FESUILS ...vuuiiiiriiiieiiie s eeris s s s s s s rrnn s s erna e 102

5.5.6 Clamped beam with tWO hiNGES.........oii i e 102
5.5.6.1 Low sOil Stiffness Ks=180 ...uvuiiiirruiiiiirriiisernrissserssssss s sssrnns s seennn s 102

5.5.6.2 Medium soil stiffness Ks=10000 ..........ceuuiiirimrnniiimmrnnnerrree e eeen s 103

5.5.6.3 High soil stiffness Ks=20000 ........c.ccceuiiiiiimiiiiiiir s 104

5.5.6.4 DisCUSSION Of FESUIES ...vuuiiiiiiieiiciiiie et ra e 104

5.5.7 Comparison of clamped beam ultimate loads..........cccueiiiiiiiiiiiiin e, 105
5.5.8 Imperfection magnitude SENSITIVILY ....ovvievriiiiiiiiiiiic e 106
5.5.9 Effect of soil NONINEAMTY.......iiiiiiiii e 107

5.6  SUMMARY AND CONCLUSIONS .....ccuuuiiiiiirtiiisirrrnssssnrsssessrsnsssssnssessnsssessnsnsssssnsnneaens 110
NUMERICAL INVESTIGATION OF PIPELINES WITH FLEXIBLE JOINTS wureresrarassssssannsnnnas 113
6.1 INTRODUCTION ..ittttuuiiiisieiiirstuassessseeessssussssssseresessssaasssssseenssssaasseesseeessssnsssseesssenns 113
6.2 PIPELINE — FAULT CROSSING NUMERICAL MODELING.......coivitriiiireerrieseernnnnseeesnneeeeens 114
6.3 INTRODUCTION OF FLEXIBLE JOINTS....cuuiiiiiuuiiieiiniseseeris s e essns s e sssns s e essnn s s sesnnnnsesenes 117
6.3.1 Investigation of optimum number and locations of flexible joints.................cccc.... 117
6.3.2 Response features of pipeline with flexible joints..........cccceeeiiiiiiice e, 118

6.4 EFFECT OF PIPELINE — FAULT CROSSING ANGLE........ccottviiiiiiriieincernien e eese e eeen 120
6.4.1 Pipeline under bending and tENSION .......ccouueuiiii i e 120
6.4.2 Pipeline under bending and COMPreSSION......cuueviiieriiiiererrisese s s errae e s rr e eeens 127

6.5 EFFECT OF D/t RATIO iiuuiiiiiiiii i et s et s st rea s s s e s s e aan e s s e aa e s s e e b s e e e e e e eenan 133
6.6 EFFECT OF BURIAL DEPTH ...ccttuuiiiiiiiiieiiiniis e sseseesssssins s s s s s sssessssanssesssseesnssnsnnsessssenes 134



6.7 UNCERTAINTY REGARDING FAULT TRACE ......uciiiiiiiiiitminiiinin s seerssi s s 135

6.7.1 Origins of fault trace UNCEMAINTY ... . ..o e 135
6.7.2 Effects of different fault 10Cation .........ccevveiiiiiiici 136
6.7.3 Optimum distance between flexible JOINtS..........coviiiiiiiiiiii e 137

6.8 COMPARISON AMONG MITIGATING MEASURES ......cccuiiiiiiiiiiniciris s eerre s eers s e nnn e 138
6.9 CONCLUSIONS. ... ettt ittt et s e e s s e e e s e e et e s e e e e b e e e e e b e e s ee s e e e enannnnanns 141
PERFORMANCE ASSESSMENT OF BURIED PIPELINES AT FAULT CROSSINGS .cuveressarasnssas 143
7.1 INTRODUCTION ...iiitiuiuiieiiiisieitinuine s e s e s s e errsssss s s s s s s s s s eessssa s s e s s s s e e rts e s e e e e seenrsnnaneeeeas 143
7.2 SEISMIC HAZARD ANALYSIS ...ouiiiiitii ettt st e e s r s s e e s s e e s e e nan e e ees 144
7.2.1 Probabilistic fault displacement hazard analysis framework.........c..cccovvviiiieinninnnnns 144
7.2.2 PFDHA @S PECES .. ittt ra e 148
7.2.2.1 PFDHA application concerns and advances.........cccooeevirieruniieninieeneeeneeennns 148

7.2.2.2 Earthquake magnitude.........ccuviiiiiiiiiii e 148

7.2.2.3 POISSON MOEl ..cvuuiiiiiiii i e e 149

7.2.2.4 Gutenberg — Richter Bounded Recurrence Law.......cceeeuuueieeerreeeerennnnnnennns 150

7.2.3 PFDHA implementation for pipeline — fault Crossing .........ccoeeeviveriiiiiieeiiinieeeniiienens 150
7.2.4 Fault displacement COMPONENTS.......ccciuiiiiiiiiiii e eaaas 152
7.2.5 Seismic hazard UnCertainty ......ccovviiiiiiiii s 154

7.3 PIPELINE STRUCTURAL ANALYSIS......iiiiiiiiieitiiin s errin s s s s srn s s s s s sssn s s s sn s sssnsnnsnanes 155
7.4 PIPELINE STRAIN HAZARD ANALYSIS......couiiiiiiiiiiiiieiiin st s s era s s e s s s eesnna e 155
7.4.1 Framework of failure limit stateS.....cccevviiiiiiiiiiiii e 155
7.4.2 Estimation of limit StateS.......ccuviiiiiiiiiiiiie e 157
7.4.2.1 Limit states with deterministic demand and capacity.....c....ccoeeveviniiinneennn. 157

7.4.2.2 Limit states with deterministic demand and uncertain capacity ................. 157

7.4.2.3 Limit states with uncertain demand and capacity.........cccoeeviiiiiririiiincnnnnn. 158

7.5 CASE STUDY L..iiiiiiiiiiiiiiie e isceettiiss s st ra s s s s e s e e e s e b s s e e s s s e e e e s e e e e e s e e e e saa e e e s 158
7.5.1 Seismic hazard @nalySiS.......uiiiririiriiiiiii e 158
7.5.2 Pipeline structural @nalySis ........cuuuueieiiiiiieeiiiies e 160
7.5.3 Pipeline strain hazard @nalysis ........coeiieiiieeriiiiiiee e e e e e e e e e eeeees 161
7.5.4 Deterministic versus probabilistic approach..........ccccviiiiiiiiii i 163

7.6 CASE STUDY 2.uuiiiiitiiiiiiui i ettt s s st s et s s e s s s e e e s s e e e e s e s e e b e e e ee b s e e en b e e e enennenanns 164
7.6.1 SeismiC hazard @nalySiS........ccuuiiiiiiriiiiiiiiiiie e 165
7.6.2 Pipeline structural @nalysis .........cccvuiiiiiiiiiiiieiiiis s e 165
7.6.3 Strain hazard analysis ..........oiiiiiiiiiiii s 166

7.7 CONCUSIONS ...ttt ers s e s s e s s s e s e e s e s e e s e s ee s e e s en s s e s enransseensnnnsanns 167
SUMMARY AND CONCLUSIONS .. cuturesassssasssssssssssssssssssssssssassssssassssssssssnssssssssssnsnsnnnnss 169
8.1 EXTENDED SUMMARY ......cotttutuiiiiiiieieitiniiianssssssseessssssssessssesessssssesssssessssssnssessessnnnns 169

8.2 CONCLUDING REMARKS ......ccttmiiiniiiiiiiiiiiii s s seens 172



8.3 RESEARCH CONTRIBUTION AND INNOVATION ......ccuutuuiiiiiiinirinrnni s ssrsnnini e 174

8.3.1 Contribution to the advancement of engineering science ...........ccevvveeieniiineeeeennnnn. 175

8.3.2 Contribution to the advancement of engineering practiCe..........cceeviiviiiiiniiiinnnennn. 176

8.4 SUGGESTIONS FOR FUTURE RESEARCH........cccuiiiiiiiiiiiieirinr e s e s ernneesnseenn s enn s eeneeees 176

O REFERENCES 4 tuueusssasssssssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssnssasnnnass 179
10 APPENDIX — BASIC ASPECTS OF STATISTICS AND PROBABILITY THEORY ..cveuraressssaranss 193
10.1 PROBABILITY DENSITY FUNCTION ...ccuiiriiieriieesesrensesnssssnsernssssnssssnsssnnssssssssnnsssnnns 193
10.2 CUMMULATIVE DISTRIBUTION FUNCTION .....uiiitiieiiiieriierrssesnes s s ssnsssnsssnessnnesennns 194
10.3 UNIFORM DISTRIBUTION......uutuuueuunernnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnsnnnnnnsnnsnssssssssssssnsnsssnsnnsnnnnes 195
10.4 NORMAL DISTRIBUTION ...c.uuiiruiieeiersssrrssrrssersssrssssssnnssssssserssssssnssrssssssnssennassnnnsssnnns 195
10.5 LOGNORMAL DISTRIBUTION .....itttuiieruiiirniessesesussessssssassssnssssssssnsssssssssnssessnsssnnessnnns 197
10.6 GAMMA DISTRIBUTION.......uuuuuruuununnnnnnnnnnnsnnnsnnnnsnsnnnnsssnssssssssnsssssnssssssssssssssnsssssssnnsnnnnns 198
10.7 WEIBULL DISTRIBUTION .......uuuuuuuuununnnnnnnnnnnnnnnnnnnnnnnnnnnsnnnssnnssnsssnsssnssssssssssnsssssnsnssnnnnes 198
10.8 BETA DISTRIBUTION ....uuiiruiieuseresersssesnsssssessnssrnsssssassssnsssnssssnsnssrsnssennssennssennnssnnnns 199

10.9 TOTAL PROBABILITY THEOREM.....ccuuuutrmmmrmmmmmmnnmimmimnnnssniimsiisssisssssssmsssssssissssreseneennn 200






Figure 1-1:

Figure 1-2:
Figure 1-3:
Figure 1-4:
Figure 1-5:
Figure 1-6:
Figure 1-7:
Figure 1-8:

Figure 1-9:

Figure 1-10:

Figure 1-11:

Figure 1-12:
Figure 1-13:

Figure 2-1:
Figure 2-2:
Figure 2-3:
Figure 2-4:
Figure 2-5:

Figure 2-6:

Figure 2-7:

Figure 2-8:
Figure 2-9:

Figure 2-10:

Figure 2-11:

Figure 2-12:

Figure 2-13:
Figure 2-14:
Figure 2-15:

Figure 2-16:

List of Figures

Existing and new natural gas transmission pipeline network of Europe (“European
Commision, Energy - Infrastructure” 2008).......ccuuiriiiiiriiiiiiiiiinieeriiin e 2

Above ground section of Alaska Pipeline (“*National Snow & Ice Data Center” 2016)...... 2
Buried pipeline construction (“ConstructionWeekOnline.com” 2016)........cccceeevuerernnreennn. 3
Cross-section of a typical trench for buried pipelines (“*Georg Fischer Harvel LLC" 2016) 3
Stages of onshore buried pipeline construction (Constitution Pipeline 2016) ................. 4
Fault types: (a) normal, (b) reverse and (C) strike-slip......cccceeviiiiiiiiiiiniiin e, 6
Regression of average fault displacement on magnitude (Wells and Coppersmith 1994) 7
Schematic illustration of two successive stages of pipeline deformation due to (a) strike-

slip, (b) normal and (c) reverse faulting .........ccoevviiiiii s 7
Pipe girth weld tensile fracture ("Impact Solutions” 2016) ........ccevvreerrrerrncnieereeeereennanns 8
Wrinkling of a 2.2m diameter steel water pipe at a fault crossing in Kullar, Izmit in the
1999 Kocaeli Earthquake (Uckan et al. 2015) ....cciuiiiiiiiiiiiiiiiie e ere e e eea s 8
Upheaval buckling of onshore buried steel pipeline due to faulting (Yun and Kyriakides
1990 1uuii ittt e e e e e e e e e e e e rr e e e e eernrns 8
Pipe cross-section ovalization due to external loading (AISI 2007) .....cccccvevivievnnieenneeennn. 9
Schematic illustration of the introduction of flexible joints in @ pipe..........cceeeevvvvnnenrnnn. 9
Geometry of pipeline — fault CroSSING .......ccvvrreiiiiiiii e e 12
Transverse and frictional forces on a buried pipeline due to strike-slip faulting............ 12
Pipeline — fault crossing analytical model proposed by Wang and Yeh (1985) ............. 16
Pipeline partitioning into four segments proposed by Karamitros et al. (2007) ............ 17
Geometry of FEM model for a buried pipeline under reverse faulting proposed by Joshi et
Al (2010t e aann 18
Continuum model proposed by Vazouras et al. (2010, 2012, 2015) for the analysis of
buried pipelines at strike-slip fault CrosSiNgs ........cuveiiiiiiiii e 19
3D finite element model employed by Karamitros et al. (2007), detail of the connection
between the shell and the beam part of the model........c....cooveviiiiiiiiiiii 20
Trench backfilling with graded SOl ..........coooiiiiiiiii e 25

Pipeline wrapping with friction-reducing geotextile (Gantes and Bouckovalas 2013) .... 25
Use of concrete culverts to protect buried pipelines in case of strike-slip fault movement

by retaining the pipe undeformed........c.ccooviiiiiiiiiiii 26
Construction of the dog-leg structure at the pipeline — fault crossing at Sakhalin
(Besstrashnov and Strom 201 1) ... e e e e e e e e e e e e e e e e e e ennnnaas 26
Trans-Alaska pipeline undeformed shape and deformed shape after the Denali fault
rupture in November 3, 2002 following a M=7.9 earthquake (Hall et al. 2003)............ 27
Pipe deformation due to faulting within a typical and a wider trench..............cccevnee. 27
Schematic illustration of flexible joints’ behavior in pipes under fault rupture............... 28

72in tied universal thick-wall flexible joint for a sulfuric acid industrial plant ("U.S. Bellows”

Construction of segmented pipe with ball joints (Xinxing Pipes International Development
@0 TR I o R 0 ) PP PP 29



Figure 2-17:
Figure 2-18:

Figure 2-19:
Figure 2-20:
Figure 2-21:
Figure 2-22:
Figure 2-23:
Figure 2-24:

Figure 2-25:
Figure 2-26:
Figure 2-27:
Figure 2-28:
Figure 2-29:
Figure 2-30:
Figure 2-31:

Figure 2-32:
Figure 2-33:
Figure 2-34:

Figure 3-1:
Figure 3-2:
Figure 3-3:
Figure 3-4:
Figure 3-5:
Figure 3-6:
Figure 3-7:
Figure 3-8:
Figure 3-9:

Figure 3-10:
Figure 3-11:
Figure 3-12:
Figure 3-13:

Figure 3-14:

Figure 3-15:

Figure 3-16:

Typical configuration of a slip expansion joint (Lee 2013)......cccovviiiiiiiiiiiniieeice e, 29
Typical configuration of a ball joint with expansion capability ("EBBA Iron Sales, Inc.”

<) PSP 30
Bellow (a) axial, (b) lateral and (c) angular deformation capability ..........cccceeviiivninnans 30
Alternative profiles of bellow convolutions (Wilson 1984) ..........ccceeiiiiviiiiiieenninneeennnnn, 31
Bellow types: (a) single, (b) tied and () hinged .........cccuiiiiiiiiiii e 31
Universal (a) single, (b) tied and (c) hinged bellow.........ccooiiiiiiiiiiiii e 32
Gimbal-type hinged bellow: (a) single and (b) universal........c..c.cooviiiiiiiec e, 32
Flexible joint that combines the properties of ball joints and expansion joints (Ford 1983)
............................................................................................................................ 33
Flexible joints proposed by Isenberg and Richardson (1989) .........cccevviiiiiiiiiiiiiniennnnns 34
Potential beneficial contribution of expansion joints (O'Rourke and Liu 2012).............. 35
Potential harmful contribution of expansion joints (O'Rourke and Liu 2012) ................ 35
Flexible joints investigated by Cheng (2001) ....coeuuruuiiirie e eeeren e e 35
Segmented pipe joint with external coupling (Klamflex Pipe Couplings Ltd 2016)......... 36
Experimental set-up and results from Takada (1984)......ccccceeiiiiiiiiiiiiiiii e 37
Maximum allowable fault displacement relatively to the pipe — fault crossing angle and
the segmented pipe joint type according to O'Rourke and Trautmann (1981) ............. 38
Analytical model of segmented pipeline by Takada (1984).........cccevviiiiiiiiniiiiiceinieeennn, 38
Analytical model of segmented pipeline by Elhmadi and O'Rourke (1990) ................... 38
Analytical model of segmented pipeline by O'Rourke (2009).......ccccevvviviiiiieenninneeennnnn, 39
Schematic illustration of pipeline deformation subjected to strike-slip fault offset ........ 44
Schematic illustration of the experimental cOncept.........cccveviiiiiiiiiiiiii e 44
Specimen types: (a) continuous (CP) and (b) with flexible joints (PFJ) ....ccccccvviveennnnen. 45
Detailing of specimen connection to an end-plate: (a) view and (b) side view............. 46
View of a CP specimen at the testing frame ........ccoovviiii i, 46
View of PFJ specimen at the testing frame.........oeeviuiiiiii e 47
Configuration of Measuring AEVICES........ceuurruiiiiiieieerrerieree e e e s 47
LVDTs placed on a flexible joINt's @dges. ......oooveremrmieiiieiieeeeie e e e 48
Components of Deformation PIOtEr........cocuiiiiiiiii e, 48
Strain gauge (SG) placed On SPECIMEN CrOWN.......iiiuiiirieirie et s e era e ea s e s eaaeeees 49
Typical LENSIIE COUPON..... it eaaas 49
Coupon during teNSIIE TESE.....cceuerriii et 50

(a) Engineering and (b) true stress — strain curves for steel of specimen N=1 with
bilinearized approXimation .......c..cuiiiiiiii 50
(a) Engineering and (b) true stress — strain curves for steel of specimen N=2 with
bilinearized approXimation ........c.icuiiiii i 51

(a) Engineering and (b) true stress — strain curves for steel of specimen N=3 with
bilinearized approXimation ........c.icuiiiiiii 51

(a) Engineering and (b) true stress — strain curves for steel of specimen N=4 with
bilinearized approXimation...........ccuiiiiiiiiii 51



Figure 3-17:
Figure 3-18:
Figure 3-19:

Figure 3-20:
Figure 3-21:

Figure 3-22:

Figure 3-23:
Figure 3-24:

Figure 3-25:
Figure 3-26:

Figure 3-27:

Figure 3-28:

Figure 3-29:

Figure 3-30:

Figure 3-31:
Figure 3-32:
Figure 3-33:
Figure 3-34:

Figure 3-35:
Figure 3-36:
Figure 3-37:
Figure 3-38:

Figure 4-1:
Figure 4-2:

Figure 4-3:
Figure 4-4:

Figure 4-5:
Figure 4-6:
Figure 4-7:

Flexible joint (single bellow-type) used in the experimental investigation.........c.......... 52

Flexible joint tensile test experimental set-up and measuring devices.............ccvvuierees 53
(a) Experimental equilibrium path of joint tensile test and (b) joint failure in expansion
through local deformation of the convoIULIONS. ........c.uveeieiiiiiiiiec e 54
Flexible joint bending test experimental set-up and measuring devices ...........ccceeeveees 54
Experiment equilibrium path of joint bending test in terms of (a) force — displacement and
(D) MOMENt — ANGIE CUNVES ....ceeeiieie et e e e e s 55
Geometry of flexible joint failure in bending through contact of consecutively convolutions
........................................................................................................................... 55
Load — displacement experimental equilibrium paths of CP specimens.............ccceeeeees 56
Analytical approach of CP specimen’s behavior in the elastic range: static model and
bending moment distribUtion ...........eei i 56
Experimental and analytical equilibrium paths of CP specimens ...........cccoeevivvieevnnnnnnn. 56
(a) Tensile and (b) compressive strain measurements from strain gauges of specimen CP
NN PPN 57
(a) Tensile and (b) compressive strain measurements from strain gauges of specimen CP
1 e PP PP PPPPTPPPRPN 57
(a) Tensile and (b) compressive strain measurements from strain gauges of specimen CP
1 L S PSP UPPPPPTPPPPN 57
N=3 CP specimen experimental deformation for imposed displacement ranging from Omm
L0 T 8 5 12 TP 58
Experimental deformation of CP N=1 specimen at various levels of imposed displacement
........................................................................................................................... 59

Experimentally obtained tensile and compressive strains of CP specimens from side A.59
Experimentally obtained tensile and compressive strains of CP specimens from side B. 60
Load — displacement experimental equilibrium path of PFJ specimen ............ccceeveunins 60

PFJ specimen experimental deformation at level of imposed displacement ranging from
Omm to 115mm (photos from different angles).........cevviiiiiiiiiiiini e 61

Experimental deformation of specimen PFJ at various levels of imposed displacement. 62
Experimentally obtained tensile and compressive strains of PFJ specimen from side A.62
Experimentally obtained tensile and compressive strains of PFJ specimen from side B. 63
Comparison of (a) CP and (b) PFJ] specimen’s experimental deformations at the end of

EHE TESES it 64
CP specimen at the testing frame and corresponding numerical models ..................... 66
Numerical model of CP specimen with detailed modeling specimen — testing frame
(/o] 1 =0l T 1N 66
Modeling details of the CP specimen — testing frame bolted connection...........cccccceeu. 67
Longitudinal residual stresses on circular hollow section due to seam-weld (Gao et al.
B o ) SRR 67
Modeling of longitudinal residual stresses through different element groups................ 68
Seam-weld location on the cross-sectional circumference of CP specimens................. 68
Numerical modeling of CP SPECIMEN.... ... i e e 68



Figure 4-8:
Figure 4-9:

Figure 4-10:

Figure 4-11:

Figure 4-12:

Figure 4-13:

Figure 4-14:
Figure 4-15:
Figure 4-16:
Figure 4-17:

Figure 5-1:
Figure 5-2:
Figure 5-3:
Figure 5-4:
Figure 5-5:
Figure 5-6:

Figure 5-7:

Figure 5-8:
Figure 5-9:

Figure 5-10:
Figure 5-11:

Figure 5-12:

Figure 5-13:

Figure 5-14:

Figure 5-15:

Figure 5-16:

Figure 5-17:

PFJ] specimen at the testing frame and corresponding numerical model.............c........ 69
Experimental and numerical equilibrium paths of CP specimens considering different finite

element type and fixed boundary conditions ...........ccevviriiiiniiiii e 70
Experimental and numerical equilibrium paths of CP specimens (FEM-shell) considering
different numerical boundary conditions ..........cccocuiiiiiiiiiiin 71
Comparison of experimental and numerical load — displacement equilibrium paths of CP
specimens by considering or not longitudinal residual stresses.........cccocveiiiiiiiinnnennn. 71
Experimental and numerical deformation of CP N=1 specimen at various levels of imposed
AISPIACEMENT ... e 72
Experimental and numerical displacement — strain curves of N=3 CP specimen at
MEASUNNG [0CALIONS .....eeeeeieee e e e e e e e e e e e e e e e r e e e e e e eeeenes 73
Elastic and plastic regions at failure of N=3 CP specimen .........ccoovevuiiiiiiiiiiiieeiiniennnns 74
Distribution of von-Mises stresses of N=3 CP Specimen .......ccccceevvieiuiiiiniieiiiieenneennnns 74
Distribution of longitudinal strains of N=3 CP specimen.........c.cccovviviiiiiniieiniiecnnneenas 74

Summary of experimental and numerical results of PFJ specimen including: (a) load —
displacement equilibrium path and (b) specimen deformation at various imposed

diSplacemENt I@VEIS.......ciieeiiiie i e 75
Simply-supported beam resting on foundation with one internal hinge .........c....cc....... 80
Simply-supported beam resting on foundation with two internal hinges........c............. 81
Clamped beam resting on foundation with one internal hinge..........ccoovvviiiiiiiiininnen, 81
Clamped beam resting on foundation with two internal hinges.......c..ccccciiiiiiiiiinnien, 81
Continuous simply-supported beam resting on foundation...........ccceeevviiiiiniieiiinneennn, 82
First four eigenmode shapes of continuous simply-supported beam resting on foundation
............................................................................................................................ 83
Elastic critical buckling load of the lower four eigenmodes of simply-supported continuous
beam with respect to normalized soil Stiffness........cccvviiiiiiiiiii 84
Continuous clamped beam resting on foundation.............ccooviviiiiiiiiicii e, 84
First four eigenmode shapes of clamped continuous beam resting on foundation ........ 85
Eigenmode shapes of clamped continuous beam resting on foundation ...................... 85

Minimum buckling load vs. soil stiffness of clamped continuous beam with respect to
NOrMalized SOil SLIffNESS ...vuuiiiei i et eea e ea e 86

Normalized critical buckling load of simply-supported beam with one internal hinge with
respect to soil stiffness for varying hinge rotational stiffness............cccveeeviviiiiiiiinieenns 86
Critical eigenmodes of simply-supported beam with one internal hinge with respect to soil
stiffness and for varying hinge rotational stiffness ........cccceeiiiiiiiiinii e, 87
Normalized critical buckling load of simply-supported beam with two internal hinges with
respect to soil stiffness for varying hinge rotational stiffness..........ccoevviiiiiiiiiiininns 87

Critical eigenmodes of simply-supported beam with two internal hinges with respect to
soil stiffness and for varying hinge rotational stiffness.........cccooviiiiiiiiiiiiic e, 88

Critical buckling loads of simply-supported beams with respect to soil stiffness and for
varying rotational StffNESS........ oo 88

Normalized critical buckling load of clamped beam with one internal hinge with respect to
soil stiffness for varying hinge rotational stiffness........cccccovviiiiiiiiiiiii e, 89



Figure 5-18:

Figure 5-19:

Figure 5-20:

Figure 5-21:

Figure 5-22:

Figure 5-23:

Figure 5-24:

Figure 5-25:

Figure 5-26:

Figure 5-27:

Figure 5-28:

Figure 5-29:

Figure 5-30:

Figure 5-31:

Figure 5-32:

Figure 5-33:

Figure 5-34:

Figure 5-35:

Figure 5-36:

Figure 5-37:

Critical eigenmodes of clamped beam with one internal hinge with respect to soil stiffness
and for varying hinge rotational stiffness .......ccoivviiiiiiiii 89

Normalized critical buckling load of clamped beam with two internal hinges with respect
to soil stiffness for variable hinge rotational stiffness ......ccocveviiiiiiiiiii e, 90

Critical eigenmodes of clamped beam with two internal hinges with respect to soil stiffness
and for variable hinge rotational stiffness ........coceuiiiiiiiiiii 90

Critical buckling loads of clamped beams with respect to soil stiffness and for varying
0= 1 0] T I ) TN 91

(@) Eigenmode shapes and (b) imperfection shapes considered in GNIA for simply-
supported beam with one internal hinge for Ks=180 and rotational stiffness Ki=5 ....... 93

(a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of simply-
supported beam with one internal hinge for Ks=180 and rotational stiffness Ki=5 ....... 93

(a) Eigenmode shapes and (b) imperfection shapes considered in GNIA for simply-
supported beam with one internal hinge for Ks=10000 and rotational stiffness K:=5....93

(a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of simply-
supported beam with one internal hinge for Ks=10000 and rotational stiffness K:=5....94

(@) Eigenmode shapes and (b) imperfection shapes considered in GNIA for simply-
supported beam with one internal hinge for Ks=20000 and rotational stiffness K:=5....94

(a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of simply-
supported beam with one internal hinge for Ks=20000 and rotational stiffness K:=5....94

(a) Equilibrium paths from GNIA of simply-supported beam with one internal hinge for
Ks=2 and rotational stiffness K:=5 and (b) soil range regarding the post-buckling behavior
of simply-supported beam with one internal hinge with respect to soil stiffness and
rotational StiffNESS Kr=5 .. iiiiri i 95

Eigenmode shapes obtained from LBA for simply-supported beam with one internal hinge
for (@) Ks=426 (before cross-over) and (b) Ks=540 (after cross-over) and rotational
L1 LI T SN 96

(a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of simply-
supported beam with one internal hinge for K-=5 before (Ks=526) and after (Ks=540) the
[0/ 011V =T g oo | | PP 96

(@) Eigenmode shapes and (b) imperfection shapes considered in GNIA for simply-
supported beam with two internal hinges for Ks=180 and rotational stiffness K:=5...... 97

(a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of simply-
supported beam with two internal hinges for Ks=180 and rotational stiffness K:=5...... 97

(a) Eigenmode shapes and (b) imperfection shapes considered in GNIA for simply-
supported beam with two internal hinges for Ks=10000 and rotational stiffness Ki=5..97
(a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of simply-
supported beam with two internal hinges for Ks=10000 and rotational stiffness Ki=5..98
(a) Eigenmode shapes and (b) imperfection shapes considered in GNIA for simply-
supported beam with two internal hinges for Ks=20000 and rotational stiffness Ki=5..98

(a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of simply-
supported beam with two internal hinges for Ks=20000 and rotational stiffness Ki=5..98

Soil range regarding the post-buckling behavior of simply-supported beam with two
internal hinges with respect to soil stiffness and rotational stiffness Ki=5 ................... 99



Figure 5-38:

Figure 5-39:

Figure 5-40:

Figure 5-41:

Figure 5-42:

Figure 5-43:

Figure 5-44:

Figure 5-45:

Figure 5-46:

Figure 5-47:

Figure 5-48:

Figure 5-49:

Figure 5-50:

Figure 5-51:

Figure 5-52:

Figure 5-53:

Figure 5-54:

Figure 5-55:

Figure 5-56:

Figure 5-57:

Ultimate loads comparison of simply-supported beams (continuous (C), with one internal
hinge (1H) and with two internal hinges (2H)) with respect to soil stiffness and for hinge
rotational StiffNeSS Kr=5 ... e 99

(a) Eigenmode shapes and (b) imperfection shapes considered in GNIA of clamped beam
with one internal hinge for Ks=180 and rotational stiffness Kr=5.........ccccooiviiiirnnnnnne. 100

(a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of clamped
beam with one internal hinge for Ks=180 and rotational stiffness Ki=5......c.....cceuuunn. 100

(a) Eigenmode shapes and (b) imperfection shapes considered in GNIA of clamped beam
with one internal hinge for Ks=10000 and rotational stiffness Kr=5 .......cccooevviiinnnnns 101

(a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of clamped
beam with one internal hinge for Ks=10000 and rotational stiffness Ki=5 ................. 101
(a) Eigenmode shapes and (b) imperfection shapes considered in GNIA of clamped beam
with one internal hinge for Ks=20000 and rotational stiffness Kr=5 .......cccooovvivnnnnnns 101

(a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of clamped
beam with one internal hinge for Ks=20000 and rotational stiffness Kr=5 ................. 102

Soil range regarding the post-buckling behavior of clamped beam with one internal hinge
with respect to soil stiffness and rotational stiffness Ki=5......cccccovveiiiiiiiiiniiiiiiinninnnnns 102

(a) Eigenmode shapes and (b) imperfection shapes considered in GNIA of clamped beam
with two internal hinges for Ks=180 and rotational stiffness Ki=5........ccccoevvivvrrnnnnnn. 103

(a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of clamped
beam with two internal hinges for Ks=180 and rotational stiffness Kr=5.................... 103

(a) Eigenmode shapes and (b) imperfection shapes considered in GNIA of clamped beam
with two internal hinges for Ks=10000 and rotational stiffness Kr=5.......ccccovvvvvninnns 103
(a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of clamped
beam with two internal hinges for Ks=10000 and rotational stiffness Ki=5................ 104

(a) Eigenmode shapes and (b) imperfection shapes considered in GNIA of clamped beam
with two internal hinges for Ks=20000 and rotational stiffness Kr=5......cccccovvvvvnnninns 104

(a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of clamped
beam with two internal hinges for Ks=20000 and rotational stiffness Ki=5................ 104

Soil range regarding the post-buckling behavior of clamped beam with two internal hinges
with respect to soil stiffness and rotational stiffness Kr=5........ccceveeiviciiiiniieeeninnnn, 105

Ultimate loads comparison of clamped beams (continuous (C), with one internal hinge
(1H) and with two internal hinges (2H)) with respect to soil stiffness and for hinge
rotational StffNESS Kr=5 ..vuiiiiii i 105

Equilibrium paths for varying imperfection magnitude of clamped beam with two internal
hinges for (a) Ks=180 and (b) Ks=20000 and rotational stiffness K:=5, considering the

first linear combination of eigenmodes as the imperfection shape.............ccceeeeeeee. 106
Equilibrium paths for varying imperfection magnitude and shape of clamped beam with
two internal hinges for Ks=20000 and rotational stiffness Ki=5......c.cccevveiiiiiniinniennn, 107

Beam deformed shapes for varying imperfection magnitude and shape of clamed beam
with two internal hinges for Ks=20000 and hinge rotational stiffness Ki=5................ 107

Ultimate loads comparison of simply-supported beams resting on elastic vs. tensionless
soil for hinge rotational stiffness Kr=5....ciiiiiriiiiiiii e 108



Figure 5-58:

Figure 5-59:

Figure 5-60:

Figure 6-1:
Figure 6-2:
Figure 6-3:
Figure 6-4:
Figure 6-5:
Figure 6-6:
Figure 6-7:
Figure 6-8:
Figure 6-9:
Figure 6-10:
Figure 6-11:
Figure 6-12:

Figure 6-13:
Figure 6-14:

Figure 6-15:

Figure 6-16:

Figure 6-17:

Figure 6-18:

Figure 6-19:

Figure 6-20:

Figure 6-21:

Figure 6-22:

Deformation shapes obtained from GNIA of continuous beam and beam with one or two
internal hinges resting on elastic and tensionless soil for hinge rotational stiffness

P 108
Elastic loose and stiff and nonlinear soil considered for the investigation of the effect of
1o ]| I AT ] a1 [T 0 == 0 PP PPPPRPTRRN 109

(a) Equilibrium paths and (b) deformed shapes of clamped beam with two internal hinges
for Ks=10000 and considering either uniform or nonlinear soil with rotational stiffness

LI T PP PP PPPPTPPPTR 109
Schematic illustration of a pipeline with hinged bellow-type flexible joints subjected to
strike-slip fault FUPLUIE ....ecee e ra 113
Beam-type finite element model for pipeline — fault crossing numerical modeling...... 114
API5L-X65 pipeline steel bilinear stress — strain relationship ..........vvveeviiiceiiniinenes 115
Soil springs’ force — displacement relations ..........oovvvieieeiiiiiie s 116
Definition of length L; in bending moment distribution of a continuous pipeline......... 117
Bending moment distributions of continuous pipeline and pipelines with flexible joints
subjected to strike-slip faultiNg .......ccooiiiiiiieie s 118
Optimum configuration of flexible joints for a pipe subjected to strike-slip fault rupture,
without considering fault trace uncertainty .........oooevviiiiii e, 118
CP and PFJ diSpIacemeENES ......ccuuuuuiiieiiieeieeiiie e e e e e eree e e e e e e er s e e e e e e e enennnas 119
(a) Axial force and (b) bending moment distributions of CP and PFJ ............cccevvunnn. 119
Maximum effective stress distributions along CP and PFJ ........cccooiiiiiiiiiiiiic e, 119

Longitudinal (a) tensile and (b) compressive strain distributions along CP and PFJ .... 120

(a) Frictional soil force and (b) lateral soil force distributions along CP and PFJ......... 120
Effect of pipe —fault crossing angle  in pipe elongation............cccceevvviciiniienceeeennne. 121
CP and PFJ] displacements for B=50°, B=70° and B=90° at various levels of fault offset
L g= o o) 8 o =P RRPPR 122
Distributions of axial force on CP and PFJ pipelines with respect to fault offset (4/D) for
B0 ittt e e e e e e e e e e rr 122
Distributions of axial force on CP and PFJ pipelines with respect to fault offset (A/D) for
B=70°aNd B=900 .....ceturuuiiriiieieiiiiiiiian e e 123
Maximum axial force (Nmax) of CP and PFJ with respect to fault offset (A/D) for =500,
B=70° aNA B=900 .....cetttuuiiiiiiiieitiiiiiirn e r 123
Distributions of bending moment on CP and PFJ pipelines with respect to fault offset (A/D)
for B=50°, B=70°aNd B=900 ....uuuieeiiieieiieinaee e e eerrerrs e e e e e r e 124
Maximum bending moment (Mmax) of CP and PFJ with respect to fault offset (A/D) for
B=50°, B=70°aNd B=900 ....ceieieieeierniieeeeeeecrrrra e e e e e e e e e e e e e e e e e eerrrn 124
Distributions of longitudinal tensile strains on CP and PFJ pipelines with respect to fault
offset (A/D) for B=50°, B=70° and B=900°......cceiiiririiiiriiirerie e e eea 125
Maximum longitudinal tensile strain (€t,max) of CP and PFJ with respect to fault offset (A/D)
for B=50°, B=70° aNd B=900° .....ucieiiiiiiiiiiiiiiiis s e s cerrrrn e e e 126

Distributions of longitudinal compressive strains on CP and PFJ pipelines with respect to
fault offset (A/D) for B=50°, B=70° and B=900.......cccceeerriririiriiririreinireerie e eeens 126



Figure 6-23:

Figure 6-24:

Figure 6-25:

Figure 6-26:

Figure 6-27:
Figure 6-28:

Figure 6-29:

Figure 6-30:

Figure 6-31:

Figure 6-32:

Figure 6-33:

Figure 6-34:

Figure 6-35:

Figure 6-36:

Figure 6-37:

Figure 6-38:
Figure 6-39:
Figure 6-40:

Figure 6-41:

Figure 6-42:

Figure 7-1:
Figure 7-2:

Figure 7-3:

Maximum longitudinal compressive strain (&;,max) of CP and PFJ with respect to fault offset

(A/D) for B=50°, B=70°aNnd B=90° .....cceeiiiiirrirrrniiireireeerrrrr s s e e aeee 127
CP and PFJ] displacements for crossing angles p=100°, f=110° B=120° and at various
levels of fault offset MAgNITUAE.......ccvuiiiii i 128
Distributions of axial force on CP and PFJ pipelines with respect to fault offset (A/D) for
B=100°, B=110° aNd B=120C ......eittttrrruiiiriereirtrriirie s s rrrrrr e s e s e e ersrr e e eeee 129
Maximum axial force (Nmax) of PFJ with respect to fault offset (A/D) for various crossing
=] T PP 129

PFJ displacements for B=100° and B=110° at various levels of fault offset magnitude 130
Maximum axial force (Nmax) of CP and PF] with respect to fault offset (A/D) for =100°,

B=110°aNd B=1200 ... ctttturiiiiiiiiiitiriiiiis e err s e e r e rean 130
Distributions of bending moment on CP and PFJ pipelines with respect to fault offset (A/D)
for B=100°, B=110°aNd B=1200 ....uuiiiiiieeeiieinee e e e eeerr e e e e s e e e e e e e eeeeeeeeennnas 131
Maximum bending moment (Mmax) of CP and PFJ with respect to fault offset (A/D) for
B=100°, B=110° @Nd B=120C .....ceettetrrruiieriereiierrnnias e e e e e e erarrs e e e e s e rrasrersn e aaeeeees 131
Distributions of longitudinal tensile strains on CP and PFJ pipelines with respect to fault
offset (A/D) for f=100°, B=110°and B=1200°.....ccctriiiiririirirriiiireiir i eaaees 132
Maximum longitudinal tensile strain (&:,max) of CP and PFJ with respect to fault offset (A/D)
for B=100°, B=110°aNd B=1200 ....uciiiiriiiiiiriiiiiie s e e errriie s er e s ee e e e e rrrnaaas 132
Distributions of longitudinal compressive strains on CP and PFJ pipelines with respect to
fault offset (A/D) for B=100°, B=110° and B=120°......ccccietririirirriririiiirieiiereen e 133
Maximum longitudinal compressive strain (gc,max) of CP and PFJ with respect to fault offset
(A/D) for B=100°, B=110°and B=120° ......cssttirrrriirririeriiiniiiiine e s eeessi e eeeenneens 133
(a) Tensile and (b) compressive strains distributions of CP and PFJ] for various D/t
1= 1001 134
(a) Tensile and (b) compressive strain distributions of CP and PFJ] for various burial depths
(G370 1T 135
Schematic illustration of fault rupture propagation being affected by the soil stratigraphy
(Plate tectonic & northern Pacific 2016) .......ccveiiiiiieiiiireeren e 135
Assumed alternative fault trace locations along the pipeling .......cccoovviiiiiiiiiiiiiinnienn, 136

Tensile strain distributions for varying fault trace location and crossing angle p=70°..137
Configuration of equally-spaced flexible joints over the length of fault trace
UNCEIAINTY 1uuiiei i 137
Tensile strain distributions for crossing angle (a) f=70° and (b) B=90° considering
different configuration of flexible joints and fault trace being located either between two

adjacent JoOINES OF 0N @ JOINT....iiiu i e 138
Maximum tensile and compressive strains with respect to fault offset for crossing angles
B=70°, B=90° and B=100° considering alternative mitigating measures............c....... 140
Schematic illustration of fault displacement components.........cccooieiiiiiiineve e, 153

Hazard uncertainty logic tree for determining the fault displacement A hazard by
considering seismic rate v, maximum earthquake magnitude Mmax and the AD or MD
referring to the two different approaches of PFDHA..........coooviiiiiiiiiiie e 155

(a) Mean fault displacement hazard curve on pipeline crossing site, (b) mean fault
displacement hazard curve and its diSPersioN .........cccivvueieiiiiiiiii i 159



Figure 7-4:

Figure 7-5:

Figure 7-6:
Figure 7-7:

Figure 7-8:

Figure 7-9:

Figure 7-10:

Figure 7-11:

Figure 7-12:

Figure 7-13:

Figure 7-14:
Figure 7-15:

Figure 7-16:

Figure 7-17:

Figure 7-18:

Figure 10-1:
Figure 10-2:
Figure 10-3:
Figure 10-4:
Figure 10-5:

Figure 10-6:
Figure 10-7:

Figure 10-8:
Figure 10-9:

Figure 10-10:

Mean annual rate of equaling surface for the independent fault displacement components

A TP PP TPPRPPPRPNt 159
Mean annual rate of equaling surface for the dependent fault displacement components
() A17A2 AN (D) D273 .eeeeii e 159

Mean fault displacement hazard curve adopting the AD versus the MD approach. ...... 160
Disaggregation results on earthquake magnitude regarding the Eurocode 8 limit

3 = =T 160
Pipeline structural response — (a) tensile strain demand and (b) compressive strain
o =T 0 =] o PPN 161
Contours of tensile and compressive strain mean annual rate of equaling (deterministic
demand and CAPACILY) ..vvvuiiiiieriiii i e rra 162
Tensile and compressive strains mean annual rate of equaling (deterministic demand and
o7 o = (o1 1Y) PP PR 162

Tensile and compressive strains hazard curves (deterministic demand and capacity). 163

Cumulative probability of tensile fracture (random demand and capacity) for (a) operable
limits and (b) pressure integrity limits, the crosses indicate the physical possible

combinations for given pipeline — fault geometry ......cccooiiiiiiiii i 163
Continuous pipeline (CP), pipeline with two (2PFJ) and pipeline with four flexible joints
(4PFJ) considered in €ase StUAY 2 .....ciiiuiiiiiiiiiii it r e e ea 164
Mean fault displacement hazard curve on pipeline crossing site ..........ccoevvviviivnnennn. 165

Deformation of continuous pipeline (CP) and pipelines with two (2PFJ) or four (4PFJ)
flexible joints subjected to 1.83m fault offset......cccovvviiiiiiiii 166

(a) Bending moment and (b) axial force distributions of continuous pipeline (CP) and
pipelines with two (2PFJ]) or four (4PFJ]) flexible joints subjected to 1.83m fault
o] 1T, PP PPTPPN 166

Longitudinal (a) tensile and (b) compressive strain distributions of continuous pipeline
(CP) and pipelines with two (2PFJ) or four (4PFJ) flexible joints subjected to 1.83m fault

0] =T PPN 166
(a) Tensile and (b) compressive strain hazard curves for the three pipeline models (CP:
continuous pipe, 2PFJ and 4PFJ: pipes with flexible joints).......cccoeeevvieeriniieeeinineenns 167
Example of a probability density function (standard normal distribution) .................. 194
Example of a cumulative distribution function (standard normal distribution)............ 194
Examples of uniform distribution (a) PDF and (b) CDF with parameters a=1 and b=5195
Examples of normal distribution (@) PDF and (b) CDF with constant mean value....... 196

Examples of normal distribution (@) PDF and (b) CDF with constant standard
AEVIALION ...t e rran 196

Examples of lognormal distribution (a) PDF and (b) CDF with constant mean value... 197
Examples of lognormal distribution (a) PDF and (b) CDF with constant standard deviation

......................................................................................................................... 197
Examples of gamma distribution (a) PDF and (b) CDF ........coviiiiiiiiiiicee e 198
Examples of Weibull distribution (a) PDF and (b) CDF with constant scale parameter
[0 TR 199
Examples of beta distribution (@) PDF and (b) CDF........ccooviiiiiiiiiiiieeee e 200






Table 1-1:

Table 2-1:
Table 3-1:
Table 3-2:
Table 3-3:
Table 5-1:
Table 5-2:

Table 5-3:
Table 5-4:
Table 6-1:
Table 6-2:
Table 6-3:
Table 6-4:

Table 6-5:
Table 7-1:
Table 7-2:
Table 7-3:
Table 7-4:
Table 7-5:

Table 7-6:
Table 7-7:
Table 7-8:

Table 7-9:

Table 10-1:
Table 10-2:
Table 10-3:
Table 10-4:
Table 10-5:
Table 10-6:

List of Tables
Injuries resulting from petroleum incidents: pipelines vs. road and railway from 2005 to

2009 (Furchtgott-ROth 2013) ..ccueieeiie e e e 1
Compressive strain limits for a typical API X65 unpressurized pipe..........ccevvvvnunenennn. 14
1Sy 81Tl 0 1= L= P 44
Mean true yield stresses of SPECIMENS........cuuiiiiii i 50
Comparison of CP and PFJ] experimental reSults .........ccooieuiiiiiiiiiiniin e 64
Clamped beam €igenmMOUES ........cocuuiiiiuiiiiiiiiiie e e e eaas 85
Imperfection combinations of global eigenmode shapes for geometrically nonlinear
=TT T U 92
Buckling loads of eigenmodes for soil stiffness Ks=526 and Ks=540 .........ccccccvuvviennnns 96
Soil stiffness for elastic and nonlinear soil properties ..........ccovvviieeriiicien e 109
APISL-X65 StEEl PrOPEITIES . uuu e ieeeeeeeeriaese e e e e e ereerre s s e e s e e e rerea s s e e e e eeernnna e e eaaneees 115
SOil SPriNG PrOPEITIES.....ccvriiiiiiriiis e e e e e s e rr e s rrn e ae 116
Cases of pipelines with flexible joints under investigation.......c...ccoeevviiiiiiiiiniinnnns 117
Maximum bending moment reduction and joint rotation in all cases of pipelines with
fleXible JOINES ...oeeeee e s 118
Cases under investigation to compare mitigating measures.........cccovvviiieiiiiiiviniennnnns 139
Empirical equation coefficients for logSRL=a+bM (Wells and Coppersmith 1994)...... 152
Empirical equation coefficients for logFD=a+bM (Wells and Coppersmith 1994)........ 152
Empirical equation coefficients for logFD=a+bM (Moss and Ross 2011) ................... 152

Empirical Equation coefficients for logSRL=a+blogFD (Wells and Coppersmith 1994) 152
Uniform and normal distribution parameters of the principal fault displacement component

Seismological parameters and uncertainty weight factors considered in case study 1. 158

Probabilistic strain capacity uncertainty parameters.......cccccevvveviiiiiiiiiineeeisn e, 161
Mean annual rate of exceeding tensile fracture and local buckling limit states by
considering demand and capacity being either non-random or random .........c........... 162
Seismological and seismic hazard uncertainty parameters considered in case study 2 165
Uniform distribution parameters ..., 195
Normal distribution parameLers..........iiiii i 196
Lognormal distribution parameters.......cccoviiuiviiiiiiic 197
Gamma distribution parameters..........oovviiieiiiiiie s 198
Weibull distribution parameters .........ccceereiiiii e 199

Beta distribution parameters ........cceiiieiiiiiiii 199






Notation

AD average fault displacement approach of PFDHA

Ar area of rupture along the geologic fault

C soil cohesion

D pipeline nominal diameter

dioint flexible joint axial displacement

Drmin pipe minimum inside diameter

DV decision variable

dAa mean annual rate diffential of fault offset magnitude

dMai1,a3  mean annual rate differential of fault displacement components A: and As
E steel modulus of elasticity

EDP engineering demand parameter

Fis fragility function

fu steel ultimate strength

fy steel yield stress

H pipe burial depth

I cross-section moment of inertia

IM intensity measure

ke rotational stiffness of hinge

Kr normalized rotational stiffness of hinge

Ks soil stiffness

Ks normalized soil stiffness

Ksd normalized downward soil stiffness

Ksu normalized upward soil stiffness

L beam or pipe length

Ly, L2 distance from head or toe of PGD zone to location of expansion joint

Ls distance along pipe

Ls distance between two adjacent flexible joints in a pipeline

LF fault trace length

L distance between the fault trace location and the maximum bending moment location

Lp pipe crossing site distance from the fault closest edge

Lpz pipe length in which plastic strain develops

LS limit state

M (m) bending moment, earthquake magnitude (lower case letter denotes the value of the
variable)

Mmax maximum earthquake magnitude sesmic source can produce

Mmin minimum earthquake mangitude of engineering significance

MD maximum fault displacement approach of PFDHA

p pipe internal pressure

P applied external load

Per elastic critical buckling load

Pcrcs,c elastic critical buckling load of continuous clamped beam resting on foundation
Pcr,csss  elastic critical buckling load of continuous simply-supported beam resting on foundation

Pe maximum external hydrostatic pressure

PEc elastic critical buckling load of clamped beam without lateral support

Pe,ss elastic critical buckling load of simply-supported beam without lateral support
Pos position of rupture on fault trace

Pu transverse horizontal soil force

R (r) distance of site of interest from fault rupture location (lower case letter denotes the value
of the variable)

Slip fault slip occurrence

SRL surface rupture length

t pipeline wall thickness

tu maximum longitudinal force per unit length at pipe — soil interface

v rate of all earthquakes above a minimum earthquake magnitude of engineering

significance



DAa1,a3
DAe

Ec

Ecap
Edam

Ee

&t

Etrue

As
Aa

Oe
Otrue

shear force

uncertainty logic weight factor of AD or MD approach of Probabilistic Fault Displacement
Hazard Analysis

uncertainty logic weight factor for maximum earthquake magnitude
uncertainty logic weight factor for seismic rate

beam longitudinal displacement

beam transverse displacement

pipeline - fault crossing angle

soil unit weight

flexible joint rotation

rotation of pipe segment between two adjacent joints

fault displacement (lower case letter denotes the value of the variable)
fault-trace-parallel horizontal displacement component (lower case letter denotes the
value of the variable)

fault-trace-perpendicular displacement component (lower case letter denotes the value of
the variable)

vertical fault displacement component (lower case letter denotes the value of the
variable)

pipeline imposed longitudinal displacement with respect to its axis

pipeline imposed transverse displacement with respect to the its axis

pipeline imposed vertical displacement

mean annual rate of equaling of fault offset magnitude

mean annual rate of equaling of fault displacement components A: and As
mean annual rate of equaling of strains

compressive strain

strain capacity

strain demand

engineering strain

tensile strain

true strain

crack-tip opening displacement toughness

ratio of pipe wall defect height over pipe wall thickness

ratio of yield stressto ultimate strength

mean annual rate of exceeding limit state

mean annual rate of exceeding fault offset magnitude on pipeline crossing site
shear modulus of the rocks involved in an earthquake

axial force

ratio of pipe wall defect length over pipe wall thickness

engineering stress

true stress

soil internal friction angle

fault dip angle



1 INTRODUCTION

1.1 HISTORICAL BACKGROUND AND PREFACE

Consumption of natural resources for energy production has been rising worldwide since the Industrial
Revolution in the 19% century and with greater intensity after the middle of the 20™ century. The main
energy source used today is oil and natural gas that are drilled from onshore and offshore reservoirs.
Even though there is a trend to minimize the use of fossil fuel due to global warming, industry and
transportation means still need significant amounts of fuel. However, oil wells are usually located
hundreds of kilometers away from the oil end users, namely refineries, tank farms and customers and
thus the need to transport oil and oil products over long distances has emerged from the beginning of
massive oil production in the 19% century. Nowadays, oil is transported via sea by offshore pipelines
and tanker ships or by onshore pipelines, tanker cars or trains. The accumulated experience and
collected data after several decades of oil and gas pipelines operation indicate that pipelines remain the
safest way for onshore oil transportation. The advantages of pipelines versus truck and train tankers in
terms of injuries per billion ton-miles are listed in Table 1-1, for example. These data reveal that oil and
gas pipelines outbalance road and railway tankers in terms of safety per billion ton-miles.

Table 1-1: Injuries resulting from petroleum incidents: pipelines vs. road and railway from 2005 to 2009
(Furchtgott-Roth 2013)

2005 2006 2007 2008 2009 Total Per Injuries per
Year Billion Ton-

Miles

Road Hospitalization 9 10 10 6 9 44 8.8 0.2526

Total 38 37 38 17 41 171 34.2 0.9816

Railway Hospitalization 20 2 1 0 0 23 4.6 0.1925

Total 24 2 4 0 1 31 6.2 0.2594

Hazardous Hospitalization 2 2 10 2 4 20 4.0 0.0068
Liquid Pipeline

Hazardous Gas Hospitalization 45 32 37 53 58 225 45.0 0.1130

Pipeline

The first pipelines for oil transportation were constructed in the U.S.A. in the 1850s and were made of
cast iron with oxyacetylene welds. Later, the introduction of steel in construction engineering and the
application of stricter safety regulations contributed to the construction of pipes with larger diameter
and capable of transporting oil under high pressure and temperature. Additionally, oxyacetylene welds
have been proven during the past decades as insufficient for pipeline applications after many and severe
pipe failures were attributed to them. Modern onshore and offshore pipelines are now constructed

Buried steel pipelines with flexible joints under faulting
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mainly by carbon steel and pipe parts are jointed with girth butt welds. The major advantages of steel
pipes are strength, ease of installation, high flow capacity, leak resistance, long service life, reliability,
versatility and economy (AISI 2007).

Onshore pipelines are divided into four categories with respect to their role in the oil supply chain: (i)
gathering, (ii) feeder, (iii) transmission and (iv) distribution lines. The present dissertation focuses on
transmission pipelines, also referred as energy-highways, which transport oil, natural gas and fuel
products within a province and across international boundaries. The diameter of such pipelines ranges
usually from 101.6mm (4in) to 1219.2mm (48in). Fuel products are transported under high pressure
that can range up to 70bars or more (Canadian Energy Pipeline Association 2016). As an example, the
major transmission natural gas pipeline network of Europe is illustrated in Figure 1-1. More pipelines
are under construction or design to transport oil and natural gas from the Arabian Peninsula, the
Caucasus area, North Africa etc. Transmission pipelines can be either above ground (Figure 1-2) or
buried (Figure 1-3), depending on local geological conditions, safety restrictions, environmental issues,
etc. Buried pipelines are investigated in this thesis, which are placed a few meters below the ground
surface for protection against corrosion and external or third party damage. The surrounding soil
provides support to the pipe cross-section against the internal pressure. Buried pipelines, also referred
as underground pipelines, are embedded inside a trench, which is then backfilled with soil material. A
typical trench cross-section is depicted in Figure 1-4.

Figure 1-1: Existing and new natural gas transmission pipeline network of Europe (“European Commision, Energy
- Infrastructure” 2008)

Figure 1-2: Above ground section of Alaska Pipeline (“National Snow & Ice Data Center” 2016)
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Figure 1-4: Cross-section of a typical trench for buried pipelines (“*Georg Fischer Harvel LLC"” 2016)

The construction of an onshore buried pipeline includes eight major stages (Figure 1-5):

Stage 1 — Pre-construction survey: The construction area is surveyed and marked in order to locate
any utility lines and agricultural drainages and to prevent accidental damage during the pipeline
construction.

Stage 2 - Cleaning and grading: The pipeline route is cleared of vegetation, while temporary erosion
control measures are taken to prevent ground moving prior to any excavation.

Stage 3 — Trenching: The trench is excavated using trenching machines. The excavated soil is
temporarily stockpiled near to the trench.

Stage 4 — Pipe stringing and bending: Pipeline parts are transported to the construction site and are
strung along the route, near to the trench. A pipe-bending machine bends individual pipe parts for
advancement to any route change or at locations where there is significant change in the natural
ground contours.

Stage 5 — Welding, x-ray inspection and pipe coating: The pipe sections are aligned along the trench,
welded together and placed on temporary supports. Welding inspection is carried out using x-ray
machines. Welded joints are then coated and electronically inspected.
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Stage 6 — Lowering pipe in and backfilling: The pipe assembly is lowered into the trench by sideboom
tractors and then the trench is backfilled.

Stage 7 — Testing: Hydraulic test of the pipe is carried out under pressure using water.

Stage 8 — Restoration: The construction area is restored as nearly as possible to its original form.

Figure 1-5: Stages of onshore buried pipeline construction (Constitution Pipeline 2016)

1.2 ACTIONS ON PIPELINES

The design and construction of a buried transmission pipeline is a complex procedure that employs
different engineering disciplines (e.g. hydraulic, mechanical, civil, geotechnical, material engineers). The
design procedure of a pipeline system can be divided into three major phases:

— Process design: specification of material, flow capacity, operational internal pressure and
temperature;

— Design in operational conditions: pipe strength analysis against non-accidental/operational actions,
design of corrosion protection, specification of pipeline components (e.g. pump stations and valves);

— Design against accidental actions: pipe strength analysis against accidental actions, such as third part
damage, explosion, unaccepted flow interruption and seismic-induced actions.

The main design loads in operational conditions are the internal pressure, vertical earth pressure,
thermal expansion, live surface loads (wheel loads from vehicles, trains, etc.), stresses due to route
change, impact of a surface load, etc. Design in operational conditions is carried out in stress terms,
where the developing stresses should not exceed the pertinent code-based limits (e.g. material yield
limit). Special attention is also given to weld design in order to avoid any leak or fracture in the weld
areas. The major potential non-seismic failure modes are corrosion, fatigue, buckling, corrosion fatigue,
ring deflection, flotation, dynamic fracture and stress corrosion cracking. To prevent these failures
specific preventing measures are applied, such as coatings for external corrosion, linings for internal
corrosion, crack arrestors for dynamic fracture and cathodic protection for corrosion. Relevant structural
design codes and provisions for buried pipeline design against non-seismic actions are ASME B31.4 and
ASME B31.8 (American Society of Mechanical Engineers 2012), Eurocode 3 — Part 4-3 (European
Commitee for Standardization 2007), API 5L (American Petroleum Institute 2012), API 1102 (American
Petroleum Institute 2002), API 1104 (American Petroleum Institute 2005), DNV-OSS-300 (Det Norske
Veritas 2012a), DNV-RP-B401 (Det Norske Veritas 2011), DNV-RD-C204 (Det Norske Veritas 2010a),
DNV-RP-D101 (Det Norske Veritas 2008), DNV-RP-F101 (Det Norske Veritas 2010b), DNV-RP-F106 (Det
Norske Veritas 2006), DNV-RP-F110 (Det Norske Veritas 2007).
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Design of buried pipelines against earthquake-induced actions is a crucial aspect given that any pipe
fracture, leakage or failure may have devastating consequences in the environment (soil, water and air
pollution), nearby populated areas (injuries or fatalities due to explosion), as well as economic losses
(flow interruption, repair cost, insurance cost). The response of buried pipelines to earthquake effects
differs from that of common civil engineering structures (e.g. buildings, bridges, towers, etc.). The latter
are founded in the soil and in case of an earthquake event, their foundation is forced to follow the
ground motion and the superstructure is excited due to its inertia. On the other hand, in case of buried
pipelines, the foundation soil surrounds the pipeline/structure, which is forced to follow the soil
movement by developing excessive deformation. In other words, the seismic performance of buried
pipelines depends on the response of the coupled pipe — soil interacting system. Earthquake-induced
actions on pipelines are divided into two distinct categories: (i) transient ground displacements (TGD)
and (ii) permanent ground displacements (PGD). Ground shaking caused by seismic wave propagation
is related to TGD. Permanent ground displacements are associated to ground failure during an
earthquake event. The major PGDs are landslide, slope failure, tectonic fault rupture and liquefaction-
induced lateral spreading. Relevant structural design codes and provisions for buried pipeline design
against seismic actions are Eurocode 8 — Part 4 (European Commitee for Standardization 2006), CSA-
Z2662-07 (Canadian Standards Association 2007), ALA (American Lifelines Alliance 2005), IITK — GSDMA
(Indian Institute of Technology Kanpur and Gujarat State Disaster Management Authority 2007) and
Seismic Design for Gas Pipelines (Japan Gas Association 2000).

1.3 REVIEW OF PIPELINE DAMAGES DUE TO EARTHQUAKE EFFECTS

1.3.1 Historical pipeline damage due to earthquake effects

Pipelines are vulnerable to earthquake effects and pipe failures in the 20t century have been reported
after the 1906 San Fernando (Manson 1908), 1933 Long Beach (Wood 1933), 1952 Kern County
(Steinbrugge and Moran 1954), 1964 Alaska (Hansen 1971), 1964 Niigata (Hamada and O'Rourke 1992),
1971 San Fernando (McCaffrey and O'Rourke 1983), 1976 Guatemala (O'Rourke and Liu 1999), 1976
Tangshan (Sun and Shien 1983), 1979 Imperial Valley (Waller and Ramanathan 1980), 1983 Coalinga
(Isenber and Escalante 1984), 1983 Nihonkai-Chunbu (Hamada and O'Rourke 1992), 1987 Whittier
Narrows (Wang 1990), 1989 Loma Prieta (Hamada and O'Rourke 1992), 1991 Costa Rika (O'Rourke and
Ballantyne 1992), 1993 Kushiro-Oki (Wakamatsu and Yoshida 1994), 1994 Northridge (O’'Rourke and
Palmer 1994), 1995 Kobe (Nakata and Hasuda 1995), 1999 Kocaeli (Earthquake Engineering Research
Institute 1999) and 1999 Chi-Chi (Takada et al. 1999). Pipelines may suffer minor or even severe
damages during earthquake events. Some indicative pipeline damage cases caused by resent
earthquakes were reported by O'Rourke and Liu (1999):

— The 1964 earthquake in Anchorage, Alaska, caused over 200 fractures in gas pipelines and 100
fractures in water distribution lines. The majority of pipe fractures was caused by landslides, ground
cracking and faulting.

— The 1971 San Fernando earthquake resulted in 1400 fractures in various pipeline systems, which led
to temporal lack of water, sewage and gas supply in the city of San Fernando. Research carried out
after the earthquake revealed that liquefaction-induced lateral spreading was the cause of damage
in water and oil transmission lines.

— The largest reported pipeline loss in history was the destruction of the trans-Ecuadorian 660mm
diameter pipeline, reported after the 1987 Ecuador earthquake. The pipeline loss cost about $850
million in sales and reconstruction.
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1.3.2 Pipeline subjected to faulting

Seismic fault rupture has been identified as the dominant cause of pipeline catastrophic failure after
past major earthquake events (O’'Rourke and Liu 1999). Fault movement is a significant geohazard and
is applied on the pipeline in a quasi-static manner, which is not necessarily associated with severe
seismic shaking. A seismic fault is defined as a discontinuity between two blocks of the earth crust,
where relative movement can occur to release the concentrated energy below the crust. The fault
movement is usually concentrated in relatively narrow zones, referred as fault planes. The two “sides”
of the fault zone are called blocks. The moving block is called hanging wall, while the other block is
reffered as footwall of the fault. A fault can be identified in a geological map by the interruption and the
transfer of geological formations. The fault trace, thus, appears as a line where the geological formations
are interrupted. The rupture surface is usually assumed to be planar. In nature, however, a single planar
fault can be hardly found. More than one faults, instead, are located “side-by-side” and a fault zone is
created, where the prevailing tectonic stresses are defused. Tectonic faults are categorized in general
as:

— normal, where the soil rupture incline is downwards (Figure 1-6a);

— reverse, where the soil rupture incline is upwards and both soil blocks are heavily compressed and
consequently the hanging wall is forced to move upwards (Figure 1-6b);

— strike-slip, where the rupture plane is almost vertical and relative fault block slip takes place along
the rupture plane (Figure 1-6c).

hanging wall

hanging wall

ctwall

footwall
@) (b) (©

Figure 1-6: Fault types: (a) normal, (b) reverse and (c) strike-slip

Fault activation is related to soil movement that sometimes can reach the order of meters. The
estimation of the expected fault offset magnitude is based on the geological, geotechnical and
seismological surveys carried out for the fault under investigation. However, estimating the
characteristic fault offset during the pipe lifetime is in fact quite difficult due to limited data and the
inherent uncertainty of earthquake events. In practice, thus, empirical relations are used for this
estimation. Such equations among fault characteristics (fault length, earthquake magnitude, fault width,
average and maximum offset, surface rupture length) were proposed by Wells and Coppersmith (1994)
for every fault type. The average fault displacement is related to the earthquake magnitude, for
example, in Figure 1-7 where regression curves are presented for strike-slip, normal and reverse fault
type. The single lines (solid lines) in Figure 1-7a represent a combined model, while the curves in Figure
1-7b correspond every fault type separately (Wells and Coppersmith 1994).
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Figure 1-7: Regression of average fault displacement on magnitude (Wells and Coppersmith 1994)

When a buried pipeline is subjected to faulting, it is forced to follow the soil displacement by developing
excessive deformation and consequently complex stress-state. Such pipe deformation due to normal,
reverse and strike-slip faulting is schematically illustrated in Figure 1-8, where for every fault type two
stages of soil movement are depicted with smaller and larger corresponding pipe deformation,
respectively. In every case, the pipe deformation is a smooth curved line.
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Figure 1-8: Schematic illustration of two successive stages of pipeline deformation due to (a) strike-slip, (b)
normal and (c) reverse faulting

1.3.3 Pipeline failure modes due to faulting
The integrity of buried pipelines subjected to faulting is heavily endangered by the development of high
stresses and strains in critical locations. The potential major failure modes in such case are:

— Tensile fracture: The excessive tensile strains may rupture the pipeline wall at areas of strain
concentration or defected locations. Areas of great concern are the girth welds between the adjacent
pipeline parts, assuming that the pipeline is corrosion- and defect-free. An example of girth weld
tensile failure is illustrated in Figure 1-9.
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Figure 1-9: Pipe girth weld tensile fracture (“Impact Solutions” 2016)

— Buckling: Compression may cause local (Figure 1-10) or global (Figure 1-11) instability of the pipe.
Regarding the local phenomenon, strain concentration leads to the formation of a wrinkle that extends
over a short pipe length. The wrinkle then evolves to a local buckle as compression increases. The
dominant parameters affecting the pipe instability are the diameter over thickness ratio (D/t) and the
burial depth. Pipelines being relatively shallowly buried with low ratio D/t tend to buckle globally
("beam-mode” or upheaval buckling), while deeply buried pipes with high ratio D/t tend to buckle
locally (Yun and Kyriakides 1990).

Figure 1-10: Wrinkling of a 2.2m diameter steel water pipe at a fault crossing in Kullar, Izmit in the 1999 Kocaeli
Earthquake (Uckan et al. 2015)

Figure 1-11: Upheaval buckling of onshore buried steel pipeline due to faulting (Yun and Kyriakides 1990)
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— Cross-section ovalization: External loading, such as ground movement, may cause flattening or
ovalization of the pipe cross-section, which directly affects the strength of the pipe and its operability

(Figure 1-12).
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Figure 1-12: Pipe cross-section ovalization due to external loading (AISI 2007)

VY9 VY

1.3.4 Preventive measures against the consequences of faulting on pipelines

Avoiding pipeline failure and associated leakage is the major priority in pipeline design against faulting
and remains a top research objective for both academia and industry. A set of different seismic
countermeasures is thus employed in engineering and constructional practice to minimize the
developing strains on pipe wall, mainly by reducing pipe — soil frictional forces. The commonly adopted
measures are pipe embedment in a shallow sloped-wall trench, pipe wrapping with friction reducing
geotextile, construction of a wider trench, use of culverts and backfilling with pumice. Further details
on the mitigating measures are presented in section 2.5.

In the present dissertation, the effectiveness of a new mitigating measure against the consequences of
faulting on onshore buried steel pipelines is evaluated, namely integrating flexible joints between the
pipe adjacent parts in the fault crossing area, an idea initially proposed by Bekki et al. (2002). This
concept introduces a different design approach for reducing the risk of failure instead of reducing the
developing pipe — soil friction, by transforming the pipeline structural system from continuous to
segmented, to concentrate strains at the joints and retain steel parts barely undeformed and
consequently unstressed. Flexible joints are widely used in the piping industry to absorb thermal
expansion and thrust. A major advantage is that flexible joints are commercial products and can thus
be customized upon diameter, internal pressure and allowable deformations. The introduction of flexible
joints between the adjacent pipe parts is schematically illustrated in Figure 1-13.

Figure 1-13: Schematic illustration of the introduction of flexible joints in a pipe
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1.4 OBIJECTIVE AND STRUCTURE OF THE THESIS

This thesis focuses on onshore buried steel pipelines with flexible joints that cross an active tectonic
fault. The main purpose of this research is to investigate the effectiveness of flexible joints in buried
pipelines — fault crossings in terms of mitigating the consequences of faulting on pipes. To that effect,
a combined experimental and numerical approach has been followed. Additionally, acknowledging the
importance of pipelines and motivated by the fact that the estimation of fault offset is highly uncertain,
a comprehensive methodology for the performance assessment of buried pipelines at fault crossings is
presented. The research is thus based on three aspects that include on the one hand experimental tests
and numerical calculations to estimate the seismic performance of pipelines with flexible joints and on
the other hand performance-based earthquake engineering to formulate the performance assessment
of pipelines at fault crossings.

A brief introduction to buried pipeline — fault crossing and the statement of the problem under
investigation are presented in this first chapter. Then, Chapter 2 contains a literature review regarding
the behavior of continuous and segmented pipelines at fault crossings, presenting analytical, numerical
and experimental research that has been carried out until now, as well as relevant structural provisions
and guidelines. The seismic countermeasures used in engineering practice and proposed in the literature
for pipeline protection are also discussed.

In Chapter 3, the set-up and the results of the experimental investigation that was carried out in the
Institute of Steel Structures at the School of Civil Engineering of the National Technical University of
Athens, in the context of the present doctoral thesis are described in detail. The experimental work
aimed at investigating the strain reduction caused by the integration of flexible joints in beam specimens
modeling pipes without the effect of surrounding soil subjected to imposed displacement. The
specimens’ deformation models the pipe deformation caused by fault rupture. In Chapter 4, the
experimental results are utilized to calibrate the numerical models. The numerical and the experimental
results are compared in terms of deformation and developing strains.

Then, in Chapter 5, a numerical effort is presented to investigate the buckling and post-buckling
response of beams with internal hinges under compression resting on foundation. The aim is with the
use of a simplified model to investigate the likelihood of upheaval buckling emerging as a potential
failure mode in case of reverse fault rupture, where high compression is developed. Then, in Chapter
6, a thorough numerical investigation of buried pipelines with flexible joints subjected to strike-slip
faulting is presented. The optimum number and position of joints in buried pipelines is addressed and
all parameters affecting the pipe behavior are examined through extensive parametric studies.
Preliminary design guidelines regarding the integration of joints in buried pipes are provided.

In Chapter 7, the performance assessment of buried pipelines at fault crossing is presented, which
includes the seismic hazard assessment of fault offset, the pipeline structural analysis and the pipe
performance assessment. Finally, in Chapter 8, the findings and the outcomes of the doctoral thesis are
summarized. The main intellectual contributions are highlighted and some issued for future research
are suggested.
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2 THEORETICAL BACKGROUND AND
LITERATURE REVIEW

2.1 INTRODUCTION

Aim of the doctoral thesis is to investigate the mechanical behavior of buried pipelines with flexible
joints that are subjected to fault rupture. The investigated pipelines are assumed to be corrosion- and
defect-free. According to pertinent seismic provisions and the engineering practice, the pipeline is
assumed to intersect a planar fault with zero thickness, i.e. disturbance of geological formulations and
distributed faulting issues are neglected. The pipeline segment crossing a seismic tectonic fault is
assumed to be straight without bends, as changes in pipe route may impose undesirable forces on the
pipe due to fault movement.

The pipeline — fault crossing geometry is schematically illustrated in Figure 2-1, where the fault dip
angle is denoted by y, the pipe — fault crossing angle by B, the fault trace length by LF and the pipe
crossing site distance from the fault closest edge by L,. The fault displacement magnitude A can be
represented in three dimensions with three components: A1 and Az are the fault-trace-parallel and fault-
trace-perpendicular horizontal components, while As represents the vertical component:

A= B8 (2-1)

A, /tany 0° <y <90°
A =173 -
2 { 0 W = 90° (2-2)
It is noted that the fault dip angle gy ranges from 0° (theoretical value) to 90° (vertical fault plane).
When yp=90° the A: fault-perpendicular component yields A>=0, as defined by the fault geometry.

The spatial fault offset is defined on the fault (global) coordinate system (1,2,3), while the local
coordinate system of the pipeline (x,y,z) is also specified by considering the global coordinate system
being rotated in the horizontal plane by the pipeline — fault crossing angle . The pipeline imposed
displacements can be also expressed in the local system: Ax is the longitudinal displacement with respect
to the pipeline axis, Ay is the transverse displacement with respect to the pipeline axis and A is the
pipeline vertical displacement, which are evaluated via the expressions:

Buried steel pipelines with flexible joints under faulting
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A, = A cosB+A,sinB
A, =-A, sinB +A, cosP (2-3)
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Figure 2-1: Geometry of pipeline — fault crossing

2.2 PIPELINE STRAIN-BASED DESIGN AGAINST FAULTING

2.2.1 Strain-based versus stress-based design

The activation of a tectonic fault is associated with large ground displacements that are imposed on the
buried pipeline. The pipe is curved due to faulting and consequently lateral forces are imposed from the
surrounding backfill soil on the curved pipe length. The pipe also experiences elongation resisted by the
frictional forces (pipeline — soil interaction) that are activated along the so-called anchor length (Figure
2-2). The combination of lateral and frictional forces results in the development of tensile and
compressive stresses on the pipe wall.

curved length
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Figure 2-2: Transverse and frictional forces on a buried pipeline due to strike-slip faulting

The problem under investigation is displacement-controlled and consequently strain-controlled rather
than stress-controlled. Large stresses are expected to develop on the pipeline wall due to faulting that
will probably exceed the yield limit, while the corresponding strains may remain below a limit that is
associated to failure, i.e. concentration of tensile strains may cause tensile rupture, while concentration
of compressive strains may induce local buckling. The pipeline design against permanent ground
displacements is thus carried out in strain terms (Strain Based Design) rather than is stress terms,
exploiting the steel’s ductility. Mohr (2003) provides a characteristic example to demonstrate that the
strain-based design is appropriate when the performance limits for the design, in at least one direction,
are better described in strain-terms than in stress-terms: when a pipeline is fitted to a curved surface
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(e.g. over a hill), then the curve of the ground surface determines the pipe curve and consequently its
strain. Thus, the pipe strain is obtained directly from the surface curvature instead of going through the
pipe stress and then back to the strain. Furthermore, if the surface curve is sharp enough to cause pipe
yielding due to bending as the pipe fits the curve, then the strain-based design becomes more important.
Considering then in the same case two pipes made of different steel grade (different stress-strain
relations) fitted to the same surface curve, they will exhibit the same strains but different stresses. In
such case, a stress upper limit would lead to different evaluation of the pipe’s response. On the other
hand, if the upper limit is strain-based, then the two pipes would be evaluated as the same in relation
to that limit.

2.2.2 Code-based strain limits

Strain-based design of pipelines has been incorporated in codes, standards and provisions for both the
construction and operation of pipes. The provision A842.23 in code B31.8 (American Society of
Mechanical Engineers 2012) indicatively defines that when the support of a pipeline (e.g. foundation
soil) is subjected to a predictable non-cyclic displacement (e.g. fault movement), the stress limits need
not be used, unless steel yielding threatens the pipe integrity. Instead, if plastic strains are expected,
then the pipe eccentricity, pipe out of roundness and the ability of welds to undergo such strains without
failure should be considered. The longitudinal strain limit depends upon the steel ductility, the pipe
buckling behavior and the previously experienced plastic strains.

2.2.2.1 Compressive strain

Compressive strains may lead to local or global buckling of the pipeline (section 1.3.3). Local buckling
is not directly associated with failure. Strain concentration leads to the initiation of a wrinkle that neither
interrupts fuel flow, nor allows a leak. However, the increase of compression leads to the evolvement
of the wrinkle to a local buckle and consequently the pipe may reach a predefined limit state.

Additionally, local buckling can also be recognized as a sign of the pipe degrading capacity to resist

other loadings. Thus, pertinent codes suggest upper compressive strain limits to avoid local buckling of

the pipe wall.

The compressive strain capacity of a pipe is affected by three main parameters:

— Girth welds: It has been demonstrated by several researchers through experimental studies that girth
welds tend to attract the buckle to a nearby region of the pipe wall within a distance of approximately
constant moment loading (e.g. B31.8 (ASME) 2012; Dorey et al. 2000; Prion and Birkemoe 1992;
Sherman 1983). This attraction is influenced by welding residual stresses, pipe steel inhomogeneous
properties along the pipe and misalignment of the pipe parts on either sides of a weld.

— Internal pressure: The pipe internal pressure increases the resistance to local buckling because it
creates tensile hoop stresses that assist the pipe to resist the diametrical changes caused by the local
buckling, tends to suppress some shapes of buckles and, in particular, it favors the outward buckle
against the diamond-shape buckle.

— External pressure: The external pressure reduces the resistance to local buckling and may be
potentially responsible for a propagating buckle.

The compressive strain limits used nowadays are provided by the following standards:
— Guidelines for the Design of Buried Steel Pipe (American Lifelines Alliance 2005)
The compressive strain limit in the operable limit state is given by the expression:

2
o 5D

2Et {3 (D—Dy) (2-4)

t
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The compressive strain limit in pressure integrity limit state is given by the expression:
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t
=1.76— -
€ 5 (2-5)

— Eurocode 8 — Part 4 Silos, Tanks and Pipelines (European Commitee for Standardization 2006)
The compressive strain limit is provided by the expression:

: t
g = m|n{1%;405(%)} (2-6)

— Z622-07 Oil and Gas Pipeline Systems (Canadian Standards Association 2007)
The compressive strain limit is given by the expression:
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where t is the pipe wall thickness, D is the external diameter, Dmin is the minimum inside diameter, E is
the steel modulus of elasticity, fy is the effective specified minimum yield strength, Es=207GPa, pe is the
maximum external hydrostatic pressure and p is the internal pressure.

Finally, to acquire a better perspective regarding the different compressive strain limits provided by
codes and standards, a typical API X65 unpressurized (p=0kPa) pipe is considered, featuring a diameter
of D=914mm and wall thickness of t=12.7mm. The different compressive strain limits are listed in Table
2-1, indicating variation between the proposed compressive strain limits.

Table 2-1: Compressive strain limits for a typical API X65 unpressurized pipe

Standard Expression Compressive
strain limit
American Lifelines Alliance (2005) — Operable limit Eq. (2-4) 0.39%
American Lifelines Alliance (2005) — Pressure integrity Eq. (2-5) 2.45%
Eurocode 8 — Part 4 Eq. (2-6) 0.56%
(European Commitee for Standardization 2006)
2622-07 Oil Eq. (2-7) 0.44%

(Canadian Standards Association 2007)

2.2.2.2 Tensile strain

Tensile strains may rupture the pipeline wall at areas of strain concentration or defected locations. Areas
of great concern are the girth welds between the adjacent pipeline parts due to the reduced ductility of
steel in these regions and the imperfections associated with the welding process. Tension tests on strip
specimens and in wide plates are usually carried out to experimentally investigate the tensile strain limit,
e.g. Wang et al. (2010). The tensile strain limits used nowadays are recommended by the following
standards/codes:

— Guidelines for the Design of Buried Steel Pipe (American Lifelines Alliance 2005)
The tensile strain limit in the operable limit state is proposed as:

g =2% (2-8)
The recommended tensile strain limit in the pressure integrity limit state is:
£ =4% (2-9)

— Eurocode 8 — Part 4 Silos, Tanks and Pipelines (European Commitee for Standardization 2006)
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The recommended tensile strain limit is:
€ =3% (2-10)

— Z622-07 Oil and Gas Pipeline Systems (Canadian Standards Association 2007)

The tensile strain limit is given by the following expression, where surface-breaking defects are
considered:

g, = {PSENO0 (1 116,14 )(~0.157 4 0.2398 °*n ) % (2-11)

where C is the apparent CTOD (mm) toughness (0.1<(<1), CTOD is the Crack-Tip Opening
Displacement from fracture mechanics tests, k is the ratio of yield strength to tensile strength (fy/fu),
€ is the ratio of defect length over pipe wall thickness (2¢/t) with 1<€<10, n is the ratio of defect
height over pipe wall thickness with n<0.5. Further information on the background of Eq. (2-11) is
provided by Wang et al. (2007). Considering for example a pipe with a minor defect and with £€=1.0,
n=0.1, =0.7 and k=0.775, the tensile strain limit after Eq. (2-11) is 4.5%.

— FEMA 233 (Yokel and Mathey 1992)
The recommended tensile strain limit for steel pipelines is:

g, =0.3% (2-12)

— DNV-0S-F101 (Det Norske Veritas 2012b)

According to DNV-0S-F101, if the accumulated plastic strain exceeds 0.3%, then Engineering Critical
Assessment (ECA) acceptance criteria are needed for both girth- and seam-welds. This statement
leads to the application of fracture mechanics analysis or fitness-for-purpose criteria in order to gain
thorough understanding of brittle and ductile failure, as well as plastic collapse of the area of interest.

— EN 1594 (European Commitee for Standardization 2013)

In EN 1594 it is stated that in case design strain exceeds 0.5%, following a Strain-Based Design
procedure, the allowable yield over-strength ratio should not exceed 0.85%.

— Tensile strain limits provided by codes and standards range from 0.3% up to 4%. However, there is
concern regarding the integrity of girth welds and their capability to develop such high strains due to
the metallurgical alterations induced by the steel heat-affected zone during the welding procedure.
For this reason DNV-OS-F101 (Det Norske Veritas 2012b), EN 1594 (European Commitee for
Standardization 2013) and FEMA 233 (Yokel and Mathey 1992), as well as engineering practice
(Gantes and Bouckovalas 2013) suggest the adoption of conservatively lower tensile limit equal to
0.5%. Additionally, higher tensile strain limits suggested by codes are based on the assumption of a
defect-free homogeneous pipe material (Liu et al. 2009).

In the present thesis, the operable limits proposed by the American Lifelines Alliance (2005) are adopted,
namely the compressive limit of Eq. (2-4) and the tensile limit of Eq. (2-8). The considered strain limits
in this study constitute a conservative approach, but are nevertheless considered as appropriate in light
of demonstrating that the proposed flexible joints can ensure both the integrity and the operability of
the pipe after its severe deformation due to faulting. It is noted that the internal pressure will not be
considered hereinafter, as a less favorable situation, and thus the corresponding term of compressive
limit in Eq. (2-4) is neglected.

2.3 ANALYSIS OF CONTINUOUS PIPELINE AT FAULT CROSSINGS

Analytical or numerical approaches have been applied to assess the pipe stress-state due to faulting.
Newmark and Hall (1975) were the pioneers of such work and analytically calculated the pipeline wall
stress-state, considering the pipeline as a long cable undergoing small displacements and being
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intercepted by a planar fault. The analysis did not account for the pipe flexural rigidity and faults causing
pipe compression could not be analyzed. Kennedy et al. (1977) extended the work of Newmark and Hall
(1975). The authors considered a non-uniform friction interface between the pipe and the surrounding
soil with the latter assumed to be cohesionless. The methodology was limited to pipe — fault crossing
angles that cause only pipe tension and not compression. Later, Kennedy and Kincaid (1983) extended
the work of Kennedy et al. (1977) by accounting for the lateral and the vertical soil pressure on the
pipe. Wang and Yeh (1985) integrated the pipe bending stiffness in the established analytical models.
The pipe was divided into four segments, namely two segments in the fault vicinity with constant
curvature and two outer segments, modeled as beams on elastic foundation (Figure 2-3). The axial
force and the bending moment at point B of the pipeline were obtained through an iterative procedure.

Beam on Elastic Beam on Elastic

. Transition .
<+-— Foundation ——|e— Tons Foundation

Initial Pipe Position

AL = AB - A'B st
Ly = AB or AD D 111g
Leg = BC or DE Displaced Pipe

Anti-symmetrical Contiguration

Figure 2-3: Pipeline — fault crossing analytical model proposed by Wang and Yeh (1985)

The pipe model of elastic beam was adopted by Vougioukas et al. (1979) to account for the vertical and
horizontal fault movements. McCaffrey and O'Rourke (1983) and Desmod et al. (1995) took advantage
of field observations in gas and water pipelines after the 1971 San Fernando earthquake and examined
the developed strains. Wang and Wang (1995) modeled the pipe as a beam on elastic foundation, while
Takada et al. (2001) proposed a more accurate model by relating the cross-sectional deformation and
the pipe bending angle to calculate the maximum strain. Recently, Karamitros et al. (2007, 2011)
improved the previous analytical approaches for strike-slip and normal fault crossings by combining the
model of a beam on elastic foundation (segments AA" and CC’) and the elastic beam theory to estimate
the maximum strains and the relation between bending moment, shear force and rotation angle at
points A and C (Figure 2-4).
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Figure 2-4: Pipeline partitioning into four segments proposed by Karamitros et al. (2007)

Trifonov and Cherniy (2010, 2012) presented a semi-analytical methodology for pipeline stress — strain
analysis by considering the contribution of transverse displacements to the axial elongation and the
effects of temperature and internal pressure, while a two-dimensional stress-state was adopted with
constant hoop stress.

The analytical approach remains a helpful tool during the preliminary design stage of a pipeline — fault
crossing. The pipeline — soil interaction complexity, however, requires the implementation of advanced
numerical models that are capable of considering all pertinent parameters, such as geometrical and
material nonlinearity, cross-section ovalization and complex soil properties. The finite element method
was initially introduced by Ariman and Lee (1992) to evaluate the developing strains of buried pipelines
subjected to fault rupture. Nowadays two categories of numerical models are available:

— The first is the so-called beam-type model, where the pipeline is meshed into beam-type finite
elements that can model the axial, shear and bending deformation and can provide stresses and
strains at cross-sectional integration points along the pipe. The surrounding soil is modeled using a
series of nonlinear translational springs in four directions (axial, transverse horizontal, transverse
vertical upward and downward), based on the Winkler soil approach (Figure 2-5). However, trench
dimensions and native soil properties cannot be directly encountered in the analysis. Additionally, the
use of beam-type finite elements does not allow the direct estimation of local buckling, cross-section
ovalization and detailed stress-strain distributions around the circumference of the pipe. Thus, checks
on failure modes are carried out by comparing the maximum developing tensile and compressive
strains obtained from the integration points to the corresponding strain limits provided by pertinent
standards.
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Figure 2-5: Geometry of FEM model for a buried pipeline under reverse faulting proposed by Joshi et al. (2011)

The beam-type model is extensively used by researchers to evaluate the pipeline integrity at active
fault crossings. Ogawa et al. (2004) adopted the beam-type model and compared the obtained
numerical results to those reported in pipelines after the Chi-Chi earthquake. Joshi et al. (2011)
employed this model to investigate the pipe behavior due to reverse faulting. Chaudhary et al. (2013)
developed a nonlinear solution algorithm accounting for the geometrical and material nonlinearity of
the problem to employ the beam-type FE model and investigate continuous pipes under strike-slip
faulting and presented numerical considerations on the FE model. Uckan et al. (2015) presented a
simplified beam-type model as a useful tool to calculate the pipe critical length and established a
methodology for the formulation of pipe fragility curves. Very recently, Liu et al. (2016) employed
the beam-type model, due to its simplicity, in order to carry out a very large number of analyses with
different parameters and then performed regression on the results to conclude with a semi-analytical
expression for the prediction of maximum compressive strain in X80 pipes subjected to strike-slip
faulting. The beam-type model is also proposed by pertinent Standards and Regulations such as
Eurocode 8 — Part 4 (European Commitee for Standardization 2006), American Lifelines Alliance
(2005) and ASCE (1984) as a reliable and computationally efficient numerical modeling approach.

— The second approach is the so-called continuum model that is implemented to overcome the
shortcomings of the beam-type model. The pipeline is discretized into shell finite elements and the
surrounding soil into 3D solid elements. The pipe — soil interaction is modeled with contact finite
elements. This approach severely increases modeling complexity due to the introduction of contact
elements, nonlinearity and computational effort in terms of solution time requirements, boundary
conditions, resulting degrees of freedom and convergence difficulties. The initial attempts to employ
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the continuum model by considering pipe — soil contact issues were presented by Kokavessis and
Anagnostidis (2006) and Odina and Tan (2009). Recently, Vazouras et al. (2010, 2012, 2015)
presented in a series of papers a rigorous finite element model for pipeline — strike-slip fault crossing
by considering soil parameters, pipe — fault crossing angle and pipeline mechanical characteristics to
come up with a simplified expression for critical buckling strain and investigated the proper boundary
conditions of the model using experimental results. This model was then adopted by other researchers
to consider the effects of trench dimensions, native soil properties and fault motion simulation
(Trifonov 2015; Zhang et al. 2014, 2015b). Rahman and Taniyama (2015) compared the continuum
model to an analysis method with 3D discrete elements in order to account for the soil sedimentation
and focus on the force — displacement relation between pipes and soil particles.

-

Figure 2-6: Continuum model proposed by Vazouras et al. (2010, 2012, 2015) for the analysis of buried pipelines
at strike-slip fault crossings

As an alternative, nonlinear translation springs can be used for soil modeling instead of 3D-solid
elements to avoid the numerical difficulties related to the use of contact elements between the
pipeline and the soil (Gantes and Bouckovalas 2013; Karamitros et al. 2007, 2011; Takada et al.
1998). However, soil modeling with springs in combination with pipe meshing into shell elements
may lead to the introduction of local forces on shell elements that, especially in case of a coarse
mesh, do not represent accurately the physical problem, as they alter the distribution of stresses and
strain on the pipeline wall, hence local buckling considerations may be inaccurate.

— Additionally, buried pipeline — fault numerical modeling can be carried out by employing a hybrid
model than combines the beam-type and the continuum model (Figure 2-7). In such case, the pipeline
around the fault zone, where higher strains are anticipated and there is increased potential of local
buckling, is modeled using the continuum model, while the rest of the pipe length is modeled using
the beam-type model (e.g. Karamitros et al. 2007, 2011). This approach aims at reducing the
computational cost and exploiting the advantages of both numerical approaches, even though the
above mentioned disadvantages of both models cannot be really avoided.
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Figure 2-7: 3D finite element model employed by Karamitros et al. (2007), detail of the connection between the
shell and the beam part of the model

Among the two alternative pipeline modeling techniques presented, i.e. beam-type and continuum
model, the beam-type model is considered as more appropriate for practical applications, taking also
into account the fact that several fault crossings will be encountered by a single pipeline traversing a
seismic area, hence a large number of analyses will be required. Time and computational cost
requirements can be significant parameters determining the acceptability of the continuum model by
design engineers. The beam-type model is selected in the present thesis to investigate the mechanical
behavior of continuous pipelines and pipelines with flexible joints to demonstrate the effectiveness of
flexible joints in protecting buried pipelines against PGD. Aspects of the application of the beam-type
model have been presented by the author in Gantes and Melissianos (2013) and Melissianos and Gantes
(2015b).

2.4 EXPERIMENTAL STUDIES OF PIPES

2.4.1 Experiments of members with circular hollow section

Members of circular hollow section are widely used in piping networks and in a wide range of structural
applications and thus their experimental investigation has been extensive since the 1950s. The first
experiments were carried out for sections with low diameter over thickness ratio (D/t) that are mainly
used in buildings and bridges. Experiments of cylindrical members under pure bending were presented
by Moore and Clark (1952), Reddy (1979), Tugcu (1979), Gresnigt (1986), Kyriakides and Shaw (1987),
Fowler (1990), Ju and Kyriakides (1992), Gresnigt and van Foeken (2001). Researchers in these studies
tested thick cylinders with D/t<100 in order to examine the elastic or elastoplastic buckling of pipes for
onshore and offshore applications.

Sherman (1976) was motivated by the need for safe design of offshore truss structures and presented
a series of experimental tests of circular hollow sections (D/t ranging from 35 to 102) under bending
with cantilever and simply-supported boundary conditions. The author’s experimental investigation
focused on the members’ capacity to undergo plastic deformations prior to failure. Later, an important
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experimental program was carried out within the CBI — SwWRI project (Marlow 1988; Steinman and Vojta
1989) to investigate the local buckling of 36 circular cross-section beams (D/t ranging from 42 to 60)
under bending and axial force in order to contribute to the design of offshore deep-water platforms.
The major objective was to examine the effect of the external pressure to the bending capacity, while
more specimens without external pressure were tested. Then, Foeken and Gresnigt (1988) carried out
experiments on a relatively thin cylinder under bending and internal pressure in order to investigate the
effect of internal pressure and experimental results from cylinders with ratio D/t from 102 to 107 were
also presented. Finally, Elchalakani et al. (2002) experimentally investigated cold-formed thin cylinders
with ratio D/t ranging from 36 to 110 and manufactured with very high strength steel (grade C350L0
according to AS/NZS 1163) to estimate the deformability of such members.

2.4.2 Experiments of pipes

The increasing energy demands during the last decades led to the expansion of pipeline networks and
consequently highlighted the need for safe pipe design against earthquake-induced actions and mainly
against permanent ground displacements. From the beginning of the 1980s, the scientific community
begun to investigate the capacity of buried pipes through experimental programs. However, the
behavior of buried pipes subjected to PGDs is governed by the pipe — soil interaction. When the
surrounding soil is incorporated in the test, many constructional, cost and time consuming issues
emerge. Thus, the experimental investigation of pipes can be roughly divided into two categories:

— Pipes without surrounding soil: The experiments are usually three- or four-point bending tests with
or without accounting for any axial force and/or internal pressure. The specimens’ boundary
conditions may be simply-supported, clamped or cantilever. The main objective of these experiments
is the estimation of the pipe bending capacity, the pre- and post-buckling behavior and mainly the
critical compressive buckling strain.

— Pipes with surrounding soil: The experimental set-up is usually a shear-box or a centrifuge. The
objectives of these experiments is to study the pipeline behavior subjected to faulting, soil liquefaction
or settlement and at the same time identify the effects of soil properties, burial depth and fault offset
rate on the pipe response.

2.4.2.1 Experiments of pipes without surrounding soil

Experiments of pipes without surrounding soil are carried out to assess aspects of the pipe behavior
under simple loading, such as bending, axial force and internal pressure. This type of experiment is
performed more often due to less emerging practical difficulties and consequently lower cost than those
with surrounding soil.

Murray (1997) tested X52 and X65 pipes with external diameter 508mm and 324mm to examine the
strain localization at areas where local buckling appears. The experimental set-up consisted of eccentric
braces that imposed bending and compressive axial force. Results showed that the local buckling of
unpressurized pipes was diamond shaped and of pressurized pipes was outward. Moreover, the
evolution of local buckling in pressurized pipes revealed that a periodical waveform was initially formed
on the shell surface where the maximum compression is developed. Then, after yielding took place and
when the pipe steel was softening, one of the waveforms developed to local buckling, while the rest of
them disappeared.

Dama et al. (2007) studied the structural behavior of pipes under bending and internal pressure through
full-scale four-point bending tests of API5L Grade B pipes with external diameter of 610mm (24in) and
length of 12m. The obtained experimental results revealed that locally buckled pipes, due to strain
concentration, might fail due to fatigue or fracture in the buckled area. Quasi-static cyclic load was
applied after the buckled pipes were pressurized. The maximum internal pressure capacity might also
not be affected by the formation of local buckles or the cyclic loading, as long as the pipe material is
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sufficiently ductile to withstand the developing strains at the buckled area during loading and unloading.
Thinvongpituk et al. (2008) experimentally investigated steel pipes with D/t ratio ranging from 21.16 to
42.57. The specimens were subjected to pure bending in order to validate the analytical methodology,
proposed by the authors, for the estimation of the pipe cross-section ovalization.

Gresnigt and Karamanos (2009), then, presented an additional study on the results obtained from an
extensive program of experiments carried out in the late 1990’s at the Technical University of Delft in
the Netherlands. The experimental investigation focused on the elastoplastic local buckling of pipes and
the effect of the manufacturing process on the pipe ultimate capacity and the local buckling. Full scale
four-point bending tests of pipes with D/t ranging from 20 to 50 were performed. The processing of the
experimental results revealed that the critical compressive strain of local bucking had to be measured
at the maximum bending moment. Comparison of test results with available analytical expression for
critical buckling strains showed that results fit better with the expressions proposed by Murphy and
Langner (1985) and Gresnigt (1986), rather than those by BS 8010 (British Standards Institution 1993)
and DNV-0S-F101 (Det Norske Veritas 2007). Furthermore, it was found for pipelines with low D/t ratio
that the steel strain hardening properties had greater impact on the gradient of the moment — curvature
relation in the post-yielding area than on the strain value at the maximum moment. Finally, the
experimental results for UOE pipes were on the safe side compared to the analytical expressions of
Murphy and Langner (1985) and Gresnigt (1986), rather than those for seamless pipes.

Mason et al. (2010) were the first to perform tensile tests of full-scale pipes with welded slip joints
(WSJ). Two API5L Grade B pipe specimens were used of external diameter 320mm and wall thickness
6.4mm with a WSJ in the middle. The pipes were subjected to cyclic axial loading. External full
circumferentail fillet welds of the joints were made following the AISC (1994) procedures. The
experimental results showed that the pipes with WSJ had post-buckling strength provided that the
pertinent requirement and specifications had been implemented. The authors concluded that the
maximum allowable tensile strain that should be considered in the design depends on engineering
judgment of the pipeline operator with reference to the on-site construction quality. Thus, in case the
construction quality is poor, then the allowable strains should be lowered.

Chen et al. (2012) performed full-scale experiments of X70 pipes with diameter of 40in in order to
assess their strength prior to their installation in a project. Pipes were subjected to bending, compression
and internal pressure. The experimental results revealed that the distributions of tensile strains were
quite uniform along the top of the pipe, while concentration of compressive strains was reported on the
bottom of the pipes, indicating the potential of local buckling if the applied bending moment was further
increased.

Later, Ferino et al. (2013) carried out experiments on full-scale X80 pipes to examine the critical buckling
strain of high-strength steel pipes. Unpressurized pipes with D/t ratio between 50 and 65 were subjected
to pure bending (four-point bending test). The authors used the experimental results to validate their
numerical models and concluded to an analytical expression for the estimation of the critical buckling
compressive strain. The considered parameters of this analytical expression were the D/t ratio, the yield
stress over modulus of elasticity ratio, the level of steel hardening, as well as safety factors regarding
the pipe geometrical imperfections and the potential misalignment of the pipe adjacent parts due to the
welds.

Recently, Kristoffersen et al. (2015) presented experimental results of in-scale offshore X65 pressurized
pipelines. The authors carried out three-point bending tests, while a lateral load was applied in the
middle of the specimens. It was found that: (i) the increase of axial load led to the increase of the
bending capacity, (ii) the increase of the internal pressure reduced the cross-section distortion and
increased the pipe strength, (iii) the local deformation of the cross-section was quite unaffected by the
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axial load and (iv) the deformation of the pressurized specimen compared to the unpressurized was
smoother at the end of the test.

2.4.2.2 Experiments of pipes with surrounding soil

Yoshizaki et al. (2003) carried out full-scale tests on 100mm diameter steel pipe with 4.1mm thickness.
The pipes were subjected to permanent ground deformation and the effects of elbows were investigated
by considering different soil water contents. Results revealed different response of pipes embedded in
dry and partially saturated sand.

Wijewickreme et al. (2009) carried out full-scale pullout tests of pipes in a soil chamber. Results in terms
of strains were compared to those predicted in design guidelines and recommendations were extracted
regarding the use of code expressions for pipes buried in soils that might experience significant shear-
induced dilation.

Abdoun et al. (2009) used a centrifuge to investigate in-scale HDPE pipes subjected to strike-slip
faulting. The parameters under examination were the fault offset rate, the backfill soil moisture content,
the burial depth and the pipe diameter. The experimental results showed that the offset rate did not
affect the maximum axial strain, while low offset rate led to the increase of the maximum bending
strains. Also, regardless the moisture content of the backfill soil, surface soil disturbance was located in
a narrow zone in the fault vicinity, while for moist sand backfill additional soil cracks were reported
downstream of the pipe, where passive soil pressure was developed. Then, for large burial depth over
diameter ratio (H/D) no soil failure was reported, while for intermediate H/D ratio values typical soil
failure was observed. The effect of H/D ratio is related to the fact that burial depth increase leads to
stiffer soil springs that restrict the pipe bending deformation around the fault zone. Finally, the pipe
diameter did not alter the location of the maximum bending strains, while the diameter increase
contributed to the significant increase of developing bending moment.

A year later, Ha et al. (2010) used the same centrifuge to experimentally investigate HDPE pipes in
order to compare the obtained results to failures reported on a major water pipeline in Izmir (Turkey),
after the 1999 Kocaeli (Earthquake Engineering Research Institute 1999) earthquake. The authors
concluded that: (i) the pipeline — fault crossing angle should be as close to 90° as possible, (ii) the
pipeline — fault crossing angle has to be selected in such a way that pipe compression is avoided and
(iii) in case the pipe internal pressure is not very high, HDPE is more suitable as pipe material in the
vicinity of fault crossings, compared to carbon steel. Furthermore, it was found that the locations where
local buckling has occurred, acted as “flexible joints” in case of increasing fault offset.

Sim et al. (2012) performed experiments of in-scale acrylic pipelines (diameter 20mm, thickness 4mm
and length 800mm) on a shake table (gravity conditions 1g) to examine the shear failure of pipes due
to faulting or landslide. The pipe — fault crossing angles under investigation were 30°, 45°, 60° and 90°.
The authors concluded that the developing bending moment depended almost exclusively on the fault
offset magnitude, while the seismic shaking did not play a role. The efficiency of tyre derived aggregate
backfill in terms of reducing the pipe developing bending moments was proven.

Rofooei et al. (2012) utilized a shear box to in-scale model in a rigorous manner the behavior of buried
pipes subjected to reverse fault rupture. API5SL Grade B pipes with 4in diameter were subjected to
reverse faulting of dip angle y=61°. Results revealed that inelastic local buckling occurred at the pipe
in both the fault hanging wall and footwall parts. Experimental results were verified through numerical
modeling.

Recently, Moradi et al. (2013) used a centrifuge to experimentally investigate the behavior of in-scale
stainless steel pipes subjected to normal fault rupture. The main parameters of the experiment were
pipe — fault crossing angle B=90°, fault dip angle y=60°, D/t ratio ranging from 20 to 50, while the
specimens where hinged at the shear box walls. The major findings of this investigation were that axial
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strains were larger than bending strains and larger on the fault hanging wall. Increase of burial depth
caused decrease of the failure fault offset magnitude. Increase of pipe diameter caused: (i) larger strains
for lower fault offset, (ii) improvement of bending and degradation of axial pipe behavior and (iii) pipe
stiffness increase and consequently vertical pipe displacement was reported for lower fault offset
magnitude.

2.4.3 Experiments of pipe mitigating measures

Choo et al. (2007) experimentally investigated HDPE pipes using a centrifuge to examine the strain
reduction due to reduced pipe — soil friction through the implementation of expanded polystyrene
geofoam blocks as low-density backfill. Sim et al. (2012) performed shaking table tests of small diameter
pipes crossing a vertical fault to investigate the performance of tyre derived aggregate (TDA) backfill in
terms of protecting buried pipelines against vertical faulting and shaking. The obtained experimental
results showed that TDA backfill contributed to pipe bending moment reduction. Monroy-Concha (2013)
carried out tests of pulling pipes embedded in sand backfill to examine the effect of trench cover with
geotextiles on the buried pipe protection. Hegde and Sitharam (2015) tested small diameter PVC pipes
embedded in geocell reinforced sand beds in order to investigate the efficiency of geocells in terms of
protecting buried pipelines. The experimental set-up consisted of a test tank filled with sand, where the
pipeline was placed at the bottom and force was applied on the top soil surface through a hydraulic
jack. Finally, experimental investigation of flexible joints as individual components, i.e. without
considering them as part of a piping network, are primarily conducted to determine the mechanical
properties of the joint (e.g. Medeiros et al. 2009, Veiga et al. 2016).

2.4.4 Framework of experimental investigation

The presented literature review reveals that the major research objective of the experimental
investigation of pipes, with or without considering the effects of the surrounding soil, is the assessment
of pipe behavior due to faulting. Additionally, researchers aim at extracting qualitative and quantitative
results regarding the effect of various parameters influencing the pipe behavior. Investigation of the
efficiency of alternative mitigating measures against the consequences of faulting on pipelines is
however very limited until now. Towards this research gap, the experimental investigation of pipes with
flexible joints carried out within this study (chapter 3) aims at demonstrating the efficiency of flexible
joints as components that can be introduced in buried pipe — fault crossings and prevent pipe failure.
The experimental investigation of pipes with flexible joints complies with the experiment practice, as
published in the literature, regarding the testing procedure, specimen boundary conditions, specimen
static model, etc.

2.5 CURRENT SEISMIC COUNTERMEASURES IN FAULT CROSSINGS

In pipeline design against faulting, alternative seismic countermeasures are employed to minimize the
developing strains on pipe walls, mainly by reducing pipe — soil interacting forces. The commonly applied
measures are:

— Pipeline embedment in a shallow, sloped-wall trench with loose backfill (Figure 2-8) aiming at
reducing soil resistance and allowing pipeline deformation to take place over a longer length.
Development of large strains and permanent deformations is allowed if pipe failure is prevented
(Gantes and Bouckovalas 2013; Karamanos et al. 2014).
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Figure 2-8: Trench backfilling with graded soil

— Increase of pipe wall thickness or steel grade upgrade to reduce developing strains and pipe curvature
by increasing pipe stiffness (Gantes and Bouckovalas 2013; Karamanos et al. 2014).

— Avoidance of sharp bends that increase constraints to axial displacements and may impose additional
forces on the pipeline (American Lifelines Alliance 2005; European Commitee for Standardization
2006; Gantes and Bouckovalas 2013).

— Pipeline wrapping with friction-reducing geotextile (Figure 2-9) to reduce pipe — soil friction and

increase the anchor length aiming at reducing the developing longitudinal strains (Gantes and
Bouckovalas 2013).

Figure 2-9: Pipeline wrapping with friction-reducing geotextile (Gantes and Bouckovalas 2013)

— Pipeline wrapping with composite FRP wraps to increase strength and consequently the critical fault
movement that causes failure (Mokhtari and Alavi Nia 2015).

— Pipeline placement within buried concrete culverts, which are sacrificed during the fault movement
to retain pipeline undeformed and unstressed. The lack of backfill contributed to the reduction of the
friction-induced strains on the pipeline (Figure 2-10). This approach is practically the only applicable
in case the fault offset magnitude is expected as high as 1.5D to 2.0D.
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Figure 2-10: Use of concrete culverts to protect buried pipelines in case of strike-slip fault movement by retaining
the pipe undeformed

— Use of geocells and geogrids in the trench above the pipeline to reduce pipe deformation (Hegde and
Sitharam 2015).

— Backfill pipe trench with tyre derived aggregate surrounded by sand to reduce pipe bending moments
(Sim et al. 2012).

— Change of pipeline route by constructing a dog-leg structure to allow pipeline deformation take place
within a larger area in case there is great uncertainty on the fault trace location, as illustrated in
(Besstrashnov and Strom 2011).

Figure 2-11: Construction of the dog-leg structure at the pipeline — fault crossing at Sakhalin (Besstrashnov and
Strom 2011)

— Creation of a buckling pattern section in order to control the location and mode of pipe local
deformation and increase the fault displacement that can be absorbed (Nobuhiro et al. 2013).

— Creation of an offset section of the pipeline at well-known strike-slip fault crossings by installing four
cold bends to favor the development of tension on the pipeline (Hart et al. 2004).

— Construction of the pipe — fault crossing segment above ground on embankment or supports. The
efficiency of this design approach has been clearly demonstrated in case of the Alaska pipeline —
Denali fault crossing (Figure 2-12).
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after fault rupture

Figure 2-12: Trans-Alaska pipeline undeformed shape and deformed shape after the Denali fault rupture in
November 3, 2002 following a M=7.9 earthquake (Hall et al. 2003)

— Construction of a wider trench in order to allow pipeline deformation take place over a longer distance
and therefore avoid strain concentration (Figure 2-13).
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Figure 2-13: Pipe deformation due to faulting within a typical and a wider trench

Engineering practice and limited research results have demonstrated that various parameters, such as
the maximum allowable fault offset magnitude and constructional issues, can limit the efficiency of the
conventional measures. Monroy-Concha (2013), for example, suggested that wrapping the pipeline with
a double layer geotextile is effective only if the distance between pipeline and trench wall is less than
half the pipeline diameter. In general, it has to be noted that all preventive measures have to be applied
or installed along a significant pipeline length, in order to confront the uncertainty regarding the exact
fault trace location.
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A new design concept for the protection of buried pipelines and consequently reducing the risk of local
buckling or tensile fracture is proposed within this study, which relies on the modification of the
structural system of the pipeline from continuous to segmented by introducing flexible joints between
the adjacent pipeline parts in the fault crossing area, following the suggestions of Bekki et al. (2002).
The principal objective is to concentrate strains at the joints through joint rotation and expansion and
retain the steel parts barely undeformed (Melissianos and Gantes 2015b; Melissianos et al. 2015a), as
schematically illustrated in Figure 2-14, instead of reducing the soil friction.

flexible joint rotation
in order to accomodate
the pipe bending strains

pipeline

fault footwall

fault hanging wall

elongation of flexible joint
in order to accomodate | :
the pipe longitudinal strains e

Figure 2-14: Schematic illustration of flexible joints’ behavior in pipes under fault rupture

2.6  FLEXIBLE JOINTS

The term flexible joints refers to mechanical products that have been available in the market for many
decades and have two major applications in the piping industry. The first application is in industrial
piping systems, to absorb thermal expansion, machinery vibration and thrust (Figure 2-15). The second
one is the use as connecting layouts between the adjacent parts of segmented pipes (Figure 2-16). In
general, flexible joints are capable of undergoing relative displacement and rotations. Commercial
flexible joints, which are also called expansion joints in the market, are made either of steel (metallic
joints) or rubber (rubber joints). For buried pipeline applications, the metallic joints are selected, which
are made of carbon or stainless steel. This selection is based upon the specifications of metallic flexible
joints that meet the requirements regarding among others the resistance to external damage, corrosion
and internal pressure. Finally, it has to be noted that flexible joints are prone to fatigue. Estimation of
the maximum allowed fatigue life is crucial for the selection of a flexible joint in a piping system, but is
not related to earthquake-induced actions and therefore it will not be examined hereinafter.
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Figure 2-16: Construction of segmented pipe with ball joints (Xinxing Pipes International Development Co. Ltd.
2016)

The commercially available flexible joints today can be divided into the following categories with respect
to the way in which the imposed displacements are accommodated:

— slip expansion joints;
— ball joints;

— bellows;

— composite type.

2.6.1 Slip expansion joints

Slip expansion joints consist of two parts with flush mounting of one part into the other. The parts are
not welded and thus relative axial deformation is allowed, while rotation is very limited (Figure 2-17).
The main properties that characterize the behavior of this joint are: (i) the maximum allowable slip, (ii)
the slip overstrength and (iii) the sealing method. Joints of this type are available in the market for
internal pressure up to 6.9MPa (x1000psi) and can thus be used in high-pressure oil and gas pipelines.

SLIP-TYPE EXPANSION JOINT
Flange balts

oot | |
Pipe 2 Pipe 1 slides in pipe 2
B e e e e e e e e —>
F=pA+mV F=pA+mV
Packing Pressure + momentum

ooo nocl
wgewb

Figure 2-17: Typical configuration of a slip expansion joint (Lee 2013)

Buried steel pipelines with flexible joints under faulting



30 Chapter 2

The application of this joint type in buried pipelines has to meet the restrictions and follow the
recommendations stated by O'Rourke and Liu (1994, 2012). However, due to the potential uncertainty
regarding the fault trace location on buried pipeline — fault crossing, these joints could be a costly
solution, without ensuring that their contribution to pipe strain reduction would be beneficial.

2.6.2 Ball joints

The configuration of ball joints, is determined by the ball-shape of the one edge that is inserted in the
other edge (Figure 2-18). The spherical configuration allows the relative rotation of joint’s edges. If the
joint is capable of undergoing slip, then relative axial displacement (expansion) can also be
accommodated. In such case, a robust restriction layout has to be developed in order to prevent slip
exceeding the maximum allowable corresponding value. Ball joints are available in the market but their
pressure integrity is limited to 2.4MPa (~350psi) and therefore they cannot be used in high-pressure
(e.g. 7MPa) transmission pipelines.

FLANGE BODY OQUTER SEAL

INNER SEAL PIPE BOOY

Figure 2-18: Typical configuration of a ball joint with expansion capability ("EBBA Iron Sales, Inc.” 2016)
2.6.3 Bellows

2.6.3.1 Introduction to bellows

Bellows are flexible joints manufactured by the expansion of lightweight thin metal sheets, usually
stainless steel. Bellows are designed to accommodate significant axial and transverse deformation and
rotation and to withstand high internal pressure. The deformation capabilities of a bellow are
schematically presented in Figure 2-19.
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Figure 2-19: Bellow (a) axial, (b) lateral and (c) angular deformation capability

The deformation capability of a bellow is primarily determined by the cross-section and the width of
each convolution, while the bellow’s axial, lateral and angular stiffness is determined by the total humber
of convolutions. According to Wilson (1984), there are 10 different types of convolution’s cross-section
(Figure 2-20). The most common convolution type is the “S-Shaped” (Figure 2-20f). Bellow-type flexible
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joints can be produced upon request with reference to the specifications of the pipeline system.
Indicatively, manufacturers can produce bellows featuring a diameter up to 1830mm (72in) and
resistance to internal pressure up to 8.3MPa (=1200psi).
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Figure 2-20: Alternative profiles of bellow convolutions (Wilson 1984)

2.6.3.2 Types of bellow joints

The basic type of bellow is the single (Figure 2-21a), which can accommodate axial, lateral and angular
movement (Figure 2-19), but it is mainly used for axial differential movements. Additionally, when rods
are added only lateral deformation is allowed (tied bellow — Figure 2-21a) or when a uniaxial hinge is
introduced, only rotation is available (hinged bellow — Figure 2-21b).

(a) (b) ©)
Figure 2-21: Bellow types: (a) single, (b) tied and (c) hinged

Furthermore, a considerable advantage of bellow-type joints is that the deformation capability can be
increased through the increase of the number of convolutions. In case the required deformation
capability cannot be accommodated through the increase of the number of convolutions, then the
universal type is also available. A single universal bellow is presented in Figure 2-22a, a tied universal
bellow is shown in Figure 2-22b and finally a universal hinged bellow in Figure 2-22c.
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© (b)

(©
Figure 2-22: Universal (a) single, (b) tied and (c) hinged bellow

The hinged bellow presented above can accommodate only in-plane angular movement. In case the
expected rotation is biaxial, there are also available in the market hinged bellows that can accommodate

such movement (Figure 2-23).

(@ (b)
Figure 2-23: Gimbal-type hinged bellow: (a) single and (b) universal

2.6.4 Composite type

Manufacturers of flexible joints and researchers (e.g. Ford 1983; Isenberg and Richardson 1989) provide
various configurations of joints that are usually a combination of slip expansion joints (section 2.6.1)
and ball joints (section 2.6.2), whose properties are a combination of the properties of the individual
joint types and further discussion on these is out of the scope of this thesis.
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2.7 SEGMENTED PIPELINES UNDER PERMANENT GROUND DISPLACEMENTS

Segmented pipelines are constructed by successive pipeline parts that are connected via flexible joints
in @ manner that does not ensure the structural continuity of the structure, namely pull-out of the joint
is a potential failure mode at the joint area. To make this task clearer, continuous pipes are constructed
by joining pipe segments with girth butt welds that ensure the structural continuity of the pipe.
Segmented pipelines has been used for decades, mainly for water and sewer transmission. The potential
of imposed ground displacement due to ground settlement, landslide and fault rupture led to the
analytical, experimental and numerical investigation of the behavior of segmented pipes subjected to
ground movement, while specific configurations of flexible joints have been studied as mitigating
measures in case of ground movement.

The present thesis deals with mechanical behavior of buried oil and gas pipelines under faulting. The
introduction of flexible joints along a pipeline in the fault vicinity transforms its structural system from
continuous to segmented. It is then essential to review the behavior of segmented pipelines under PGDs
and also examine the type of flexible joints that have been studied in such cases.

2.7.1 Review on flexible joints in segmented pipes subjected to ground movement

Research on the integration of expansion and ball-type flexible joints in segmented pipes subjected to
PGD:s is relatively confined and limited to water or sewer pipes under low internal pressure applications.
Ford (1983) was the first to propose the application of flexible joints for pipeline applications against
PGDs. The suggested configuration is illustrated in Figure 2-24 and consisted of two successive
rotational joints (ball joints) and an intermediate expansion joint. The author suggested the application
of these joints to areas where significant settlement is expected (e.g. pipeline crossing beneath building
foundation).

Gaskets Expansion
Joint

Stop Collar
Flange

] - ) Joint
Connection Ball Joints

Restraint

Figure 2-24: Flexible joint that combines the properties of ball joints and expansion joints (Ford 1983)

Isenberg and Richardson (1989) examined commercially available flexible joints of that time and
investigated cases of water and sewer pipelines equipped with such joints, concluding that the available
joints in the market (Figure 2-25) could be used in practice. However, the limited knowledge of the
expected ground movement was a significant drawback towards the successful application of these
devices.

Ballantyne (1992) investigated the behavior of water and sewer pipes subjected to PGDs ranging from
2.5cm up to 100cm and suggested the integration of flexible joints. The author noted that these joints
should be custom-designed in order to be capable of undergoing larger deflection, extension or
compression than the usual joints used in segmented pipes. Additionally, the necessary criteria for the
proper operation of such joints were established. Finally, the author concluded that the commercially
available joints at that time could not satisfy the basic specifications.
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Figure 2-25: Flexible joints proposed by Isenberg and Richardson (1989)

O'Rourke and Liu (1994, 2012) investigated the use of Dresser type expansion joints (Figure 2-17) in
pipes undergoing transverse PGD, with respect to the pipeline axis. The authors’ results revealed that
these joints could have beneficial as well as harmful contribution on the pipe developing stresses and
strains, as illustrated in Figure 2-26 and Figure 2-27, respectively.

Namely, joints have beneficial contribution (Figure 2-26) when the pipe developing tensile and
compressive stresses are limited to tul: and tul2, respectively, compared to the initial value of tuL/2.
Joints have harmful contribution (Figure 2-27) when the tensile stresses are limited to tulL:, but
compressive stresses increase to tuls. It is noted that ty is the maximum longitudinal force per unit
length at pipe — soil interface, L1 and L. are the distances from head or toe of PGD zone to location of
expansion joint and Ls is the distance along pipe. These outcomes suggest, according to O'Rourke and
Liu (2012), that at least two joints have to be introduced in the pipe close to the margins of the PGD
(head and toe). The design procedure by O'Rourke and Liu (1994) was adopted by Indian Institute of
Technology Kanpur and Gujarat State Disaster Management Authority (2007). Later, Wang (1996)
aiming at strengthening existing pipeline networks, suggested the replacement of rigid joints with
flexible and/or restrained joints at segmented pipelines. These suggestions, however, were qualitative
and did not include specific recommendations and suggestions on the joints’ properties.
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Figure 2-26: Potential beneficial contribution of expansion joints (O'Rourke and Liu 2012)
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Figure 2-27: Potential harmful contribution of expansion joints (O’'Rourke and Liu 2012)

Cheng (2001) investigated alternative configurations for pipelines to accommodate PGDs and among
others studied an expansion joint (Figure 2-28a) and a ball-type joint (Figure 2-28b). Both joints could
undergo displacement and rotation but only the ball-type could undergo large rotations, as those caused
by fault rupture. The author concluded to a design procedure for pipes at areas of PGDs without
considering either of these two joints. This conclusion was based on the fact that the usual design
procedures at that time were not sufficient for the design of pipes with joints.

L0, OF ARE
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(a)

COULPING
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Figure 2-28: Flexible joints investigated by Cheng (2001)

Segmented pipeline failures reported after past earthquake events (e.g. O'Rourke and Ballantyne 1992;
Sun and Shien 1983) have indicated that the connections between the adjacent parts of segmented
pipelines were the most vulnerable components of the pipes and were associated with operational or
structural failures. Even though the configuration of these joints depends on the design of the pipe
manufacturer, the most common type of joint is the ball (Figure 2-18) or with external coupling (Figure

2-29).
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Figure 2-29: Segmented pipe joint with external coupling (Klamflex Pipe Couplings Ltd 2016)

O’Rourke and Ballantyne (1992) and O'Rourke and Liu (2012) have identified the main failure modes of
segmented pipes: (i) axial pull-out of pipe at the joint area, (ii) joint rupture and (iii) development of
pipe cyclic cracks at a long distance from the joint. The behavior of segmented pipes subjected to PGDs,
such as fault rupture, depends on: (i) ground movement type (e.g. longitudinal or transverse with
respect to pipe axis), (ii) the rupture magnitude and (iii) the pipe length over which the PGD is applied
and the PGD distribution. Joints are the weaker components of the system and therefore if PGD is
distributed over a longer distance, then the imposed displacements on the joints are lower, which
reduces the potential of joint failure. Additionally, Suzuki (1988) studied the failures of pipes after the
Niigata 1964 earthquake and concluded that segmented pipes are more vulnerable to longitudinal than
to transverse PGDs. These observations have been adopted also by American Lifelines Alliance (2005)
guidelines.

The use of segmented pipelines is very broad and thus a lot of effort has been devoted to the analysis
methodologies of such structures. There have been attempts to analytically model distributed and local
PGDs on segmented pipes both in longitudinal (e.g. American Lifelines Alliance 2005; O'Rourke and Liu
2012; O'Rourke et al. 1995) and transverse (e.g. O'Rourke and Norberg 1991) direction with respect to
pipe axis. The main assumption in such studies was that the pipe segments are rigid bodies (infinite
axial and flexural stiffness) and remain unstressed, while deformations are concentrated at the joints.
This assumption is based on the disproportionately lower stiffness of the joints, compared to that of the
pipe segments.

2.7.2 Experimental investigation

The main application of segmented pipes is in water distribution systems and therefore experimental
investigation of such pipes dates back to the 1980s. Takada (1984) experimentally investigated two
segmented pipes under normal faulting with crossing angle B=90°. The first pipe (Case A) consisted of
three parts and the second (Case B) of five parts. The experimental set-up and the results are illustrated
in Figure 2-30. It is observed that the developed stresses were lower in Case B, in which the pipeline
consisted of more intermediate parts. This indicates that joints with angular capability contribute to the
distribution of bending moments on adjacent pipe parts proportionally to the parts’ length.
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Figure 2-30: Experimental set-up and results from Takada (1984)

Later, Kim et al. (2009) carried out in-scale experiments on segmented concrete pipes. The joints were
filed with cementitious mortar resulting in increased joint stiffness in comparison to common
connections. However, results revealed that deformations were concentrated at the joints and therefore
verified the assumption that the adjacent pipe parts between the joints behave in practice as rigid
bodies.

Kaneko et al. (2013) performed experiments on buried ductile iron pipes with earthquake resistant joints
(ball joints) to evaluate their behavior, as these pipes are widely used in Japan for water transportation.
A shear-box was used to model normal fault rupture. Results revealed the sequence in which the joints
are “activated” during the fault movement and were used by the authors to validate numerical models
for further analysis of theses pipes.

2.7.3 Analytical methodologies

Analysis of segmented pipelines subjected to PGDs is based on the same framework as for continuous
pipes, namely every pipe part is modelled as an elastic beam resting on elastoplastic foundation
(American Lifelines Alliance 2005). The major difference is that pipe segments are coupled with
connections capable of undergoing angular, axial and lateral movement.

O’Rourke and Trautmann (1981) presented an analytical methodology to evaluate the behavior of
segmented pipe, considering every pipe part as an elastic beam resting on elastoplastic foundation and
additionally assuming that strains are concentrated at the connections and the pipe segments are
undeformed. The authors concluded that the optimum pipe — fault crossing angle (Boptimal) is that for
which the joint fails both in axial pull-out and shear due to rotation. This angle is estimated via the
expression:

A
B opiima = @rctan [A—3] (2-13)

2
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Depending on the joint properties, the authors concluded to a fault displacement — crossing angle
relation and created the diagram of Figure 2-31. It is noted that the outcomes of this research do not

set restrictions regarding the use of flexible joints in buried pipes.
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Figure 2-31: Maximum allowable fault displacement relatively to the pipe — fault crossing angle and the
segmented pipe joint type according to O'Rourke and Trautmann (1981)

Adopting the same analysis approach, Takada (1984) used the analysis model shown in Figure 2-32 and
consequently Elhmadi and O'Rourke (1990) the model presented in Figure 2-33 and finally O’'Rourke

(2009) the one depicted in Figure 2-34.
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Figure 2-32: Analytical model of segmented pipeline by Takada (1984)
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Figure 2-33: Analytical model of segmented pipeline by Elhmadi and O'Rourke (1990)
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Figure 2-34: Analytical model of segmented pipeline by O’'Rourke (2009)

American Lifelines Alliance (2005) guidelines suggest an analytical methodology for the analysis of
segmented pipelines subjected to strike-slip fault rupture. The fault is assumed to intercept the pipe in
the middle of a pipe segment, while the joint is treated as a hinge, where only shear is transferred from
one part to the other. The joints on either side exhibit axial displacement (djoint) and rotation (yjoint):

2
djoint = ECOSB (2-14)

_ A
Yjoint = @rcsin :smB

(2-15)

where 8 is the fault displacement, B is the pipe — fault crossing angle and Ls is the pipe segment length
between two adjacent joints.

Then, assuming that the transverse horizontal (lateral) soil forces have reached their maximum value
py, i.e. soil plastification, the developing bending moment (Mmax) and shear (Vmax) are estimated via the
expressions:

— I:)ul‘f

Vmax - 4 (2-16)
_ P

Mo = 725 (2-17)

However, O'Rourke and Liu (2012) have pointed out that this analysis approach neglects the imposed
axial deformation on the joint due to the rotation of the pipe segment between two adjacent joints
(Ypipe), Which is estimated as:

L LY (A .
Ypipe:?f_\/[?f] _[Esmﬁ

The rotation of Eq. (2-18) is added to or deducted from the rotation of Eq. (2-14) depending on whether
the pipe is subjected to extension or shortening.

2

(2-18)

In case the pipe is intercepted by the fault on a joint, which is the worst case scenario, the bending
moment increases to:

Mo = (2-19)

The axial displacement by neglecting the rotations increases to:
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dye = AcOSB (2-20)

and the relative rotation of the joints before and after the one that is intercepted by the fault trace are
increased to:

sinB] (2-21)

Y = arcsin A
joint T ZLDZ

O'Rourke and Liu (2012) concluded that the abovementioned equations are rather conservative
compared to the experimental results of Kim et al. (2009). Thus, they can be treated as upper limits of
expected displacements and rotations, depending on the fault trace location.

2.7.4 Criteria for flexible joint selection

Flexible joints have been used in segmented pipes for many years and have also been proposed as
mitigating measure for buried pipes subjected to PGDs (sections 2.7.1 through 2.7.3). However, within
these studies, oil and gas high-pressure pipes were not examined. It is therefore important to establish
the proper criteria for the selection of the appropriate flexible joint type for buried pipe applications that
transmit oil and gas. The pertinent suggested criteria take into account the structural, constructional
and operational demands of buried pipes:

— Availability in the market and manufacturing upon request regarding the internal pressure, diameter
and wall thickness.

— Reduction of pipe developing longitudinal tensile and compressive strains through significant relative
rotation of the joint.

— Avoidance of failure at the joint area (e.g. pipe pull-out).

— Continuity of the structure and full mechanical cooperation between the pipe and the flexible joint
through rigid connection (e.g. butt welding).

— Compliance with the pipe flow process without obstruction of normal pipeline inspection procedures
(e.g. in-line inspection with pigs).
— Ease of construction in the field.

Based on the aforementioned criteria, the appropriate type of flexible joint is considered to be the
bellow. It is important to note that bellows have not been used or studied before for this particular
application. Moreover, if bellows are due to be introduced in a buried pipeline operating in very high
pressure (e.g. 8MPa), then the capability of the joint to withstand such high pressure has to be
examined. In such case, the hinged bellow (Figure 2-21b) is likely to be the most appropriate choice,
rather than the single bellow (Figure 2-19), while the tied bellow-type (Figure 2-21a) is not appropriate,
as it cannot accommodate angular movement.

2.8 CONCLUSIONS

The literature review presented in sections 2.7.1 through 2.7.3 indicates that the bellow-type flexible
joints are the appropriate type for buried pipeline under faulting applications. Therefore, in the following
chapters of the present doctoral thesis the term flexible joint will refer to bellow-type joints, either single
or hinged. Bellows are connected to the adjacent pipe segments through girth butt welds. Additionally,
it has to be noted that the structural system of pipes with bellow-type flexible joints are referred as
segmented in order to make the distinction against the continuous pipe, even though strictly speaking
the term segmented refers to pipes, where the joints do not ensure the structural continuity in terms
that may fail due to pull-out, in contrast to pipes with bellow-type joints.
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Then, the available analytical methodologies for the analysis of segmented pipes cannot be implemented
for the evaluation of the behavior of pipelines with bellow-type flexible joints because: (i) in these
methodologies various simplifying assumptions are used, which are suitable for preliminary design and
not final design, (ii) they deal with flexible joints (not of bellow-type) that cause pipe discontinuity in
terms that pipe pull-out is a potential failure mode at the joint area, contrary to the bellow-type joints
that are welded to the adjacent pipe parts and (iii) the pipe adjacent parts are assumed to be rigid
bodies. Consequently, the analytical methodologies aim at estimating both the axial and rotational
deformation capacity of the joint with respect to fault offset magnitude and pipe — fault crossing angle.
In the present thesis, therefore, in order to acquire qualitative and quantitative understanding of the
behavior of buried pipelines with bellow-type joints under faulting a numerical approach will be selected,
taking advantage of the established FEM models for continuous pipes under faulting and the suggestions
of pertinent codes for the numerical modeling of bellow-type joints.
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3 EXPERIMENTAL INVESTIGATION

3.1 INTRODUCTION

In this chapter, the experiments of continuous pipes and pipes with flexible joints that took place in the
context of the present doctoral thesis will be presented. The main purpose of this experimental work
was the evaluation of flexible joints in terms of reducing the developing tensile and compressive strains
on the pipe. Thus, a set of continuous pipe specimens and a pipe specimen with flexible joints were
experimentally investigated. The measurements performed during the tests can be divided into two
categories: (i) evaluation of the developing stress-state by using strain gauges to measure the
developing strains and (ii) evaluation of the effect of flexible joints in terms of transforming the
continuous pipe structural system to segmented by monitoring the pipe deformation in various steps of
the displacement application by using LVDTs and Deformation Plotters. In general bellow-type flexible
joints have not been previously used in buried pipes for strain reduction and thus there is no relevant
literature on this topic, as presented in section 2.4. Apart from the assessment of the structural behavior
of continuous pipes and pipes with flexible joints, the present experimental investigation was also used
as the basis for the calibration of the numerical models.

3.2 DESCRIPTION OF EXPERIMENTS AND EXPERIMENTAL SET-UP

3.2.1 Specimens

A total number of four pipe specimens, namely three continuous and one with flexible joints, have been
tested at the Institute of Steel Structures in the School of Civil Engineering of the National Technical
University of Athens. The specimens were constructed by the Greek company Afoi Valasi & Sons O.E.
(2015) that is active in the field of fabrication and erection of many kinds of steel structures. The flexible
joints were produced by the Greek company J. Bellos & Co (2015), which is a producer of pipe
accessories products. The selection of the geometry and cross-section of specimens was based on
achieving a balance between the desirable research objectives and the limitations imposed by the
existing testing and measuring equipment in the laboratory and the dimensions of the testing frame.
The total available length of the specimens in the testing frame was approximately equal to 5.6m. Fixed
end conditions were selected at both specimens’ ends aiming at proper modeling of the pipeline
deformation due to faulting. Namely, the deformation of a buried pipeline subjected to strike-slip fault
rupture is a smooth s-shaped curved line (Figure 3-1), where two anchor points represent the pipeline
locations beyond which the structure is assumed to be unstressed. In the experimental set-up, the
specimens were fixed at the ends, while the offset (transverse imposed displacement) was applied in
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the middle-span. Thus, the deformation of each half of the specimen was expected to model the s-
shaped deformation of a pipe (Figure 3-2), considering the fixed ends and the middle-span locations as
virtual anchor points.

anchor
point ——— /
/ anchor

point

Figure 3-1: Schematic illustration of pipeline deformation subjected to strike-slip fault offset
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Figure 3-2: Schematic illustration of the experimental concept

Two types of tubes were tested, as listed in Table 3-1, where the continuous specimens were
abbreviated as CP and the specimen with flexible joints as PFJ. Indicative sketches of the continuous
specimens and the specimen with flexible joints are provided in Figure 3-3. The tubes were of cross-
section CHS 114.3x3, which was selected on the basis of the geometrical restrictions of the testing
frame, in order to have a realistic length over diameter ratio for each s-shaped deformed configuration.
It should be noted that the diameter over thickness ratio (D/t) of the CHS 114.3x3 cross-section is equal
to 38.1. The value was considered to be relatively low and in combination with the imposed displacement
magnitude no local buckling was expected in the elastic range. The actual length of the specimens was
equal to 5568mm and they were connected to 30mm thick end-plates with tube socket joint fillet welds
(Figure 3-4).

Table 3-1: Specimens
CP PFJ
Specimen number N=1 N=2 N=3 N=4

The structural system of the specimens was that of a beam with fixed ends, subjected to imposed
displacement at the middle. The maximum bending moment was thus expected at the fixed ends and
the middle. The introduction of flexible joints aimed at reducing the developing strains and thus their
location was selected as close as possible to the maximum moments’ locations, based on preliminary
numerical analysis results and the restrictions of the measuring instruments. The maximum imposed
displacement by the actuator was equal to one specimen diameter, i.e. about 115mm. It is noted that
the magnitude of the imposed displacement was selected based on: (i) the research objective of the
experimental tests, i.e. strain reduction due to the integration of flexible joints, (ii) preliminary numerical
results revealing that higher displacement would not modify the expected behavior of the specimens
and (iii) the mechanical properties of the flexible joints.
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Figure 3-3: Specimen types: (a) continuous (CP) and (b) with flexible joints (PFJ)
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Figure 3-4: Detailing of specimen connection to an end-plate: (a) view and (b) side view

3.2.2 Testing frame

A typical CP specimen and the PFJ] specimen placed in the testing frame are depicted in Figure 3-5 and
Figure 3-6, respectively. The specimens were connected to the testing frame through the
aforementioned end-plates that were bolted with eight M20 8.8 bolts. The design of the specimen —
testing frame connection was found to be adequate for the expected magnitude and deflection of the
connection to prevent yielding and to ensure that the connection would be sufficiently rigid.

hydraulic
actuator

wire rope

CP specimen

specimen - testing frame
connection

displacement-application flange testing frame

Figure 3-5: View of a CP specimen at the testing frame

The specimen installation in the testing frame was carried out in two steps: (i) the bolts on one side
were pretensioned (level of pretension was 55% of bolt yield strength) and (ii) on the other side, shim
plates were inserted between the end-plate and the frame column flange to fill any potential gap, and
then the bolts were pretensioned. Developing strains on the specimen during bolt pretensioning were
measured by strain gauges and the recorded strains were found to be very low compared to those
recorded during the experiments, thus they were not considered thereafter. The imposed displacement
was applied through a flange (referred thereinafter as displacement-application flange) that was
connected to the actuator via a wire rope. The displacement-application flange was designed to be
sufficiently thick (40mm) to ensure uniform load application on the specimen and consequently avoid
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any undesirable local failure of the specimen. Hence, the structural system of the PFJ specimen was
that of a beam with fixed ends and four internal “hinges”. Thus, temporary support was necessary
before the test to avoid sagging. It is noted that initial imperfection measurements for the pipe itself
and the out-of-straightness of the pipe prior to testing were not conducted.

hydraulic
actuator

wire rope

PFJ] specimen

testing frame

flexible joint temporary support displacement-application  specimen - testing frame
flange connection

Figure 3-6: View of PF] specimen at the testing frame

3.2.3 Testing procedure and measuring devices

The tests were performed using a 300kN hydraulic actuator of maximum pressure equal to 125bar,
operating in displacement control. The rate of the imposed displacement was in all cases equal to
0.032mm/s. The reaction force was measured by a load-cell mounted at the actuator’'s head. The
measuring devices’ configuration was nominally identical in all specimens and it is indicatively illustrated
in Figure 3-7 for specimen N=4.
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Figure 3-7: Configuration of measuring devices

A set of distance and strain measuring devices was used. Individual Linear Variable Differential
Transformers (LVDTs) were installed to measure the specimen’s deflection (vertical displacement in-
plane with applied load) at bellow edges (Figure 3-8) in order to identify the differences between the
CP and PFJ deformation. Two additional LVDTs were installed on the displacement-application flange
(ACTUATOR in Figure 3-7) to record the true specimen displacement, since the displacement recorded
by the load-cell could be affected by the electromagnetic noise of the actuator operation, the wire rope
expansion and other relevant parameters.

Buried steel pipelines with flexible joints under faulting



48 Chapter 3

Furthermore, a 2D Deformation Plotter (DP) was designed and manufactured in the Institute of Steel
Structures in order to plot the specimen’s deformed shape (Figure 3-9). The main transducers of DP
were a LVDT monitoring the vertical displacement and a wire-type displacement transducer, monitoring
the longitudinal coordinate. Thus, DP was capable of scanning the specimen’s deformation, i.e.
monitoring simultaneously the vertical and the longitudinal coordinate at predefined time steps. The
LVDT was attached to the movable part of the system, namely the linear table, which was sliding along
an aluminum linear guide. Motion of the system was provided by an electric stepper motion and was
transmitted via a timing belt. Then, in order to provide uninterrupted sliding of the LVDT’s rod on the
specimen’s surface, an appropriately constructed roller system was mounted on the LVDT’s rod edge.
The system (DP) was assembled on a thick aluminum base, which was installed on supporters at a
sufficient distance above the specimen, determined by the maximum LVDT stroke and the maximum
expected vertical displacement of the specimen. The system was controlled by an in-house built
computer-driver, controlling the micro-steps of the stepper motor rotation (each full rotation of the
motor consisted of 200steps and every step of 128micro-steps), the velocity and the acceleration. Two
DPs were constructed with maximum longitudinal plotting length capacity equal to 920mm (DPA) and
1920mm (DPB), respectively (Figure 3-7).

timing LVDT
belt
Wire
stepper
motor
supports
linear table
roller

specimen linear guide rail base

Figure 3-9: Components of Deformation Plotter
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Strains were measured with the use of sensing elements that electrically detected micromechanical
changes through a change of their resistance. The utilized strain gauges (gauge length was 10mm) had
a nominal resistance of 120Q and were placed at locations detailed in Figure 3-7, which were selected
based on the maximum expected stress-state which entered into plasticity (Figure 3-10). The locations
of the strain gauges were outside the heat-affected zone of the specimen — end-plate weld. Strain
gauges measured the longitudinal tensile and compressive strains. Special care was given for the correct
placement of the strain gauges by polishing the desirable locations in order to ensure a satisfactory
contact between the strain gauge and the specimen surface.

Figure 3-10: Strain gauge (SG) placed on specimen crown

3.3 STEEL PROPERTIES

Tensile tests were carried out to extract the material properties of the steel used for manufacturing of
the specimens. Appropriately designed coupons cut from specimens during their construction were
subjected to displacement controlled tests. The geometry of the coupons and the testing procedure
were based on the guidance provided by EN ISO 6892-1:2009 (International Organization for
Standardization 2010). The tensile test results were provided in terms of the applied load and the
corresponding displacement of the coupon’s edges, from which the engineering stress (ge) and
engineering strain (&) could be calculated based on the coupons cross-section area. Then, in order to
take into account the change of coupon’s width during the loading process, the true stress (Gtue) and
true strain (ewue) were calculated according to the expressions:

Oe = 0, (1 + Ee) (3-1)

Etrue = In (1 + Ee) (3-2)
A view of a typical coupon at its final shape before testing is illustrated in Figure 3-11 and during testing
in Figure 3-12. From each specimen (N=1 to N=4) three coupons where cut, named for example N=1.1
to N=1.3 for specimen N=1. An INSTRON 300kN tensile testing machine was used and the elongation
of the tensile test coupon was measured by an extensometer mounted on the coupons over a gauge
length of 50mm.

Figure 3-11: Typical tensile coupon

Buried steel pipelines with flexible joints under faulting
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Figure 3-12: Coupon during tensile test

The average modulus of elasticity for all specimens was found equal to 210GPa, which is in accordance
with the value provided in pertinent structural textbooks for steel. The yield stress for each coupon was
taken as the 0.2% proof stress found in the plateau following the elastic branch. The obtained
engineering stress — strain curves from the tensile tests are illustrated in Figure 3-13a through Figure
3-16a for all specimens. Furthermore, the true stress — strain curves and the assumed bilinearized
material law for all specimens are depicted in Figure 3-13b through Figure 3-16b. Finally, the mean yield
stresses for each specimen is listed in Table 3-2.

Table 3-2: Mean true yield stresses of specimens

N=1 N=2 N=3 N=4
Yield stress (MPa) 355 354 344 345
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Figure 3-13: (a) Engineering and (b) true stress — strain curves for steel of specimen N=1 with bilinearized
approximation
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Figure 3-14: (a) Engineering and (b) true stress — strain curves for steel of specimen N=2 with bilinearized
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Figure 3-15: (a) Engineering and (b) true stress — strain curves for steel of specimen N=3 with bilinearized
approximation
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Figure 3-16: (a) Engineering and (b) true stress — strain curves for steel of specimen N=4 with bilinearized
approximation

3.4 FLEXIBLE JOINT PROPERTIES

The flexible joints used in the experimental investigation were commercial metallic single bellows. The
joint and its geometry are depicted in Figure 3-17. The material of the convolutions was stainless steel
AISI 321L, while the pipe edges were made of carbon steel ST 37-2. Bellows were connected to the
segmented parts of specimen N=4 through full-penentration butt welds. Bellow edges were chamfered,
while tube segment edges were not. The single bellow used in the experimental study could

Buried steel pipelines with flexible joints under faulting
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accommodate axial compression and extension, lateral and angular movement (Figure 2-19). The
flexible joint type was selected based on its availability in the market and budget limitations, taking into
account also that internal pressure was not considered in the investigation.

360

~
Y

Figure 3-17: Flexible joint (single bellow-type) used in the experimental investigation

The purpose of the presented experimental investigation was to quantify the contribution of flexible
joints in strain reduction when integrated in pipes subjected to imposed displacement. It was thus
necessary to measure their axial, lateral and angular stiffness. For that purpose, two individual
experiments were performed to estimate the axial and angular stiffness of the joint, respectively. It is
noted that due to the inherent difficulty to experimentally decouple shear and bending, an individual
experiment for measuring lateral stiffness was not carried out. This lack of data was decided to be
handled using joint properties published on data sheets by joints manufactures. Commercial joint
specifications indicate that for similar low pressure single joints, the ratio of axial over lateral stiffness
can range from 0.25 to 0.75.

Firstly, an experiment was conducted to investigate the axial stiffness of the joint. The experimental
set-up and the measuring devices are shown in Figure 3-18. The joint was welded between two CHS
114.3x3 segments, while two flanges were attached at their edges. On the top flange a wire rope was
mounted through a hinge formulation and properly connected to the actuator head. The test was
performed with the use of a 300kN hydraulic actuator operating in displacement control. The rate control
of the imposed displacement was equal to 0.032mm/s and the applied load was measured by a load-
cell attached to the actuator. Four vertical LVDTs (V.LVDT) were installed to record the joint’s extension,
while two horizontal LVDTs (H.LVDT) were placed horizontally to measure any deflection of the
specimen from verticality. The number of LVDTs was selected in order to increase the accuracy of the
measurements and to provide sufficient amount of experimental data in order to exclude any out-of-
plane movement. Additionally, two SGs were mounted at the bottom of the specimen to record any
extension of the support segment, to verify that the applied extension was absorbed by the joint. It is
noted that preliminary numerical results of the PFJ experiment disclosed that joint’s axial movement
would be tensile. Thus, a tensile test was decided to be performed, rather than a compressive one.
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Figure 3-18: Flexible joint tensile test experimental set-up and measuring devices

The experimental results are presented in terms of the equilibrium path in Figure 3-19a, where on the
vertical axis the load monitored by the actuator’s load-cell is presented and on the horizontal axis the
average displacement of the four V.LVDTs. The experimental path includes also the unloading path that
was not considered in processing the results. The joint behavior in axial tension was nearly linear until
the displacement reached the value of about 72.3mm, where the joint failed through local deformations
of the convolutions (Figure 3-19b). It is noted that local deformations were observed to develop in a
quite symmetric manner around the circumference of the joint in angles of 120degrees. The joint's
convolutions are mechanically created in a joint-forming machine through expansion of a tube. Thus,
when the joint was tensioned, the convolutions were subjected to flattening that caused local
deformations to form. H.LVDTs provided measurements of maximum displacement equal to 3mm,
indicating that the deviation from verticality was insignificant. The maximum tensile strain was equal to
72ustrain, which was adequately low to assume that the applied extension was totally absorbed by the
joint.

Buried steel pipelines with flexible joints under faulting
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Figure 3-19: (a) Experimental equilibrium path of joint tensile test and (b) joint failure in expansion through local
deformation of the convolutions

A second test was performed to measure the joint angular stiffness. The experimental set-up and the
measuring devices of the joint bending test are illustrated in Figure 3-20. The joint was welded between
two CHS 114.3x3 segments; one edge was free and the other was welded to a thick steel plate, which
was properly connected to a rigid base on the testing frame. The displacement-application flange was
used for this experiment and was connected to the actuator head via a wire rope. The connection of
the wire rope to the actuator was implemented through a hinge formulation, ensuring that no axial force
could be applied to the specimen and at the same time the applied load would be always perpendicular
to the joint undeformed axis. The test was performed using the laboratory’s hydraulic actuator,
operating in displacement control with rate equal to 0.032mm/s. Two vertical LVDTs were attached
through hinges on the displacement-application flange to measure the vertical displacement. Two strain
gauges were mounted at the top and bottom of the segment close to the support flange to monitor any
potential bending of the supporting tube, to identify whether the applied angular movement is fully
absorbed by the joint.

The experimental results are presented in terms of the equilibrium path in Figure 3-21a (including the
unloading path), where the load monitored by the actuator’s load-cell is plotted on the vertical axis and
the average displacement of the two vertical LVDTs on the horizontal axis. The joint behavior in bending
was highly nonlinear, while two turning points were identified, namely for displacement 30mm and
80mm. When the vertical displacement reached the value 118mm, a significant drop in load was
detected. It is noted that the unloading path was not considered in the results processing. This point
was considered to represent the failure of the joint, as three convolutions got into contact (Figure 3-22).

LvDT
wire rope
support
segment flexible joint
flange displacement-application
rigid base flange

strain gauge
support segment

Figure 3-20: Flexible joint bending test experimental set-up and measuring devices
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Figure 3-21: Experiment equilibrium path of joint bending test in terms of (a) force — displacement and (b)
moment — angle curves

The joint rotation point was found to be in the middle of these three convolutions and the joint rotation
angle is depicted in Figure 3-22. Using the geometry of the joint rotation, the force — displacement path
was converted to moment — angle terms (Figure 3-21b). Finally, the maximum tensile strain was equal
to 425ustrain and the maximum compressive strain was 457strain, indicating on the one hand that no
axial force was applied and on the other that strain values were sufficiently low to assume that the
angular movement of the specimen was undertaken by the joint. Finally, for the sake of completeness
it should be noted that the manufacturers of such flexible joints specify that the maximum joint
deformation (axial, lateral and angular) are not concurrent.

- rotation
: point

Figure 3-22: Geometry of flexible joint failure in bending through contact of consecutively convolutions

3.5 EXPERIMENTAL RESULTS

In this section the experimental results of continuous specimens and the specimen with flexible joints
are presented separately and compared through load — displacement and displacement — strain curves,
as well as stress and strain distributions and deformed shapes.

3.5.1 Continuous specimens

The CP specimen deformation took place within the vertical plane defined by the specimen longitudinal
axis and the imposed displacement axis. The experimental load — displacement equilibrium paths for
the CP specimens are illustrated in Figure 3-23, where the load monitored by the actuator’s load-cell is
presented on the vertical axis and the average displacement obtained from LVDT-6&7, located on the
displacement-application flange (Figure 3-7) is presented on the horizontal axis. The primary
observation is that the overall CP specimen behavior is nonlinear. A turning point at displacement equal
to about 55mm is detected in the equilibrium path, indicating yielding of the end and middle cross-
sections. A good match is observed between the three specimens, indicating good repeatability of the
experiment.

Buried steel pipelines with flexible joints under faulting
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Figure 3-23: Load — displacement experimental equilibrium paths of CP specimens

Further comprehension of the CP specimen’s behavior can be provided by comparing the experimental
equilibrium paths to a simplified analytical one, considering concentrated plastic hinge formation. The
specimen steel stress — strain relationship is considered as elastic — perfectly plastic without hardening.
The equivalent analytical static model in the elastic range is that of a beam with fixed ends with length
L and flexural rigidity EI, subjected to concentrating loading P in the middle-span. In such case the
maximum moment is developed at the fixed ends and at the middle, where the loading is applied (Figure
3-24). After formation of the plastic hinges, a cable-type behavior is assumed. The analytical load —
displacement equilibrium path is compared to the experimental ones in Figure 3-25, where the applied
load is presented on the vertical axis and the middle-span deflection on the horizontal axis. A sufficient
match is shown regarding the elastic and the post-yielding beam behavior, apart from the transition
area, where premature yielding of the specimens is evident.
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Figure 3-24: Analytical approach of CP specimen’s behavior in the elastic range: static model and bending
moment distribution
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Figure 3-25: Experimental and analytical equilibrium paths of CP specimens

The assumption of plastic hinges’ formation at the ends and the middle is verified via the obtained strain
— displacement paths that are presented in Figure 3-26 through Figure 3-28. It is observed that
plastification of cross-sections close to end-plates (SG-A1, SG-A2, SG-B1 and SG-B2) and cross-section
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at the middle (SG-A3, SG-A4, SG-B3 and SG-B4) occurred roughly for the same level of imposed
displacement for all CP specimens for both tensile and compressive strain measurements.
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Figure 3-26: (a) Tensile and (b) compressive strain measurements from strain gauges of specimen CP N=1
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Figure 3-27: (a) Tensile and (b) compressive strain measurements from strain gauges of specimen CP N=2
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Figure 3-28: (a) Tensile and (b) compressive strain measurements from strain gauges of specimen CP N=3

The deformation of the CP specimen at selected values of the imposed displacement is indicatively
presented in Figure 3-29 for specimen N=3, where the progressive formation of the curved s-shape
(Figure 3-2) deformation is shown. Additionally, the deformation of the specimen various levels of
imposed displacement monitored by the individual LVDTs and the DPs (Figure 3-7) is indicatively
displayed in Figure 3-30, indicating very good agreement between the LVDTs and the DPs.

Buried steel pipelines with flexible joints under faulting
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| |mposed dlslacement equal to 115mm (end of the test)

Figure 3-29: N=3 CP specimen experimental deformation for imposed displacement ranging from Omm to 115mm
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Figure 3-30: Experimental deformation of CP N=1 specimen at various levels of imposed displacement

Furthermore, yielding of the end cross-sections was verified via the strains recorded by the strain
gauges. Strains monitored from every strain gauge (Figure 3-7) of the CP specimen are presented in
Figure 3-31 and Figure 3-32 for side A and for side B, respectively. It is observed that strain
measurements from CP specimens were in practice identical within the elastic range of the tube behavior
until yielding took place for displacement equal to around 55 mm. Then, a turning point in the strain —
displacement curves was detected and thereafter minor differences were reported on the tensile and
the compressive strains. The strain variations after yielding were attributed to the sensitivity of the
strain gauges in the post-yielding area in combination with the redistribution of strains within the cross-

section due to the gradual formation of the plastic hinge.
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Figure 3-31: Experimentally obtained tensile and compressive strains of CP specimens from side A
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Figure 3-32: Experimentally obtained tensile and compressive strains of CP specimens from side B

3.5.2 Specimen with flexible joints

The experimental load — displacement equilibrium path of PFJ specimen is depicted in Figure 3-33,
where the load monitored by the actuator’s load-cell is presented on the vertical axis, while the average
displacement obtained from the LVDTSs located on the displacement-application flange (Figure 3-7) is
presented on the horizontal axis. The major observation is that load values were almost two orders of
magnitude smaller than the CP specimens and that there was not a clearly visible equilibrium path, but
instead a cloud of measurements was recorded due to the sensitivity of the load-cell that was not fully
capable of monitoring such low load values. Additionally, load measurements from the onset of the test
were above zero, as the actuator was loaded approximately with half of the specimens’ self-weight, due
to the inability of the joints to provide appreciable flexural resistance.
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Figure 3-33: Load — displacement experimental equilibrium path of PFJ specimen

The deformation of the PF] specimen at selected values of the imposed displacement is presented in
Figure 3-34, where the expected formation of piece-wise deformation shape is shown. Additionally, the
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deformation of the specimen various levels of imposed displacement monitored by the individual LVDTs
and the DPs (Figure 3-7) is indicatively displayed in Figure 3-35, indicating very good agreement
between the LVDTs and the DPs.

|mposed dlsplacement equal to 115mm (end of the test)

Figure 3-34: PFJ specimen experimental deformation at level of imposed displacement ranging from Omm to
115mm (photos from different angles)
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Figure 3-35: Experimental deformation of specimen PFJ at various levels of imposed displacement

Then, similarly to the load — displacement cloud, the recorded strain clouds are shown in Figure 3-36
and Figure 3-37 for side A and side B, respectively. The strain equilibrium paths were ascending in
absolute value, indicating the increase of the developing stress-state with reference to the displacement.
Most importantly, strains were three orders of magnitude smaller than for the CP specimens, confirming
the efficiency of flexible joints in protecting the pipe from strain-related failure modes, such as local
buckling and tensile fracture, as outlined in more detail in the following section.
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Figure 3-36: Experimentally obtained tensile and compressive strains of PFJ specimen from side A
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Figure 3-37: Experimentally obtained tensile and compressive strains of PFJ specimen from side B

3.6 COMPARISON OF EXPERIMENTAL RESULTS

The comparison of CP and PFJ specimens’ results is crucial to identify and quantify the effect of flexible
joints in terms of strain reduction in light that the pipeline design against faulting is strain-based. Results
presented in sections 3.5.1 and 3.5.2 for CP and PFJ] specimens, respectively, indicate that the
introduction of joints has led to a significant decrease of load and developing tensile and compressive
strains. Thus, the primary research objective of the present experimental study has been highlighted,
namely, the considerable contribution of flexible joints in strain reduction has been confirmed, providing
sufficient evidence that flexible joints can be a compelling mitigating measure for the protection of
buried pipelines subjected to faulting. It is noted that due to the significant differences regarding strain
and force development in CP and PFJ specimens that was reported, the graphical comparison of results
through load — displacement and strain — displacement curves could not be viable. Therefore, a tabular
comparison is presented by listing the maximum developed load and strains in Table 3-3 for the same
level of imposed displacement. It is observed that PF] load and strains were averagely in the order of
two and three times, respectively, lower than those in CP specimens. The significant differences
regarding the maximum values of strains obtained from the three CP specimens are due to the local
redistribution of strains caused by cross-section yielding, so that maximum strain values do not, in
general, occur at the locations of strain gauges.

As a final remark, the transformation of the continuous structural system of the tube to segmented due
to the integration of flexible joints can be clearly seen in Figure 3-38, where the CP N=1 and PFJ N=4
specimen’s final deformed shapes are presented.
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Table 3-3: Comparison of CP and PFJ experimental results

specimen In;::j( max compressive  max tensile strain at  max tensile strain max compressive
P (kN) strain at edge (%) edge (%) at middle (%) strain at middle (%)

N=1 (CP) 24.61 -1.25 2.24 1.91 -1.08

N=2 (CP) 23.56 -0.79 1.81 1.42 -0.51

N=3 (CP) 23.79 -0.37 1.63 1.55 -0.89

N=4 (PFJ) 0.30 -0.0016 0.0017 0.0015 -0.0017

Figure 3-38: Comparison of (a) CP and (b) PFJ specimen’s experimental deformations at the end of the tests

3.7 CONCLUSIONS

In the present chapter the execution and results of the experiments carried out in the context of the
doctoral thesis were presented. Four specimens of circular hollow section (three continuous and one
with internal flexible joints) were tested under concentrated imposed displacement in the middle-span,
modeling the deformation of a buried pipe subjected to strike-slip fault rupture. The results associated
with global and local response were presented via equilibrium paths (load — displacement curves) and
strain — displacement curves, respectively. The main technical conclusions of the experimental study
can be summarized in the following:

— The global response of the CP specimens was that of a fixed tube under transversse displacement at
the middle-span. Material nonlinearity governed the post-elastic response.

— The integration of internal flexible joints transformed the structural system from continuous to
segmented and consequently the developing strains were concentrated at the flexible joints, while
the steel parts of the beam remained virtually undeformed and thus unstressed.

— Flexible joints showed to be an effective mitigating measure in terms of protecting the specimen from
failure through remarkable strain reduction, compared to the corresponding continuous system.

The obtained experimental results led to qualitative conclusions as presented in this chapter and were
encouraging on the use of flexible joints in buried pipelines subjected to seismic fault rupture.
Nevertheless, the performance of a very large number of tests using alternative flexible joints is
practically impossible due to cost and time constraints. The latter two drawbacks were also the reason
for neglecting the effects of the surrounding soil. The experimental results will therefore be reproduced
via finite element models in the next Chapter 4 in order to gain confidence in numerical models and
subsequently use them for an extended parametric investigation.
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4 NUMERICAL MODELING OF EXPERIMENTS

4.1 INTRODUCTION

The numerical modeling of the experimental work presented in Chapter 3 is thoroughly presented in the
present chapter taking advantage of the progress that has been made during the last years in the fields
of both numerical methods and computer engineering. The finite element method is widely used by the
engineering community both in design and research for the analysis of structures. The calibration of
numerical models based on experimental results provides researchers the opportunity to perform a large
number of numerical analyses by considering alternative configurations and cases and being confident
for the reliability of the obtained numerical results.

The corresponding numerical models of the experiments (Chapter 3) are presented in this chapter along
with all the pertinent modeling details, regarding the type of finite elements, the boundary conditions,
the applied loading, the considered nonlinearities and the methods of analysis. The obtained numerical
results are compared to the corresponding experimental ones for both the continuous specimens and
the specimen with flexible joints.

4.2 DESCRIPTION OF NUMERICAL MODELS AND ANALYSES

The general purpose finite element software ADINA (ADINA R&D 2006) was employed for the numerical
analyses. Different modeling techniques were employed for the CP specimens and the PFJ] specimen,
based on the experimental results in terms of the developing stress-state.

4.2.1 Continuous specimens

The CP specimen was modeled both with 2-node Hermitian beam elements (FEM-beam) and with 4-
node shell elements (FEM-shell), in order to identify the appropriate element type. View of a CP
specimen placed in the testing frame and the corresponding numerical models are shown in Figure 4-1.
It is noted that the displacement-application flange was not modeled, as preliminary analysis results
revealed that modeling the displacement-application through an external node connected to all nodes
at the middle section of the specimen via rigid links was sufficient. The connection of the specimen to
the column flange of the testing frame was represented either as rigid or through detailed modeling of
the bolted connection. The model of the latter approach is presented in Figure 4-2 and the details of
the connection modeling are illustrated in Figure 4-3. The column flange of the testing frame was
meshed with shell elements and considered to be fixed. The end-plate and the nuts were also meshed
with shell elements. The bolts were meshed with bolt elements, which are beam-type finite elements,
capable of being subjected to pretension, while they were considered to be fixed on the testing frame.
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Appropriate contact elements were introduced to model the contact pairs of nuts — end-plate and end-
plate — column flange.

test

FEM-shell
FEM-beam

Figure 4-1: CP specimen at the testing frame and corresponding numerical models

Figure 4-2: Numerical model of CP specimen with detailed modeling specimen — testing frame connection
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column flange
of testing frame

bolt
end-plate

- nut

i

specimen

Figure 4-3: Modeling details of the CP specimen — testing frame bolted connection

CHS beams are manufactured through cold-bending of steel sheets and are then seam-welded. Due to
this process residual stresses develop over the cross-section and along the steel member. Residual
stresses are divided into: (i) circumferential stresses due to cold-bending, having nonlinear distribution
through the thickness (Ross and Chen 1976). The thickness of the tube specimens was equal to 3mm
and considered to be sufficiently low for the effect of the circumferential residual stresses to be assumed
as insignificant. It is noted for the sake of completeness that residual stresses due to the manufacturing
process (residual stresses around the perimenter) would be a lot more for a thick pipe. (ii) Longitudinal
stresses due to the metallurgical alterations induced within the heat-affected zone during the seam
welding procedure. Ross and Chen (1976) carried out experimental tests and measured the longitudinal
stresses due to the welding, while Gao et al. (1998) presented a simplified distribution of the residual
stresses distribution (Figure 4-4).

tension

residual stress

=]
o
0.2f e

v0.3f compression

Y. L
cross-section circumference (rad)

Figure 4-4: Longitudinal residual stresses on circular hollow section due to seam-weld (Gao et al. 1998)

These residual stresses were incorporated in the numerical models through initial strains as proposed
in ADINA R&D (2006), taking into account that neither the circumferential, nor the longitudinal residual
stresses were measured in the present study. In the FEM-shell numerical approach for the CP specimens,
the longitudinal residual stresses were incorporated as initial longitudinal strains, according to the
material stress — strain relationship. Their modeling relied on discretizing the specimen shell into zones
consisting of different element groups. Then, every element group was assigned appropriate initial
strains (Figure 4-5). The location of the seam-weld on the cross-section defines the distribution of the
residual stress. As the seam-weld of the CP specimens that were tested within the present study was
not at the same circumferential location (Figure 4-6), the effect of residual stresses was different for
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every specimen, as will be shown later. The different element groups are illustrated in Figure 4-7 with
different color, indicatively for specimen N=3.

Figure 4-5: Modeling of longitudinal residual stresses through different element groups

*

.-

N=1 N=2 N=3

Figure 4-6: Seam-weld location on the cross-sectional circumference of CP specimens
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Figure 4-7: Numerical modeling of CP specimen

4.2,2 Specimen with flexible joints

The PFJ] specimen was meshed into 2-node Hermitian beam-type finite elements, considering that the
experimental results revealed that the specimen’s behavior was entirely elastic. Flexible joints can be
modeled either as a general beam finite element with its stiffness matrix being constructed from the
spring rates provided by the manufacturer, or as a generic flexible joint, represented by uncoupled
springs at the center point, without considering the joint length (Peng and Peng 2009). In the present
study, joint modeling as a generic flexible joint was selected and thus joints were represented by three
uncoupled nonlinear springs, i.e. a rotational spring to model the angular deformation capability and
two translational ones to model the axial and lateral deformations. Axial and angular springs’ properties
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were obtained from the tension and bending joint tests (section 3.4), while the lateral spring was
estimated through data sheets of joints manufacturers, as stated in section 3.4. The connections of the
PFJ specimen to the testing frame were assumed to be rigid. View of the PFJ specimen placed in the
testing frame and the corresponding numerical model are shown in Figure 4-8.

test

flexible joint numerical modeling
Figure 4-8: PFJ specimen at the testing frame and corresponding numerical model

4.2.3 Analysis method

A uniform and sufficiently dense meshing was used in all numerical models, according to the results of
corresponding mesh density sensitivity analyses. The default integration order of finite elements was
used, i.e. 2-node beam elements (Gauss integration order is used) and 4-node shell elements (Gauss
integration through shell thickness). Additionally, according to previous experience, theses elements do
not have hourglassing and element locking issues.

The analysis was conducted in all cases in three steps: initial conditions (if applicable) were applied first,
then the specimen self-weight was applied and finally, the transverse displacement was imposed. Initial
conditions were different in every modeling approach. In case of detailed modeling of the specimen —
testing connection, pretension of the bolts was applied in order to close any gaps between nuts — end-
plate and end-plate — column flange, while in case residual stresses were considered, analysis was
carried out to apply the initial stresses. Finally, the strategy proposed by Gantes and Fragkopoulos
(2010) for the numerical verification of steel structures was used in the present study. The numerical
results were obtained from Geometrically and Materially Nonlinear Analyses (GMNA), in order to account
for both large displacements and material yielding, using the Newton — Raphson solution algorithm and
the automatic time-stepping method (ATS). ATS is used to try to obtain a converged solution by using
a reduced load step during equilibrium iterations when the predetermined load steps are possibly too
large. The implementation of numerical nonlinear analysis considered the practical aspects of FEM
presented in Kojic and Bathe (2004). It is also noted that local geometric imperfections were not
considered in the analysis, as preliminary results revealed that their effects were practically insignificant.
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4.3 EXPERIMENTAL AND NUMERICAL RESULTS

In this section the experimental results are compared with numerical ones separately for CP and PFJ
specimens. The experimental results showed that yielding took place at CP specimens at the critical
cross-sections, namely the fixed ends and the middle. On the other hand, experimental PFJ] results
revealed that its behavior was fully elastic.

4.3.1 Continuous specimen

The experimental equilibrium paths are compared to the numerical ones, obtained from GMNA. Two
investigations were initially carried out, namely specimen meshing with either beam- or shell-type finite
elements and boundary conditions modeling either as rigid or as semi-rigid, by modeling the bolted
connection of the end-plate to the testing frame. The comparison of equilibrium paths regarding the
type of finite elements by considering rigid boundary conditions is shown in Figure 4-9, where the
experimental paths of CP specimens (test) are examined in comparison to the numerical ones (FEM-
beam and FEM-shell). The vertical displacement of the displacement-application flange is presented on
the horizontal axis and the load on the vertical one. The FEM modeling approach appeared to have a
small effect on the post-yielding branch, while the elastic branches practically coincide. Specimen
modeling with beam-type elements is shown to be sufficient. However, experimental results showed
earlier yielding compared to the FEM model and thus shell-type elements are chosen for the subsequent
steps of the investigation in order to model in more detail the specimen — testing frame connection and
take into account the residual stresses.
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Figure 4-9: Experimental and numerical equilibrium paths of CP specimens considering different finite element
type and fixed boundary conditions

Secondly, the effect of boundary conditions was addressed and the corresponding equilibrium paths are
illustrated in Figure 4-10, where the CP experimental results (test) are compared to the numerical ones
employing shell elements and considering either rigid end conditions (FEM-fixed) or connection modeling
(FEM-connection). The major finding was that the boundary conditions did not modify the response of
the numerical models, as the corresponding paths practically coincide. Therefore, modeling the
boundary conditions as rigid was proven to be sufficient.
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Figure 4-10: Experimental and numerical equilibrium paths of CP specimens (FEM-shell) considering different
numerical boundary conditions

Results obtained from the aforementioned investigation indicated that the specimen’s boundary
conditions could be handled as fixities and the specimen modeling with shell elements was not
necessary. However, numerically obtained equilibrium paths demonstrated that the model was not fully
capable of capturing the gradual and premature yielding of the critical cross-sections. This was
attributed to longitudinal residual stresses caused by the seam-weld. Therefore, residual stresses were
next incorporated in the model, through the process outlined in section 4.2. The location of the seam-
weld on the tube circumference was different in every specimen (Figure 4-6). Experimental (test) and
numerical equilibrium paths in terms of load — displacement (FEM-residual) are presented in Figure
4-11, while for comparison reasons the numerical equilibrium path without considering residual stresses

(FEM-no-residual) is depicted.
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Figure 4-11: Comparison of experimental and numerical load — displacement equilibrium paths of CP specimens
by considering or not longitudinal residual stresses

It can be seen in all cases that the incorporation of residual stresses improved the agreement between
the numerical and the experimental results. Nevertheless, the seam-weld location played a dominant
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role. As shown in Figure 4-4, steel is subjected to tension in the vicinity of the weld due to the heat
treatment of the material caused by the welding procedure. Then, along the circumference of the cross-
section the subsequent area is compressed to balance the above tension. Similarly, the final narrow
affected zones are tensioned. This sequence of residual tension and compression around the seam-weld
heavily affects the material behavior, while it expands over half of the cross-section. Based on the
aforementioned “analysis”, the results of Figure 4-11 can be evaluated. The seam-weld in specimen
N=1 was located in the region of the cross-section neutral axis and therefore the weld heat affected
zone did not extend over the cross-section areas where maximum tension and compression developed
at the critical cross-sections. Hence, considering the longitudinal residual stress did not significantly
improve the numerical results. Then, in specimen N=2, the seam-weld was located near the area, where
the maximum tension was developed at the critical sections (specimen — end-plate connection).
Therefore, the effect of residual tension and compression was more significant than in specimen N=1,
which was verified by the fact that the “FEM-residual” model captured the tube yielding more accurately
than the “FEM-no-residual” one. Finally, in specimen N=3 the match between the numerical and the
experimental results was concluded to be significantly good due to the location of the seam-weld near
the maximum developed compression at the critical cross-sections. In practice, the area where
compression developed due to external loading was already compressed by the residual stresses and
consequently yielding took place for lower displacement level than without accounting for residual
stresses.

The numerical predictions of the specimens’ deformation at various levels of imposed displacement are
presented in Figure 4-12 indicatively for specimen N=1, where the longitudinal specimen axis is
presented on the horizontal axis and the specimen vertical displacement on the vertical axis. The
numerically obtained specimen’s displacements are abbreviated as FEM, the LVDT measurements as
test-LVDT and the ones recorded by the deformation plotter as test-DP. Similar results were extracted
for specimens N=2 and N=3. Very good agreement is observed.

FEM test-DP X test-LVDT
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Figure 4-12: Experimental and numerical deformation of CP N=1 specimen at various levels of imposed
displacement

Finally, numerical predictions of strains are presented in Figure 4-13 indicatively for specimen N=3 in
terms of displacement — strain curves of CP specimens, where the tensile and the compressive strains
at all measuring locations according to Figure 3-7 are presented on the vertical axis, while the vertical
displacement of the specimen’s middle on the horizontal axis (LVDT-6&7). The comparison of
numerically and experimentally obtained strains revealed that there was a sufficiently good match in
the elastic range. However, numerical models showed steel yielding taking place for higher displacement
than experimental results and consequently numerically extracted strains were higher than the
experimental ones, which was attributed to the sensitivity of strain measurement in the plastic range.
The elastic and plastic regions, as predicted numerically, are shown in Figure 4-14 indicatively for
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specimen N=3. The fact that the tensile plastic zones are more extended than the compressive ones
indicates that the specimen develops cable-type action after formation of plastic hinges.

strain (%)

strain (%)

strain (%)

strain (%)

Figure 4-13: Experimental and numerical displacement — strain curves of N=3 CP specimen at measuring
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The distribution of plasticity on the N=3 CP specimen presented in Figure 4-14 can be explained in more
detail by the distribution of von-Mises stresses (Figure 4-15) and longitudinal strains (Figure 4-16),
which both demonstrate clearly the critical locations, i.e. the locations where maximum stress-state is
developed.
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Figure 4-14: Elastic and plastic regions at failure of N=3 CP specimen
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Figure 4-15: Distribution of von-Mises stresses of N=3 CP specimen
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Figure 4-16: Distribution of longitudinal strains of N=3 CP specimen

4.3.2 Specimen with flexible joints

The specimen with flexible joints was modeled with beam-type finite element model, as presented in
section 4.2.2, while the boundary conditions were assumed to be rigid. This modeling approach was
selected based on the corresponding experimental results, which showed that the developed stress-

Doctoral Thesis of Vasileios E. Melissianos N.T.U.A. 2016



Numerical Modeling of Experiments 75

state was very low, compared to CP specimens, while experimental recordings were within the range of
sensitivity of the measuring devices. The experimental equilibrium path is compared to the numerical
one in Figure 4-17a, where the displacement of the displacement-application flange is presented on the
horizontal axis and the load on the vertical axis. The numerical path was shown to exhibit different
stiffening behavior, indicating cable-type of action, due to the negligible flexural stiffness of the beam
with internal flexible joints. The specimen self-weight was considered in the numerical analysis and thus
the load — displacement path’s onset was equal to about half the self-weight, while due to the limited
sensitivity of the load-cell for such low recordings, the onset of the experimental path is quite lower.
However, taking the aforementioned limitations of the experimental monitoring process into account,
the numerical model prediction of the specimen behavior is considered as satisfactory. It is noted that
regarding the joint lateral stiffness, for which no experiment was executed, parametric analyses
conducted with reference to the axial stiffness obtained from manufacturers’ data revealed that its role
to the specimen’s behavior was very limited. It was thus decided to adopt an axial over lateral joint
stiffness ratio equal to 0.50.

Finally, experimentally and numerically obtained deformed shapes of the specimen at various levels of
the imposed displacement are illustrated in Figure 4-17b, where the vertical specimen displacement (in-
plane with the imposed displacement) is plotted on the vertical axis, while the specimen’s longitudinal
axis is plotted on the horizontal axis. The numerically obtained deformed shape is presented as FEM,
while the experimental results are represented by the measurements of the individual LVDTs (referred
as test-LVDT) and the Deformation Plotters (referred as test-DP). The major finding is that results
showed a comprehensive match and the assumed numerical approach is sufficient to model the behavior
of the specimen with flexible joints.
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Figure 4-17: Summary of experimental and numerical results of PFJ specimen including: (a) load — displacement
equilibrium path and (b) specimen deformation at various imposed displacement levels
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4.4 CONCLUSIONS

The calibration of numerical models based on the experimental results (Chapter 3) has been presented.
Finite element software ADINA (ADINA R&D 2006) was employed for this purpose and Geometrically
and Materially Nonlinear Analysis were performed. The results were presented via equilibrium paths,
strain — displacement curves and deformed shapes at various levels of the imposed displacement. The
numerical analyses results were presented and compared to the corresponding experimental ones for
the continuous specimens and for the specimen with flexible joints.

Initially, the appropriate finite element type and the boundary conditions for the CP specimens were

investigated. Then, modeling residual stresses due to the longitudinal seam-weld with a simplified
distribution was useful for capturing the gradual degradation of stiffness. Comparison of humerical and
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experimental equilibrium paths revealed the effect of the location of the seam-weld on the beam
behavior. In general, the numerical analyses’ results of the tests were in good agreement with the
experimental results, in particular for CP specimens.

The numerical analysis’ results of the PF] test were in moderate agreement with the experimental
results, considering that the developing stress-state was very low and marginally within the sensitivity
range of the test measuring devices. However, numerical modeling of tubes with internal flexible joints
with beam-type finite elements and of flexible joints with rotational and translational springs was found
to be sufficient for design purposes.
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5 BUCKLING OF BEAMS WITH INTERNAL
FLEXIBLE JOINTS RESTING ON FOUNDATION
MODELING BURIED PIPELINES

5.1 INTRODUCTION

The introduction of flexible joints in buried steel pipelines subjected to fault rupture is proposed in the
present thesis as an innovative approach towards the efficient protection of pipes against the two main
consequences of faulting, namely local buckling of pipe wall and tensile fracture of girth welds. However,
in case of reverse faulting, high compressive axial forces develop along the pipeline. Taking into account
that the integration of joints reduces the pipe global stiffness, flexural buckling, also known as upheaval
buckling, may emerge as a third possible failure mode. In such case the pipeline may significantly
deform within the trench and even outside of it. A preliminary investigation of the upheaval buckling of
continuous buried steel pipelines subjected to reverse faulting in comparison to local buckling and tensile
fracture has been presented by Melissianos et al. (2014a).

In the present chapter, a systematic effort is carried out to investigate the effect of internal flexible
joints in the buckling and post-buckling response of beams resting on elastic foundation. A Winkler
beam with internal flexible joints constitutes an appropriate model to investigate the potential of
upheaval buckling when the pipeline is subjected to reverse faulting (Melissianos and Gantes 2014a; b).

5.2 LITERATURE REVIEW AND RESEARCH OBJECTIVES

The so-called Winkler model of a beam resting on elastic foundation is a commonly applied engineering
approach in various problems involving interaction between a structural member and the surrounding
soil, due to its reliability and computational simplicity and efficiency. Applications of this model can be
found in different areas of soil — structure interaction, such as foundation engineering, buried structures
and railway tracks. Soil is considered as a single layer that can be represented by a series of closely
spaced and mutually independent transverse springs with proportional resistance to deflection. Different
aspects regarding the overall buckling behavior of continuous beams resting on elastic foundation can
be found in the literature (Amazigo et al. 1970; Hetenyi 1946; Keener 1974; Massalas and Tzivanidis
1979; Massalas et al. 1978). Timoshenko and Gere (1961) showed the impact of soil stiffness on the
critical eigenmode shape of axially loaded simply-supported Winkler beams, demonstrating that
variation of soil stiffness may lead to eigenmode cross-over. Wu and Zhong (1999) implemented the
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energy method to analytically investigate the buckling of elastically supported beams of finite length
under compression for different end conditions, identifying eigenmode transition and then carried out
post-buckling analysis of perfect beams and used the post-buckling curvature to examine beam stability.
Rao and Neetha (2002) developed a detailed analytical methodology to estimate the elastic foundation
stiffness that corresponds to the first transition of the critical eigenmode, using free vibrations. Buckling
and post-buckling behavior of beams resting on elastic foundation was also investigated by Kounadis et
al. (2006), leading to analytical expressions of the post-buckling equilibrium path for a 1-DOF model.
Song and Li (2007) focused on thermal buckling and post-buckling of pinned — fixed beams on elastic
foundation. The authors introduced a so called “shooting method” to analytically solve the complex
boundary condition problem and also adopted the energy method to describe post-buckling behavior
considering buckling temperature. Li and Batra (2007) presented equations for buckling and post-
buckling behavior of laterally supported simply-supported and clamped beams. The major conclusions
of this study included the insignificant impact of the nonlinear foundation parameter on the buckling
load temperature and the post-buckling deformation. Aristizabal-Ochoa (2013) introduced a
methodology to estimate the critical buckling load of axially loaded columns resting on Winkler
foundation with generalized end conditions.

The aforementioned studies deal with beams of finite length. However, elongated structures, such as
railway tracks and pipelines, are usually modeled as infinite beams. In such case, buckling localization
emerges as an important issue. Localization of the buckling pattern depends among others on the
applied axial force and the soil stiffness. Research on this topic is extensive and several researchers
have presented rigorous analytical studies, trying to deal with the significant nonlinearity of the problem
through advanced mathematical tools, among which prominent is the work by Hunt and Blackmore
(1996), Hunt and Wadee (1991), Hunt et al. (1993) and Wadee et al. (1997).

A Winkler beam with internal hinges constitutes an appropriate model to investigate the potential of
upheaval buckling when a pipeline with flexible joints is subjected to compression due to reverse
faulting. An internal hinge modifies the beam global stiffness and consequently affects the
corresponding buckling and post-buckling behavior. The extent of this effect depends on the relative
pipeline — joint — soil stiffness and must be taken into account in case such mitigating measures are
proposed. The buckling behavior of an axially loaded, clamped beam without lateral support and with
two internal hinges was presented by Wang (1992). The author applied an analytical approach to
maximize the critical buckling load through the optimization of hinges’ location. Later, Wang (2002)
extended the formerly developed model by introducing a single elastic support to strengthen the hinge
location. The critical buckling load of an elastic beam with various end conditions was maximized by
optimizing the hinge location considering the elastic restraint stiffness. Later, Wang (2008) presented a
more detailed model of a beam resting on elastic foundation to address the optimum hinge location for
maximizing the critical buckling load and recently the author presented an analytical study on the
buckling of an infinite beam resting on elastic foundation with one or more internal hinges subjected to
compressive force (Wang 2010).

The topics of buckling behavior and eigenmode cross-over of continuous beams that rest on elastic
Winkler foundation have been discussed in depth by previous researchers, as summarized above.
However, the pertinent work regarding internally hinged beams is limited. Aiming at addressing this
issue, in the present chapter the effect of hinge rotational stiffness on eigenmode cross-over with
respect to soil stiffness is first quantified by means of numerical linearized buckling analysis.
Furthermore, the beam post-buckling behavior is not adequately addressed in the existing literature.
Hence, this study then focuses on the numerical investigation of the beam post-buckling behavior
through geometrically nonlinear imperfection analysis. Simply-supported and clamped boundary
conditions are considered, with the second being representative of the deformed shape assumed by
buried pipelines that are subjected to fault activation. Two cases of internal hinges are analyzed: an
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internal hinge located in the beam middle and two internal hinges equally-spaced along the beam. The
internal hinges are assumed to be equipped with an elastic rotational spring, while relative translations
of the two beam parts at each hinge are restrained, to represent a hinged flexible joint (Figure 2-21c).

The beam buckling behavior is first studied through linearized buckling analysis following the
suggestions of Dimopoulos and Gantes (2012). Results are then directly compared to the corresponding
ones in cases of continuous beams (Gantes and Melissianos 2014). Parametric studies are conducted to
highlight the effect of soil stiffness, hinge rotational stiffness and beam boundary conditions on critical
buckling loads and eigenmode shapes. Geometrically nonlinear analyses are then carried out to identify
the beam post-buckling behavior, imperfection sensitivity and the effect of soil restraint on ultimate
loads. Additionally, the effect of soil nonlinearity on beam response in terms of ultimate loads is
examined by considering the soil as tensionless and having different upward and downward compressive
stiffness. Concluding, research results are of importance for pipelines with flexible joints, as the design
assumptions and safety factors to be considered are highly affected.

5.3 ANALYSIS MODEL

In order to investigate the overall buckling response of an Euler-Bernoulli beam with internal hinges
resting on elastic or elastoplastic foundation, an appropriate humerical approach has been selected.
This approach is considered as suitable for dealing with this problem from a structural design rather
than engineering mechanics point of view, as it can in future be readily extended to issues that are
commonly encountered in practice, such as non-straight pipeline route, inhomogeneous soil conditions,
varying axial force distribution along the pipeline accompanied by bending moments, etc.

In case of buried pipelines subjected to fault rupture, the source of the applied action on the structure,
namely the fault location, is well defined. If the fault is activated, the pipeline is forced to follow the
ground motion and to deform on the two sides of the fault in an s-shaped pattern extending to two so-
called anchor points, one on each fault side, beyond which the developing stress-state is nearly
negligible. If the fault is reverse, significant axial compression develops in the pipeline, with a maximum
value at the fault and gradually diminishing towards the anchor points due to soil friction. Aiming at
addressing this problem in a simplified, conservative manner, the selected numerical model is that of
an elastic Winkler beam of length L, defined by the anchor points, and flexural rigidity EI, subjected to
axial compressive force P. It is also noted that the model of a finite beam for the simplified pipeline
modeling is sufficient regarding also the issue of buckling localization, taking into account that the
location of the source of the applied action is well defined, while the anchor points represent the
assumed boundary conditions. To that effect, either hinged or clamped boundary conditions are
considered at the two ends, even though for long struts actual boundary conditions are less significant
as the deflections and their derivatives all tend to zero near the boundaries. Furthermore, the problem
is treated as static, given that the dynamic effects of fault movement are considered by pertinent codes
as negligible (American Lifelines Alliance 2005; ASCE 1984; European Commitee for Standardization
2006).

The beam longitudinal displacement is denoted by x and the transverse displacement by y(x). Beams
rest on Winkler foundation that exhibits stiffness ks, which is normalized via the expression:

K, =kL* /EI (5-1)

and ranges from a minimum value Ks=180 to a maximum value Ks=20000. Three characteristic soil
stiffness values are selected, namely Ks=180, Ks=10000 and Ks=20000, which correspond to the critical
eigenmode shape of the continuous beam being the first symmetric, the first antisymmetric and the
second symmetric, respectively. These soil stiffness values are selected based on the fact that soil
stiffness increase leads to eigenmode cross-over for the continuous beam among the three above
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mentioned types of modes (Gantes and Melissianos 2014). Furthermore, the selected soil stiffness
values are reasonable assumptions for the soil stiffness of upward soil springs in buried pipeline analysis.
For example, the value Ks=10000 corresponds coarsely to a small diameter, shallowly buried pipe in
dense backfill sand, while Ks=180 stands for a large diameter, deeply buried pipe backfilled with loose
sand. Estimation of soil springs’ stiffness for buried pipelines is carried out using the suggestions of
pertinent codes and provisions (e.g. American Lifelines Alliance 2005; ASCE 1984; European Commitee
for Standardization 2006) or expressions found in the literature (e.g. O'Rourke and Liu 2012) depending
on the backfill material properties. According to these sources, the soil material laws are nonlinear,
idealized in practice for the design of buried pipelines against faulting as elastic — perfectly plastic. In
the present work, linear soil springs have been assumed, while in section 5.5.9 the effect of soil
nonlinearity is investigated, considering different soil stiffness in the upwards and downwards directions.
In the numerical model, Winkler soil is modeled with transverse springs that connect beam nodes to
fixed “ground” nodes and exhibit stiffness only in the local axial direction corresponding to their
undeformed state. It is noted that in the literature nonlinear soil properties with softening effects have
also been considered, for example by Yang and Bradford (2015), who showed that the softening soil
parameter plays an important role in localization phenomena and the post-buckling response of infinite
beams.

The internal hinge of the beam is equipped with an elastic rotational spring of stiffness kr and practically
replaces the beam flexural rigidity. The corresponding rotational stiffness is normalized via the
expression:

K, =k, /(EL/L) (5-2)

In the subsequent analyses the internal hinge rotational stiffness is appointed with five characteristic
values, i.e. Ki=0, 2, 5, 10 and 45. The value Ki=0 represents the case of a “pure” internal hinge without
stiffness, while stiffness Kir=45 was found to be sufficiently high to almost restore the beam flexural
continuity. It is noted that the selected range of rotational stiffness conforms to the corresponding
stiffness of commercially available hinged flexible joints. Thus, the rotational stiffness of the internal
hinge can be selected by the design engineer in order to monitor the strain reduction of the structure,
achieved by the use of the joints. The stiffness of such joints increases as the pipe diameter increases,
while the maximum rotational capacity decreases. Thus, the selected range, apart from the maximum
value that is related to beam continuity restoration, is realistic for hinged flexible joints in pipeline
applications that are expected to undergo large rotations due to faulting.

The beam analysis models are depicted in Figure 5-1 through Figure 5-4 by considering two cases: an
internal hinge located at the beam middle or two internal hinges equally-spaced along the beam. In
particular, the simply-supported beam with one internal hinge is shown in Figure 5-1, the simply-
supported beam with two internal hinges in Figure 5-2, the clamped beam with one internal hinge in
Figure 5-3 and the clamped beam with two internal hinges in Figure 5-4.
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Figure 5-1: Simply-supported beam resting on foundation with one internal hinge
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Figure 5-2: Simply-supported beam resting on foundation with two internal hinges
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Figure 5-3: Clamped beam resting on foundation with one internal hinge
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Figure 5-4: Clamped beam resting on foundation with two internal hinges

5.4 LINEARIZED BUCKLING ANALYSIS

5.4.1 General aspects

Linearized Buckling Analysis (LBA) is carried out using the commercial FEM software ADINA (ADINA
R&D 2006) according to the so-called “classical” buckling formulation described by Bathe (1995).
According to this formulation, eigenmodes and buckling loads are obtained from the equation:

(5K, = 5K)o, =

t(lJK(pi_Yi<t(1)Kt(1)Kg>(pi:>[1 )\i
! (5-3)

%]@JK - %Kg)(pi = t(‘)Kg(pi =

(5K = 5K, )+ A 5K, 0y = 0= (5K, + 9K, + A 5K, ), = 0

9K stiffness matrix of the structures at time to

“K  stiffness matrix of the structures at time t1

to time at the beginning of the analysis

t1 =to+At

At time increment

0] i-th eigenmode

Yi function of the eigenvalue Ai with yi=1-1/A
The formulation of Eq. (5-3) leads to the evaluation of the classical buckling load when to corresponds
to the unloaded situation and t: to a loaded structure with sufficiently small applied reference loads “R
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(Brendel and Ramm 1980). The critical buckling load is determined from the critical load factor A: via
the expression:

R, =A\"R (5-4)

Verification of the “classical” method of buckling analysis in ADINA has been provided by many
researchers, such as Nilsson and Giannakopoulos (1995), Noguchi and Hisada (1993) and Yamashita

and Shiro (2001).

5.4.2 Continuous beam

The linearized buckling analysis of an elastic continuous Euler-Bernoulli beam resting on Winkler
foundation is presented at first in order to provide the framework of the subsequent analysis of internally
hinged beams. The continuous beam under investigation is considered to be either simply-supported or
clamped. Initially, the continuous simply-supported beam of Figure 5-5 is examined.

ginénénéninénénééi ;

Figure 5-5: Continuous simply-supported beam resting on foundation

The governing fourth order differential equation of equilibrium is given by the expression:
Ely” (x) +Py" (x)+k,y(x)=0 (5-5)

The general solution of Eq. (5-5) is given by Eq. (5-6), where parameters A and B are defined in Eq.(5-7)
with a2=P/EI and b*=ks/(4EI).

y(x)=C, cos Ax + C, sinAx + C, cos Bx + C, sinBx (5-6)

A \/ Vo —16b")/2
(5-7)

B \/ Jat —166%) /2

The boundary conditions of the simply-supported beam are:

y(0)=0,y(L)=0,y (0)=0,y (L)=0 (5-8)
The onset of buckling of the beam is determined by the solution of the eigenvalue problem obtained by
applying boundary conditions of Eq. (5-8) to Eq. (5-6) that yields the buckling equation:

(A® —B?)sinALsinBL =0 (5-9)

The algebraic solution of Eq. (5-9) provides the following cases regarding the calculation of the critical
buckling load:

— for A2-B2=0 the solution is

=2,k EL (5-10)
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— for sinAL=0 or sinBL=0 the solution is:

n’mEl  kL®
Pern = 12 +n2n2 (5-11)

where n=1,2,3,..... is the number of the eigenmode.

It is noted that the buckling load of Eq. (5-10) is independent of beam length L. Substituting Eq. (5-10)
into Eq. (5-6), the obtained eigenmode equation equals zero, leading to the conclusion that even though
Eg. (5-10) is a mathematical solution of the buckling Eq. (5-9), it has no physical meaning. On the other
hand, substituting the buckling loads of Eq. (5-11) into Eq. (5-6) the eigenmode equations of the simply-
supported beam on elastic foundation are extracted and presented in Eq. (5-12) and Eq. (5-13):

— for sinAL#0:

. sinBL .
X) = sinBx — sin Ax -
y( ) sin AL (5-12)
— for sinBL+0:
. sinAL .
X) = SinAX — sinBx -
y( ) sinBL (5-13)

The first four eigenmode shapes are presented in Figure 5-6 and denoted according to symmetry about
the center of the beam as [1S] (1%t symmetric), [1A] (1%t antisymmetric), [2S] (2™ symmetric) and [2A]
(2" antisymmetric).

—— [15] —6— [1A] —+— [25] —E— [2A]

x/L

Figure 5-6: First four eigenmode shapes of continuous simply-supported beam resting on foundation

On the basis of the above results, it can be observed that the buckling behavior of such beams is directly
dependent on soil stiffness ks, whose gradual increase leads to eigenmode cross-over. This effect is
illustrated in Figure 5-7, where the normalized soil stiffness is plotted on the horizontal axis and the
elastic critical buckling load is plotted on the vertical axis, normalized by Euler buckling load of the same
beam without elastic support (Pc/Pg,ss). It is shown that increasing soil stiffness leads to proportional
buckling load increase for all eigenmodes but with lower slope for higher modes, so that eigenmode
cross-over takes place. In particular, the normalized soil stiffness ranges for critical modes are: for [1S]
from 0 to 415, for [1A] from 415 to 3495, for [2S] from 3495 to 14040 and for [2A] larger than 14040.
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Figure 5-7: Elastic critical buckling load of the lower four eigenmodes of simply-supported continuous beam with
respect to normalized soil stiffness

Next, the continuous clamped Euler-Bernoulli beam of Figure 5-8 is examined.
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Figure 5-8: Continuous clamped beam resting on foundation

The governing fourth order differential equation of equilibrium is given by Eq. (5-5) and its general
solution by Eq. (5-6). The boundary conditions of the clamped beam are:

y(0)=0,y(L)=0,y(0)=0,y(L)=0 (5-14)

The onset of buckling is determined by the solution of the eigenvalue problem obtained by applying
boundary conditions of Eq. (5-14) on Eq. (5-6) that yields the buckling equation:

(A* —B?)sin AL sinBL + AB(cos AL cosBL —1) = 0 (5-15)

However, Eq. (5-15) does not have a closed algebraic form solution due to its high nonlinearity.
Therefore, critical buckling loads can be estimated via Eq. (5-15) using a numerical approach.

Then, substituting the critical loads into Eq. (5-6) the eigenmodes of the clamped beam resting on
elastic foundation are extracted and presented in Eq. (5-16) and Eq. (5-17).

— for AsinAL=BsinBL the solution is:

y (x) = cos Ax — cos Bx (5-16)
— for AsinAL#BsinBL the solution is:

Y(X):WCOSAX—%SinAX—WCOSBX-’-SinBX

BcosBL — B cos AL (5-17)

AsinAL —BsinBL

with W =

The resulting eigenmode shapes are presented in Figure 5-9, denoted according to symmetry about the
center of the beam as [1S], [1A], [2S] and [2A], similarly to the simply-supported beam. It is noted that
in this case, increase of soil stiffness does not only lead to eigenmode cross-over but also to the
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introduction of internal points of zero value of the eigenvectors (IP), in both symmetric and
antisymmetric eigenmodes. Thus, a more detailed description of eigenmode shapes is introduced in
Table 5-1 and presented in Figure 5-10.

—— [15] =0 [1A] ——— [25] —E&— [2A]

x/L

Figure 5-9: First four eigenmode shapes of clamped continuous beam resting on foundation
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Figure 5-10: Eigenmode shapes of clamped continuous beam resting on foundation

Table 5-1: Clamped beam eigenmodes

mode IP mode IP
[1S] 0 [2S] 0
[151] 2 [251] 2
[1A] 1 [2A] 3
[1A7] 3 [2A7] 5

Buckling behavior of the clamped beam on elastic foundation is also directly dependent on soil stiffness
ks, whose gradual increase leads to eigenmode cross-over. This is illustrated in Figure 5-11, where the
normalized soil stiffness is plotted on the horizontal axis and the elastic critical buckling load of the lower
four eigenmodes on the vertical axis, normalized by Euler buckling load of a clamped beam without
elastic support (P«/Peq). As indicated in Figure 5-11, increasing soil stiffness leads to buckling load
increase for all eigenmodes, but at a different rate, so that eigenmode cross-over takes place. Thus,
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the normalized soil stiffness ranges for critical modes are: for [1S] from 0 to 296, for [1A] from 296 to
889, for [1S'] from 889 to 6221 and for [1A] larger than 6221.
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Figure 5-11: Minimum buckling load vs. soil stiffness of clamped continuous beam with respect to normalized soil
stiffness

5.4.3 Simply-supported beam with one internal hinge

The critical buckling load of the simply-supported beam with one internal hinge located in the middle
(Figure 5-1) with reference to soil stiffness and hinge rotational stiffness is illustrated in Figure 5-12.
The critical buckling load (Pcr) is plotted on the vertical axis and normalized with respect to the Euler
load (Pe,ss) of the continuous simply-supported beam without elastic support, while the normalized soil
stiffness (Ks) is plotted on the horizontal axis. The buckling load of the continuous beam is also presented
for comparison reasons. A first observation is that the increase of the rotational stiffness leads to the
gradual restoration of the beam continuity. The buckling load curve for small K: values is a smooth curve
without notable turning points, in contrast to the continuous beam, where three evident turning points
indicate the eigenmode cross-overs.
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Figure 5-12: Normalized critical buckling load of simply-supported beam with one internal hinge with respect to

soil stiffness for varying hinge rotational stiffness
Results extracted from Figure 5-12 regarding the eigenmode cross-over are confirmed by Figure 5-13
that shows the critical eigenmodes. The critical eigenmodes for rotational stiffness ranging from K:=0
to Kr=10 are all symmetric and the corresponding shape reveals that eigenmode cross-over is absent
as soil stiffness increases. The internal hinge weakens the beam at the middle-span and its location
dominates the eigenmode shape. On the other hand, for Ki=45, two eigenmode cross-overs take place.
The critical eigenmode is symmetric with single curvature for Ks=180, becomes symmetric with two
intermediate inflection points for Ks=10000, and finally it turns into antisymmetric for Ks=20000.
Eigenmode cross-over is thus encountered, defined as the transition of eigenmode shapes with respect
to soil stiffness.
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Figure 5-13: Critical eigenmodes of simply-supported beam with one internal hinge with respect to soil stiffness
and for varying hinge rotational stiffness

5.4.4 Simply-supported beam with two internal hinges

The critical buckling load of the simply-supported beam with two equally-spaced internal hinges (Figure
5-2) is presented in Figure 5-14, where again the critical buckling load (Pc) is plotted on the vertical
axis, normalized with respect to the Euler load of the continuous beam without elastic support (Pe,ss),
and the normalized soil stiffness (Ks) is plotted on the horizontal axis. Similar qualitative conclusions are
extracted as in the case of one hinge, with the load P increasing with soil stiffness as well as with joint
stiffness. For small K: values the buckling load curve indicates no eigenmode cross-over, and the
resulting buckling loads are smaller than the ones of the beam with one hinge. Increasing rotational
stiffness reveals the gradual restoration of the beam continuity and consequently the increase of
buckling load.
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Figure 5-14: Normalized critical buckling load of simply-supported beam with two internal hinges with respect to
soil stiffness for varying hinge rotational stiffness

The conclusions derived from Figure 5-14 regarding the eigenmode cross-over are confirmed by Figure
5-15. In case of Kr=0 and K=2 all eigenmodes are antisymmetric. As K: increases to values of 5 and
10, eigenmode cross-over is detected. The critical eigenmode is symmetric for low soil stiffness and is
similar to the first symmetric eigenmode of the continuous beam. Increasing soil stiffness leads to cross-
over. Antisymmetric eigenmode shapes are dominated by the location of the hinges. Finally, the
maximum rotational stiffness restores the beam continuity and similar results as in the beam with one
hinge are observed (see Figure 5-13).
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Figure 5-15: Critical eigenmodes of simply-supported beam with two internal hinges with respect to soil stiffness
and for varying hinge rotational stiffness

5.4.5 Critical buckling loads of simply-supported beams

The comparison between critical buckling loads of continuous and internally hinged simply-supported
beams is necessary to highlight the consequences of internal hinges in terms of reducing beam global
stiffness. This direct comparison is illustrated in Figure 5-16 for varying rotational stiffness and soil
stiffness, where the continuous beam is denoted by C, the beam with one internal hinge by 1H and the
beam with two internal hinges by 2H. The critical buckling loads (P<r) are normalized with respect to the
Euler buckling load of the continuous beam without elastic support (Pe,ss).

B C BN iHL J2H
30 : : :
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Figure 5-16: Critical buckling loads of simply-supported beams with respect to soil stiffness and for varying
rotational stiffness

It is observed that soil stiffness increase leads to buckling load increase for all cases. At the same time,
the increase of hinge rotational stiffness leads to the gradual restoration of beam continuity and
consequently the difference between buckling loads of C, 1H and 2H beams decreases. Finally, it is
noted that the critical buckling load reduction due to the integration of internal hinges in a beam resting
on foundation under compressive axial force was also reported for the case of an infinite beam by Wang
(2010).

Doctoral Thesis of Vasileios E. Melissianos N.T.U.A. 2016



Buckling Of Beams With Internal Flexible Joints Resting On Foundation Modeling Buried Pipelines 89

5.4.6 Clamped beam with one internal hinge

The critical buckling load evolution of the clamped beam with one internal hinge (Figure 5-3) with
respect to soil stiffness is illustrated in Figure 5-17. The load P« is presented on the vertical axis and is
normalized with respect to the Euler load of the clamped continuous beam without elastic support (Pe,c).
Pcr increases as soil stiffness increases. The increase of rotational stiffness restores the beam continuity
and yields to buckling load gradual increase, similarly to previous cases.
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Figure 5-17: Normalized critical buckling load of clamped beam with one internal hinge with respect to soil
stiffness for varying hinge rotational stiffness

The eigenmode cross-over is examined in Figure 5-18, where the critical eigenmodes are illustrated.
The centrally located internal hinge dominates the symmetric critical eigenmode shapes for K: values
ranging from 0 to 5. As the critical eigenmode shape is transformed consecutively from symmetric to
antisymmetric, one eigenmode cross-over for Kr=10 and three cross-overs for Kr=45 are observed.
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Figure 5-18: Critical eigenmodes of clamped beam with one internal hinge with respect to soil stiffness and for
varying hinge rotational stiffness

5.4.7 Clamped beam with two internal hinges

Regarding the clamped beam with two internal hinges (Figure 5-4), the critical buckling load Pe
dependence on normalized soil stiffness is shown in Figure 5-19. Buckling load is normalized with respect
to the Euler load of the clamped continuous beam without elastic support (Pgq). The load P increases
as soil stiffness increases, following the same pattern as in all previous cases. The equally-spaced
internal hinges alter the beam stiffness depending also on their rotational stiffness. The buckling load
curve for small K: indicates that eigenmode cross-over does not occur. This outcome is confirmed by
considering the eigenmode shapes presented in Figure 5-20 for varying rotational stiffness.
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Figure 5-19: Normalized critical buckling load of clamped beam with two internal hinges with respect to soil
stiffness for variable hinge rotational stiffness

The symmetrically introduced hinges dominate the critical eigenmode shapes. It becomes clear from
Figure 5-20 that for small rotational stiffness all eigenmodes are antisymmetric, even though increasing
soil stiffness slightly modifies the shape. As K: increases to values of 5 and 10, eigenmode cross-over
occurs, and the symmetric shape is transformed to antisymmetric for soil stiffness greater than
Ks=10000. Finally, the maximum rotational stiffness reestablishes beam continuity and similar results to
the clamped beam with one internal hinge can be extracted (see Figure 5-18).
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Figure 5-20: Critical eigenmodes of clamped beam with two internal hinges with respect to soil stiffness and for
variable hinge rotational stiffness

5.4.8 Critical buckling loads of clamped beams

The introduction of either one or two internal hinges has a direct impact on the clamped beam’s buckling
behavior also. The critical buckling loads of the continuous beam (C), the beam with one hinge (1H)
and the beam with two hinges (2H) are compared in order to quantify this influence. The normalized
buckling loads are presented in Figure 5-21. A pure hinge (K-=0) leads to a decrease of buckling load
levels compared to the continuous beam. In this case, the difference in critical buckling loads between
the continuous beam, the beam with one internal hinge and the beam with two internal hinges rises as
soil stiffness increases. The difference between the buckling loads is reduced as rotational stiffness
increases. A significant difference is observed between the simply-supported and the clamped beam.
The clamped boundary conditions affect the buckling loads of 1H and 2H beams, as the doubly hinged
beam has higher buckling load than the single hinged beam in the majority of the cases presented in
Figure 5-21. This is attributed to the fact that the hinges are now closer to the clamped supports, and
thus contribute less to beam stiffness reduction.
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Figure 5-21: Critical buckling loads of clamped beams with respect to soil stiffness and for varying rotational
stiffness

5.5 GEOMETRICALLY NONLINEAR ANALYSIS

5.5.1 Analysis methodology and imperfections

The assessment of post-buckling behavior of buckling-sensitive structures necessitates the
implementation of advanced numerical techniques (Gantes and Fragkopoulos 2010). In the present
study nonlinear numerical analyses are carried out using the commercial FEM software ADINA (ADINA
R&D 2006) that incorporates the “Arc-Length” type algorithm for tracing the post-buckling equilibrium
path (Bathe and Dvorkin 1983). Results obtained from ADINA using nonlinear solution algorithms have
been compared against experimental ones in the literature for a wide range of problems, including
among others local and global buckling of steel structures, as indicatively shown by Kalochairetis et al.
(2014), Roy et al. (2003), Yaffe and Abramovich (2003) and Zhang et al. (2015a).

The presence of unavoidable initial imperfections may affect significantly the response of buckling-
sensitive structures. Considering that actual imperfections are unknown during design, a commonly
adopted approach regarding imperfection shape is to use a linear combination of buckling mode shapes
(e.g. Agliero et al. 2015; Gantes and Fragkopoulos 2010; Yoo and Choi 2008). According to this
approach, linear combinations of the first four global eigenmodes are adopted as initial imperfections
and incorporated in the geometrically nonlinear analysis. Every eigenmode is weighted with 25%, i.e.
the first four eigenmodes are equally considered in the linear combinations. The shape of eigenmodes
is extracted from Linearized Buckling Analysis (section 5.4). Linear combinations of eigenmode shapes
that are used as initial imperfections in the subsequent nonlinear analysis are listed in Table 5-2, aiming
at quantifying the effects of imperfections in the structural response and detecting all possible
imperfection sensitivities. Buckling and hence post-buckling behavior of beams resting on elastic
foundation is dominated by soil stiffness, as a potential increase may lead to eigenmode cross-over.
Consequently, various initial imperfection shapes are considered, given that the shape of the first
symmetric eigenmode may not be adequate to identify any potential imperfection sensitivity. The
imperfections under consideration are normalized so that their amplitude equals L/500, as a typical,
rather small value employed in practice for steel members according to code provisions, e.g. Eurocode
3 — Part 1 (European Commitee for Standardization 2007).
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Table 5-2: Imperfection combinations of global eigenmode shapes for geometrically nonlinear analysis

Imperfection Linear combination
I mode 1 + mode 2 + mode 3 + mode 4
11 mode 1 + mode 2 - mode 3 + mode 4
111 mode 1 + mode 2 + mode 3 - mode 4
v mode 1 + mode 2 - mode 3 - mode 4

It is important to point out that the choice of buckling modes as imperfection patterns is not unique and
may not cover all eventualities, as in many cases it has been found to lead to lower compliance to
experimental results than other shapes of initial imperfections (e.g. Gantes and Fragkopoulos 2010).
Additionally, Schneider and Brede (2005) and Schneider et al. (2005) have shown that considering
different imperfection patterns may be important, depending also on the imperfection magnitude, while
amplitude-dependent imperfection patterns cannot be determined with confidence. Hence, GNIA results
should be interpreted accordingly and imperfection size must also be investigated, as will be shown in
the following.

In Geometrically Nonlinear Imperfection Analysis, equilibrium equations are formulated in the deformed
configuration of the structure that is allowed to differ significantly from the undeformed one. This type
of analysis is necessary for investigating buckling and, mainly, post-buckling structural behavior, through
the equilibrium path relating the applied action with the deformation corresponding to a characteristic
degree of freedom of the structure. In the present investigation the position along the beam with
maximum transverse displacement (ymax) at the analysis end is selected for all equilibrium paths. Hence,
the transverse displacement normalized with respect to the beam length (ymax/L) is plotted on the
horizontal axis, while the applied axial load normalized with respect to the critical buckling load of the
continuous beam resting on soil (P/Pq,cs), either simply-supported (Hetenyi 1946) denoted as Pcr,cs,ss OF
clamped (Melissianos and Gantes 2014b) denoted as Pcrcs,q, is plotted on the vertical axis, while the
dashed line represents the critical buckling load obtained from LBA. The beam deformed shape at the
analysis end is displayed and compared to the shapes of initial imperfections and eigenmodes, leading
to interesting conclusions.

A double-parameter problem with soil stiffness and hinge rotational stiffness acting as the two dominant
parameters is formulated. For the sake of brevity, indicative values of the parameters are selected and
the associated numerical results are presented. The linearized buckling analysis results (section 5.4)
and the relationships between soil stiffness and critical buckling loads with reference to hinge rotational
stiffness (Figure 5-12, Figure 5-14, Figure 5-17, Figure 5-19) indicate that the rotational stiffness value
Kr=5 leads to beam continuity restoration by almost 50%, thus nonlinear analysis results are presented
for this case.

5.5.2 Simply-supported beam with one hinge

The simply-supported beam with one internal hinge resting on elastic foundation (Figure 5-1) is at first
numerically investigated and results for soil stiffness Ks=180, Ks=10000 and Ks=20000 are outlined in
the following sections.

5.5.2.1 Low soil stiffness Ks=180

The first four eigenmodes are presented in Figure 5-22a and the initial imperfection shapes according
to Table 5-2 are illustrated in Figure 5-22b. The nonlinear analysis results are presented in terms of
equilibrium paths in Figure 5-23a and beam deformed shapes at the end of the analysis in Figure 5-23b,
for all different cases of initial imperfections.
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Figure 5-22: (a) Eigenmode shapes and (b) imperfection shapes considered in GNIA for simply-supported beam
with one internal hinge for Ks=180 and rotational stiffness Kr=5
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Figure 5-23: (a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of simply-supported beam
with one internal hinge for Ks=180 and rotational stiffness Kr=5

5.5.2.2 Medium soil stiffness Ks=10000

The first four eigenmodes are presented in Figure 5-24a and the initial imperfection shapes according
to Table 5-2 are illustrated in Figure 5-24b. The nonlinear analysis results are presented in terms of
equilibrium paths in Figure 5-25a and beam deformed shape at the end of the analysis in Figure 5-25a,

for all different cases of initial imperfections.
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Figure 5-24: (a) Eigenmode shapes and (b) imperfection shapes considered in GNIA for simply-supported beam
with one internal hinge for Ks=10000 and rotational stiffness Kr=5
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Figure 5-25: (a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of simply-supported beam
with one internal hinge for Ks=10000 and rotational stiffness Ki=5

5.5.2.3  High soil stiffness Ks=20000

The considered initial imperfections (Figure 5-26b) are derived from the first four eigenmodes (Figure

5-26a) after Table 5-2. Equilibrium paths and beam deformed shapes at the end of the analysis obtained

from GNIA are shown in Figure 5-27a and Figure 5-27a, respectively.
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Figure 5-26: (a) Eigenmode shapes and (b) imperfection shapes considered in GNIA for simply-supported beam
with one internal hinge for Ks=20000 and rotational stiffness Ki=5
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Figure 5-27: (a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of simply-supported beam
with one internal hinge for Ks=20000 and rotational stiffness Ki=5

5.5.2.4 Discussion of results

For all cases of soil stiffness, it is observed that all equilibrium paths practically coincide regardless of
shape of initial imperfection and have descending post-buckling behavior, as shown in Figure 5-23a,
Figure 5-25a and Figure 5-27a. Such unstable post-buckling behavior is crucial from design point of
view and should be addressed accordingly through appropriate safety factors, as structural safety cannot
rely on post-buckling strength. It is also noted that the ultimate loads are close to the critical buckling
load that is displayed with the dashed line. The beam deformed shape is also not affected by
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imperfection shapes, but is dominated by the critical eigenmode shape (see Figure 5-13), as illustrated
in Figure 5-23b, Figure 5-25b and Figure 5-27b.

Finally, it should be noted that nonlinear analyses carried out for soil stiffness much lower than the
minimum value considered here, i.e. Ks=180, showed that the overall buckling response is stable
indicating that in such case the response is similar to the simply-supported beam without lateral support.
Indicatively, the equilibrium path for Ks=2, considering only the first combination of eigenmodes as
imperfection shape, is presented in Figure 5-28a. The range of soil stiffness that affects the post-
buckling behavior is illustrated in Figure 5-28b, where for stiffness lower than approximately Ks=30 the
post-buckling behavior is stable and for higher stiffness value the behavior is unstable.
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Figure 5-28: (a) Equilibrium paths from GNIA of simply-supported beam with one internal hinge for Ks=2 and
rotational stiffness Kr=5 and (b) soil range regarding the post-buckling behavior of simply-supported beam with
one internal hinge with respect to soil stiffness and rotational stiffness Ki=5

5.5.2.5 Considerations on eigenmode cross-over

The increase of soil stiffness leads to eigenmode cross-over with reference to the hinge rotational
stiffness. It is therefore essential to examine the beam behavior and especially the beam deformed
shape at the end of nonlinear analysis by considering soil stiffness values being close enough to the
value that corresponds to the cross-over point Ksx533, characterized by the critical eigenmode being
symmetric before and antisymmetric after this point. Thus, the simply-supported beam is considered to
rest on soil with Ks=526 (before the cross-over) or Ks=540 (after the cross-over), with the critical
buckling load ratio of the two cases being equal to 0.99. The first four eigenmodes obtained from LBA
for both cases of soil stiffness are presented in Figure 5-29, where it is shown that before the cross-
over point the first eigenmode is symmetric, while after the cross-over point the first eigenmode is
antisymmetric. Additionally, the normalized buckling loads for both soil stiffness cases and for all
eigenmodes are listed in Table 5-3. The numerical results (considering the first linear combination of
the eigenmodes for the imperfection shape after Table 5-2) are presented in terms of the equilibrium
paths and the beam deformed shapes at the end of the analysis in Figure 5-30a and Figure 5-30b,
respectively. It is observed that the equilibrium paths coincide as the soil stiffness values considered
are very close, while the beam deformed shapes are affected by both critical eigenmode shapes, but
not to the same extent. Thus, the deformed shape for Ks=526 (before the cross-over) is closer to
symmetric, having no intersection points with the horizontal axis, while the deformed shape for Ks=540
(after the cross-over) has an intersection with the horizontal axis, and it is closer to antisymmetric.
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Figure 5-29: Eigenmode shapes obtained from LBA for simply-supported beam with one internal hinge for (a)
Ks=426 (before cross-over) and (b) Ks=540 (after cross-over) and rotational stiffness Ki=5
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Figure 5-30: (a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of simply-supported beam
with one internal hinge for Ki=5 before (Ks=526) and after (Ks=540) the cross-over point

Table 5-3: Buckling loads of eigenmodes for soil stiffness Ks=526 and Ks=540

eigenmode
soil stiffness 1 2 3 4
Ks=526 0.91 0.95 1.41 3.04
Ks=540 1.05 1.28 1.53 3.05

5.5.3 Simply-supported beam with two hinges

Next, the simply-supported beam with two internal hinges resting on elastic foundation (Figure 5-2) is
investigated through nonlinear analysis and results for soil stiffness Ks=180, Ks=10000 and Ks=20000
are shown in the subsequent sections.

5.5.3.1 Low soil stiffness Ks=180

The first four eigenmodes exported from LBA are illustrated in Figure 5-31a and are combined according
to Table 5-2 to create the imperfection shapes of Figure 5-31b. The beam overall buckling behavior in
terms of the equilibrium paths and the beam deformed shapes at the end of the analysis, obtained from
GNIA, are presented in Figure 5-32a and Figure 5-32b, respectively, for all different cases of initial
imperfections.
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Figure 5-31: (a) Eigenmode shapes and (b) imperfection shapes considered in GNIA for simply-supported beam
with two internal hinges for Ks=180 and rotational stiffness Kr=5
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Figure 5-32: (a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of simply-supported beam
with two internal hinges for Ks=180 and rotational stiffness Kr=5

5.5.3.2  Medium soil stiffness Ks=10000
LBA is carried at first and the obtained eigenmodes are presented in Figure 5-33a. Then, eigenmodes
are combined linearly according to Table 5-2 in order to create the shape of the initial imperfections

(Figure 5-33b) that are considered in the GNIA.
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Figure 5-33: (a) Eigenmode shapes and (b) imperfection shapes considered in GNIA for simply-supported beam
with two internal hinges for Ks=10000 and rotational stiffness Kr=5

Nonlinear analysis results are presented in terms of equilibrium paths and the beam deformed shapes.
In particular, the equilibrium paths and the beam deformed shapes at the end of the analysis are
presented in Figure 5-34a and Figure 5-34b, respectively, for all different cases of initial imperfections.
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Figure 5-34: (a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of simply-supported beam
with two internal hinges for Ks=10000 and rotational stiffness Kr=5

5.5.3.3  High soil stiffness Ks=20000

The first four eigenmodes are depicted in Figure 5-35a following LBA and consequently are used to
create the imperfection shapes through linear combinations (Table 5-2) that are shown in Figure 5-35b.
The beam overall buckling behavior in terms of equilibrium path and the beam deformed shapes at the
end of the analysis, obtained from GNIA, are presented in Figure 5-36a and Figure 5-36b, respectively,

for all different cases of initial imperfections.
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Figure 5-35: (a) Eigenmode shapes and (b) imperfection shapes considered in GNIA for simply-supported beam
with two internal hinges for Ks=20000 and rotational stiffness Kr=5
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Figure 5-36: (a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of simply-supported beam
with two internal hinges for Ks=20000 and rotational stiffness Kr=5

5.5.3.4 Discussion of results

The equilibrium paths are highly nonlinear and the beam post-buckling behavior is unstable, as clearly
indicated by the ultimate load and the subsequent descending equilibrium path (Figure 5-32a, Figure
5-34a and Figure 5-36a). It is noted that in case of soil stiffness Ks=10000 and Ks=20000 the difference

between the ultimate load and the critical buckling load is very small. On the contrary, for Ks=180 the
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difference between the ultimate load and the buckling load is about 24%, which is attributed to the fact
that the equally-spaced internal hinges are located close to the hinged supports of the beam and at the
same time the soil stiffness is low enough, compared to the other examined cases, to provide sufficient
support to the beam in order for the ultimate load to reach the critical buckling load. Moreover,
compared to the beam with one internal hinge, in case of the beam with two internal hinges, the
difference of the ultimate load from the critical buckling load obtained from LBA is higher. The beam
deformed shape is highly affected by the antisymmetric critical eigenmode, due to the presence of two
equally-spaced internal hinges, as presented in Figure 5-32b, Figure 5-34b and Figure 5-36b, but is not
affected by the shape of the initial imperfections.

Finally, GNIAs were carried out to investigate whether the post-buckling behavior of the simply-
supported beam with two internal hinges is unstable for lower soil stiffness than the one considered,
i.e. Ks=180. Results showed that for soil stiffness lower than approximately Ks=30 (Figure 5-37) the
behavior of the beam is stable. Similar results were obtained for the simply-supported beam with one
internal hinge (section 5.5.2.4).
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post-buckling behavior
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K
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Figure 5-37: Soil range regarding the post-buckling behavior of simply-supported beam with two internal hinges
with respect to soil stiffness and rotational stiffness Ki=5

5.5.4 Comparison of simply-supported beam ultimate loads

The comparison of normalized ultimate loads of a simply-supported continuous beam (C), a beam with
an internal hinge (1H) and a beam with two internal hinges (2H) is illustrated in Figure 5-38 for varying
soil stiffness and rotational stiffness Ki=5. A crucial conclusion is that increasing soil stiffness leads to
ultimate load increase in correspondence to critical buckling loads. The internal hinges reduce the
ultimate loads with reference to the continuous beam, even though the load levels do not vary
significantly among the 1H and the 2H cases, except for case Ks=180 that is attributed to low lateral
support provided by the soil. Additionally, it is observed that the differences between the ultimate loads
in cases Ks=10000 and Ks=20000 are quite the same, as soil provides lateral support to the beam.
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Figure 5-38: Ultimate loads comparison of simply-supported beams (continuous (C), with one internal hinge (1H)
and with two internal hinges (2H)) with respect to soil stiffness and for hinge rotational stiffness Kr=5
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5.5.5 Clamped beam with one hinge

The overall buckling response of the clamped beam with an internal hinge resting on elastic foundation
(Figure 5-17) is numerically investigated through GNIA by considering soil stiffness Ks=180, Ks=10000
and Ks=20000.

5.5.5.1 Low soil stiffness Ks=180

Initially, the results obtained from LBA and specifically the first four eigenmodes are shown in Figure
5-39a. The imperfections shapes considered in GNIA are illustrated in Figure 5-39b. The numerical
results from GNIA are shown in terms of the equilibrium path in Figure 5-40a and the beam deformed
shapes at the end of the analysis in Figure 5-40b.
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Figure 5-39: (a) Eigenmode shapes and (b) imperfection shapes considered in GNIA of clamped beam with one
internal hinge for Ks=180 and rotational stiffness Kr=5
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Figure 5-40: (a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of clamped beam with one
internal hinge for Ks=180 and rotational stiffness Kr=5

5.5.5.2  Medium soil stiffness Ks=10000

The initial geometric imperfections (Figure 5-41b) considered in GNIA are derived from the eigenmode
shapes (Figure 5-41a). The GNIA results are shown in Figure 5-42 in terms of the equilibrium paths and
the beam deformed shapes at the end of the analysis, taking into account all imperfection shapes (Table
5-2).

Doctoral Thesis of Vasileios E. Melissianos N.T.U.A. 2016



Buckling Of Beams With Internal Flexible Joints Resting On Foundation Modeling Buried Pipelines 101

—%—]1—6—2 —+—3 —s—] —6— 1] ——1III v
0.2
9
= 0
NS :
>
-0.2 :
0 0.2 0.4 0.6 0.8 1 0 0.5 1
x/L X/L
(@ (b)

Figure 5-41: (a) Eigenmode shapes and (b) imperfection shapes considered in GNIA of clamped beam with one
internal hinge for Ks=10000 and rotational stiffness K:=5
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Figure 5-42: (a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of clamped beam with one
internal hinge for Ks=10000 and rotational stiffness Ki=5

5.5.5.3 High soil stiffness Ks=20000

The eigenmode shapes obtained from LBA (section 5.4.6) and the imperfection shapes considered in
GNIA are illustrated in Figure 5-43a and Figure 5-43b, respectively. GNIA results are presented in terms
of the equilibrium path in Figure 5-44a and the beam deformed shape at the end of the analysis in
Figure 5-44b.
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Figure 5-43: (a) Eigenmode shapes and (b) imperfection shapes considered in GNIA of clamped beam with one
internal hinge for Ks=20000 and rotational stiffness Ki=5
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Figure 5-44: (a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of clamped beam with one
internal hinge for Ks=20000 and rotational stiffness Kr=5

5.5.5.4 Discussion of results

The primary observation regarding the clamped beam overall buckling behavior is that soil conditions
influence the nature of post-buckling response. It is thus observed for Ks=180 (Figure 5-40a) the post-
buckling behavior is stable and is similar to that of a clamped beam without elastic support, i.e. the
elastic beam has post-buckling strength. On the contrary, numerical results for soil stiffness Ks=10000
and Ks=20000 in terms of the equilibrium paths are presented in Figure 5-42a and Figure 5-44a,
respectively, indicating unstable post-buckling behavior. Analyses carried out within the range of soil
stiffness from Ks=180 up to Ks=10000 revealed that corresponding threshold regarding the soil stiffness
is about Ks=300, i.e. for lower soil stiffness the beam post-buckling behavior is stable and for higher
the behavior is unstable (Figure 5-45).

The beam deformed shape at the end of the analysis is independent of the imperfections shape and
mainly affected by the critical eigenmode shape for any soil stiffness, as presented in Figure 5-40b,
Figure 5-42b and Figure 5-44b.
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Figure 5-45: Soil range regarding the post-buckling behavior of clamped beam with one internal hinge with
respect to soil stiffness and rotational stiffness Ki=5

5.5.6 Clamped beam with two hinges

The clamped beam with two equally-spaced internal hinges resting on elastic foundation (Figure 5-4) is
numerically examined through GNIAs and the corresponding results for varying soil stiffness are
presented in the subsequent sections.

5.5.6.1 Low soil stiffness Ks=180

GNIA are carried out by considering the initial geometric imperfections shown in Figure 5-46b, which
are created through linear combinations (Table 5-2) of the eigenmode shapes (Figure 5-46a) obtained
from LBA. GNIA results in terms of the equilibrium paths and the beam deformed shapes obtained from
GNIA are depicted in Figure 5-47a and Figure 5-47b, respectively.
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Figure 5-46: (a) Eigenmode shapes and (b) imperfection shapes considered in GNIA of clamped beam with two
internal hinges for Ks=180 and rotational stiffness K:=5
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Figure 5-47: (@) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of clamped beam with two
internal hinges for Ks=180 and rotational stiffness Ki=5
5.5.6.2 Medium soil stiffness Ks=10000

The eigenmode shapes of the beam are presented in Figure 5-48a and the imperfections shapes (Figure
5-48b) are created through linear combinations. The equilibrium paths and the beam deformed shapes
obtained from GNIA are presented in Figure 5-49a and Figure 5-49b, respectively.
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Figure 5-48: (a) Eigenmode shapes and (b) imperfection shapes considered in GNIA of clamped beam with two
internal hinges for Ks=10000 and rotational stiffness Kr=5
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Figure 5-49: (a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of clamped beam with two
internal hinges for Ks=10000 and rotational stiffness Kr=5

5.5.6.3 High soil stiffness Ks=20000

The imperfection shapes (Figure 5-50b) considered in GNIA are created through linear combinations
(Table 5-2) of the eigenmode shapes (Figure 5-50a) obtained from LBA. The overall buckling response
is examined through the equilibrium paths (Figure 5-51a) and the beam deformed shapes obtained from
GNIA (Figure 5-51b).
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Figure 5-50: (a) Eigenmode shapes and (b) imperfection shapes considered in GNIA of clamped beam with two
internal hinges for Ks=20000 and rotational stiffness K-=5
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Figure 5-51: (a) Equilibrium paths and (b) beam deformed shapes obtained from GNIA of clamped beam with two
internal hinges for Ks=20000 and rotational stiffness K-=5

5.5.6.4 Discussion of results

The beam equilibrium path for low soil stiffness Ks=180 (Figure 5-47a) is ascending and exceeds the
critical buckling load. This stable post-buckling behavior is attributed to the very low soil stiffness that
does not laterally restrain the beam sufficiently for altering the nature of its behavior with respect to a
beam without lateral support. Additionally, the comparison of the buckling behavior of the simply-
supported and the clamped beam for the same low soil stiffness (Ks=180) reveals that in case of fixed

Doctoral Thesis of Vasileios E. Melissianos N.T.U.A. 2016



Buckling Of Beams With Internal Flexible Joints Resting On Foundation Modeling Buried Pipelines 105

end conditions the boundaries contribute to the stability of the beam. Thus, the beam response is similar
to that of a continuous clamped beam without elastic support and of a clamped beam with one internal
hinge resting on foundation (Figure 5-40a). On the other hand, the beam post-buckling behavior for
Ks=10000 (Figure 5-49a) and Ks=20000 (Figure 5-51a) is reported to be unstable. Initial imperfections
do not affect the buckling behavior in all previous cases. GNIA results for soil stiffness between Ks=180
and Ks=10000 showed that the beam post-buckling behavior is stable for soil stiffness roughly lower
than Ks=325, while the behavior is unstable for higher soil stiffness (Figure 5-52). Note that the
corresponding soil stiffness threshold of the clamped beam with one internal hinge was marginally lower
(section 5.5.5.4). The beam deformed shapes are depicted in Figure 5-47b, Figure 5-49b and Figure
5-51b for soil stiffness Ks=180, Ks=10000 and Ks=20000, respectively, and are dominated by the critical
eigenmode shape, while geometrical imperfections do not alter the deformed shapes.
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Figure 5-52: Soil range regarding the post-buckling behavior of clamped beam with two internal hinges with
respect to soil stiffness and rotational stiffness Ki=5

5.5.7 Comparison of clamped beam ultimate loads

The integration of internal hinges in a clamped beam resting on elastic foundation affects the overall
buckling and post-buckling response. The ultimate loads obtained from GNIAs are evaluated to quantify
the effects of hinges with reference to the continuous beam. The normalized ultimate loads are
compared in Figure 5-53, where the ultimate loads of a continuous beam (C), a beam with an internal
hinge (1H) and a beam with two internal hinges (2H) are presented with respect to soil stiffness
Ks=10000 and Ks=20000. The rotational stiffness of the internal hinges is K-=5. As already noted, the
post-buckling behavior of a clamped beam with one or two internal hinges for Ks=180 is stable, thus
there is no ultimate load and consequently this soil stiffness is excluded from the comparison. A first
observation is that the presence of hinges reduces the ultimate loads, while the difference between C
and 1H/2H cases increases in terms of loads, as soil stiffness increases. However, the 2H case ultimate
load is higher or marginally equal to the 1H for all cases of soil stiffness under investigation. This
conclusion is related to the location of the two hinges that are far from the beam center and thus their
impact on global stiffness is reduced in contrast with the case of a simply-supported beam (Figure 5-38).
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Figure 5-53: Ultimate loads comparison of clamped beams (continuous (C), with one internal hinge (1H) and with
two internal hinges (2H)) with respect to soil stiffness and for hinge rotational stiffness Ki=5
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5.5.8 Imperfection magnitude sensitivity

The ultimate load of a structure with unstable post-buckling behavior is usually sensitive to the size of
initial geometric imperfections that are considered in the nonlinear analysis. Regarding the beam resting
on elastic foundation, either simply-supported or clamped with one or two internal hinges, it has been
shown in sections 5.5.2 through 5.5.7 that the shape of the initial imperfection for the considered very
low magnitude of the imperfection has very low effect on the post-buckling behavior and the ultimate
load. It is then of considerable practical significance to investigate the effect of the imperfection
magnitude. In sections 5.5.2 through 5.5.7 the imperfection magnitude was considered equal to L/500,
which is a relatively low value. Purpose of that choice was to establish the stable or unstable nature of
the post-buckling behavior and to confirm that, in such case, the ultimate load is practically coincident
with the linear buckling load.

However, regarding buried pipelines, due to constructional reasons and the inherent non-flatness of the
trench bottom, the expected initial geometrical imperfections are expected to be much higher than
L/500. In order to quantify these considerations, the effect of the initial imperfections magnitude is
investigated by considering the clamped beam with two internal hinges (Figure 5-4), considering this
simplified structural model being a reasonable assumption for buried pipelines crossing a fault. Nonlinear
numerical analyses are carried out taking into account all linear combinations of eigenmodes listed in
Table 5-2 as imperfection shapes. Four values of imperfection magnitudes are considered, namely
L/500, L/100, L/50 and L/10.

At first, to identify the effect of imperfection magnitude, only the first linear combination of eigenmodes
is choosen as imperfection shape and the corresponding analysis results are presented in terms of
equilibrium paths in Figure 5-54a for soil stiffness Ks=180, where it is shown that the size of initial
imperfections modifies the equilibrium path, but the overall buckling response remains stable, even
though the linear part of the response is minimized. Next, the equilibrium paths for Ks=20000 are
illustrated in Figure 5-54b, where the primary important observation is that the increase of initial
imperfection size leads to a significant decrease of the ultimate load.
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Figure 5-54: Equilibrium paths for varying imperfection magnitude of clamped beam with two internal hinges for
(a) Ks=180 and (b) Ks=20000 and rotational stiffness Kr=5, considering the first linear combination of
eigenmodes as the imperfection shape

Then, in order to investigate the interaction between the imperfection shape and magnitude in terms
of affecting the ultimate load and the post-buckling behavior of the beam, all imperfection shapes after
Table 5-2 are considered and the equilibrium paths for Ks=20000 are shown in Figure 5-55 for
imperfection magnitudes L/50 and L/100. It is observed that the increase of imperfection magnitude
increases the effect of imperfection shape in terms of altering the ultimate load. Moreover, it has been
shown in Figure 5-51a that the buckling and post-buckling response of the clamped beam with two
internal hinges is not affected when relatively low imperfection magnitude is considered, namely L/500.
Then, the beam deformed shapes at the ultimate load are presented in Figure 5-56 for varying
imperfection magnitude and all considered imperfection shapes (Table 5-2). It is observed that for
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increased imperfection magnitude the different shapes of initial imperfection lead to modified beam
deformed shapes at the ultimate load level in terms of magnitude, while the deformation pattern is not
affected and is dominated by the critical eigenmode shape (see Figure 5-20 for Ks=20000 and K:=5).
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Figure 5-55: Equilibrium paths for varying imperfection magnitude and shape of clamped beam with two internal
hinges for Ks=20000 and rotational stiffness K:=5
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Figure 5-56: Beam deformed shapes for varying imperfection magnitude and shape of clamed beam with two
internal hinges for Ks=20000 and hinge rotational stiffness Ki=5

The above results are considered as alarming for design engineers of critical structures of this type (e.g.
pipelines, railway tracks) with respect to the crucial impact of the imperfection size on the structure’s
ultimate load, which has to be consequently taken into account in the design through proper safety
factors.

5.5.9 Effect of soil nonlinearity

Modeling soil as an elastic medium is a common and, in most cases, sufficiently reliable engineering
approach to overcome the introduction of complex soil properties in numerical modeling. This approach
is viable for elongated structures resting on the ground, such as railway tracks, spread footings, above
ground pipelines, etc. However, buried pipelines, which are also critical elongated structures, are
embedded below the ground surface, within a trench, which is then backfilled with loose granular soil.
In such case the assumption of linear soil (exhibiting same stiffness in tension and compression) is
actually far from accurate, as the overburden backfill soil has much lower stiffness than the native
underlying soil. In order to investigate this effect, two cases are addressed by considering soil as
tensionless or exhibiting different stiffness for upward and downward movement.

Buried steel pipelines with flexible joints under faulting
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Firstly, the soil is considered to be tensionless as soil natural properties are related to significantly low
tensile strength. The effects of tensionless soil on the ultimate loads of continuous and internally hinged
beams ultimate loads are investigated. The obtained ultimate loads from GNIA are compared in Figure
5-57 for simply-supported beams. The lack of soil tensional resistance leads to a significant decrease of
the ultimate loads for all cases, given that the buckled beams are practically detached from soil over a
significant length, as presented in Figure 5-58. These results are representative of structures resting on
the ground, such as railway tracks.
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Figure 5-57: Ultimate loads comparison of simply-supported beams resting on elastic vs. tensionless soil for hinge
rotational stiffness Kr=5

Pu/ Pcr,cs,ss

S}

o

—#— ¢|astic —6— tensionless

0.5 ‘ - \ 0.5
: T S
-0.5 : : : -0.5 : : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
x/L X/L
continuous beam beam with one internal hinge

0.5

N

0 0.2 0.4 0.6 0.8 1
x/L
beam with two internal hinges

y/L
o

-0.5

Figure 5-58: Deformation shapes obtained from GNIA of continuous beam and beam with one or two internal
hinges resting on elastic and tensionless soil for hinge rotational stiffness Kr=5

Secondly, the effect of soil nonlinearity is investigated by considering different upward and downward
soil stiffness, which is a more appropriate model for buried pipelines (Figure 5-57). Values of upward
and downward soil stiffness can be extracted from the American Lifelines Alliance (2005) provisions, or
other pertinent structural codes for the design of buried pipelines against permanent ground
displacements (e.g. EC8 — Part 4 (European Commitee for Standardization 2006), ASCE (1984)). Thus,
a reasonable estimate of the ratio of the upward soil stiffness (Ksu) to the corresponding downward
stiffness (Ksa) is Ksu/Ksa=0.05. The effect of the different upward and downward soil stiffness is evaluated
by considering the clamped beam with two internal hinges of Figure 5-4 as an appropriate structural
model for buried pipelines crossing a fault. Nonlinear numerical analyses are performed by taking into
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account, for the sake of simplicity, only the first linear combination of eigenmodes (Table 5-2) as the
initial geometrical imperfection shape, with magnitude L/100, based on the results of section 5.5.8 and
the eigenmode shapes of the clamped beam with two internal hinges, resting on elastic soil with stiffness
Ks=10000, in order to carry out the comparison. The assumed hinge rotational stiffness is Ki=5.

The considered soil stiffness cases are listed in Table 5-4 and presented in Figure 5-59, where elastic
loose and elastic stiff soil are considered to exhibit Ks=500 and Ks=10000, respectively, while nonlinear
soil exhibits different upward and downward stiffness.

Table 5-4: Soil stiffness for elastic and nonlinear soil properties

Soil case Ksu Ksd
elastic loose 500 500
elastic stiff 10000 10000
nonlinear 500 10000
elastic loose soil elastic stiff soil nonlinear soil
+Force . Force , Force
K.,=500 K,=10000 Kﬁu=500
Displacement Displacement Displacement
K,=500
K,,=10000 K.,=10000

Figure 5-59: Elastic loose and stiff and nonlinear soil considered for the investigation of the effect of soil
nonlinearity

Numerical results in terms of the equilibrium paths are presented in Figure 5-60a indicating unstable
post-buckling behavior in all cases. However, soil stiffness and soil nonlinearity highly affect the beam
response. The beam’s ultimate load in case of elastic loose and of nonlinear soil is quite similar, unlike
the elastic stiff case, where the beam reaches an ultimate load that is about 130% higher than the other
two cases. Then, the beam deformed shapes are shown in Figure 5-60b, where the beam deformation
in cases of elastic soil is similar to the critical eigenmode for Ks=10000 (see Figure 5-20 for Ks=10000
and Kr=5). On the other hand, the soil nonlinearity and specifically the stiffer downward soil restricts
the beam to deform downwards and consequently most of the deformation takes place upwards.
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Figure 5-60: (a) Equilibrium paths and (b) deformed shapes of clamped beam with two internal hinges for
Ks=10000 and considering either uniform or nonlinear soil with rotational stiffness K-=5

The investigation’s outcomes regarding the soil nonlinearity effects highlight the necessity of considering
thus nonlinearity in the analysis and design of buried structures (e.g. pipelines), as different upward
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and downward soil properties reduce the ultimate load and affect the structure’s deformation. It is
important to point out that the downward movement of a buried structure is usually highly restricted
by the native soil properties. In light of this, modeling soil as an elastic medium for such structures is
not on the safe side.

5.6 SUMMARY AND CONCLUSIONS

The buckling and post-buckling behavior of axially loaded Winkler beams with internal hinges
representing flexible joints has been investigated, aiming at providing a qualitative evaluation for the
potential danger of upheaval buckling caused by reverse fault rupture of buried pipelines with flexible
joints. For that purpose, a numerical approach has been selected, using the well-known and sufficiently
verified commercial FEM software ADINA. This approach is considered as appropriate for dealing with
the problem from a structural design rather than engineering mechanics point of view. Even though in
the present investigation a straight beam model has been analyzed, supported laterally by elastic
Winkler-type springs and subjected to constant axial force, the employed modeling and analysis
methodology can be readily extended to issues that are commonly encountered in practice, such as
non-straight pipeline route, inhomogeneous soil conditions, varying axial force distribution along the
pipeline accompanied by bending moments, etc.

The beams have been analyzed as either simply-supported or clamped, having one or two internal
hinges that are equipped with an elastic rotational spring, while axial and transverse displacement
continuity has been assumed, modeling commercial hinged flexible joints of bellow-type. Numerical
linearized buckling analysis and geometrically nonlinear analysis with initial imperfections are employed
to cover eigenmode cross-over and beam post-buckling behavior, particularly imperfection sensitivity,
as influenced by the relation between soil stiffness and hinge rotational stiffness.

As expected, the numerical results indicate that the internal hinges reduce the beam global stiffness
and thus hinged beams have lower linear and nonlinear buckling loads than continuous ones, even
though this influence is substantially smaller for elastically supported beams than for laterally free ones.
Increasing rotational stiffness progressively restores beam continuity. Increasing soil stiffness leads to
eigenmode cross-over, provided that hinge rotational stiffness is sufficiently high. Furthermore,
antisymmetric eigenmode shapes are dominated by the hinges’ locations on the beam, while symmetric
shapes are not affected.

In nonlinear analyses, emphasis is placed on imperfection sensitivity, due to its potential significance
for the ultimate buckling response. Imperfection shapes are derived from linear combinations of the
first four eigenmode shapes, following common analysis practice when geometrical imperfection shapes
are unknown a priori. The descending post-buckling equilibrium paths in the majority of the cases under
investigation indicates that the post-buckling behavior of such internally hinged beams on Winkler
foundation is unstable, with the exception of very low soil stiffness, which leads to stable post-buckling
response, same as in laterally free beams. The imperfection magnitude has been found to highly
influence the beam ultimate load, highlighting the need of conservative design assumptions and
adoption of appropriately high safety factors. On the contrary, the imperfection shape was shown to
play a relatively small role compared to imperfection magnitude for the overall buckling behavior, at
least among considered imperfection shapes. Finally, considering soil to exhibit different stiffness for
the upward and the downward movement, with the latter being stiffer, was found to have significant
effect on the beam overall buckling response in terms of deformation shape as well as ultimate load.

The above conclusions can be useful for reevaluating the safety standards in the design against buckling
of internally hinged buried pipelines subjected to reverse seismic faults. The strong dependence of the
response on the relation of soil stiffness to hinge rotational stiffness, and on the size of initial
imperfections, combined with the inherent uncertainties in soil properties and in excavation trench
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geometry, highlight the need for appropriately large safety factors. Finally, the simplified model has
been used to investigate the potential of upheaval buckling, emerging as a potential failure mode for
pipes with flexible joints subjected to reverse faulting. Numerical analysis results revealed that this
potential depends on the relative pipe — joint — soil stiffness and for stiffness values encountered in
practical application, the potential of global buckling is limited due to the restraints provided by the
surrounding soil, contrary to the case of a laterally free pipe. In conclusion, for realistic soil stiffness
regarding the upward movement, upheaval buckling will not emerge as a critical failure mode.

Part of the work presented in this chapter has been published in Melissianos and Gantes (2016).
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6 NUMERICAL INVESTIGATION OF PIPELINES
WITH FLEXIBLE JOINTS

6.1 INTRODUCTION

In this chapter a thorough numerical study is presented on the numerical evaluation of buried steel
pipelines subjected to strike-slip faulting (Figure 6-1) featuring a preliminary feasibility study on the
effectiveness of joints in terms of drastically reducing the developing longitudinal tensile and
compressive strains and consequently reducing the risk of pipe failure. Taking into account that hinged
bellow-type flexible joints have not been used before as seismic countermeasures in buried pipes under
faulting, the investigation aims at demonstrating the structural advantage of the proposed solution,
provided that the technological and practical aspects of such joints are solve.

The appropriate numerical model will at first be established and the procedure for the selection of the
optimum number and location of flexible joints will be outlined. Then, considering that pipelines with
flexible joints behave as segmented pipes under fault rupture and the response is characterized by
rotation at the joints and small deformation of the parts between the pipes, it is necessary to investigate
the effect of various parameters affecting the behavior, provided that the relative pipe — joint — soll
stiffness render the actual response unknown. Thus, the main parameters affecting the performance of
pipes with flexible joints will be investigated and results for practical applications will be extracted.
Preliminary results on the numerical evaluation of buried pipes with flexible joints have been published
by Gantes et al. (2015) and Melissianos and Gantes (2014c, 2015a).

~ -

Figure 6-1: Schematic illustration of a pipeline with hinged bellow-type flexible joints subjected to strike-slip fault
rupture
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6.2 PIPELINE — FAULT CROSSING NUMERICAL MODELING

The behavior of pipelines subjected to strike-slip fault movement is addressed, hence the pipeline
deformation is assumed to take place within a horizontal plane (Figure 1-8a). A planar fault with zero
thickness is considered in the analysis, intercepting a straight pipeline segment at the middle of its
modeled length. The pipeline stress-state is directly related to the pipe — fault crossing angle B whose
selection depends among others on the route selection procedure, seismological and geotechnical
aspects of the seismic fault and the expected fault offset. Crossing angles B<90° lead to pipeline bending
and tension, while angles B>90° lead to bending and compression (Abdoun et al. 2009) and their effect
will be discussed in more detail later.

Pipeline numerical modeling is carried out using the general purpose finite element software ADINA
(ADINA R&D 2006). The pipe is discretized into PIPE elements that are Hermitian 2-node beam-type
finite elements with extra degrees of freedom to account for the stresses caused by cross-section
ovalization. A longitudinal mesh density equal to 0.25m is selected, after a mesh density sensitivity
analysis has been performed to define the optimum length of pipe elements with respect to accuracy
and computational cost efficiency. Geometrical nonlinearity is considered in the analysis to account for
the second order effects resulting from potential fault activation in the order of meters. Soil modeling is
carried out using discrete springs after American Lifelines Alliance (2005) provisions (Figure 6-2). Elastic
— perfectly plastic soil springs are modeled in ADINA using nonlinear SPRING elements that exhibit
stiffness only in the local axial direction and connect pipe nodes to “ground” nodes. Soil “ground” nodes
on the fault footwall are considered fixed, while the corresponding ones on the fault hanging wall are
subjected to the imposed displacement caused by the fault movement. Non-seismic and in service
actions (e.g. internal pressure, corrosion, overburden soil weight, hydraulic transient actions, etc.) are
not considered thereinafter.

Flexible joints can be modeled either as a general beam-type finite element with its stiffness matrix
being constructed from the spring rates provided by the manufacturer, or as a generic flexible joint,
represented by a rotational spring at the center point, without considering the joint length (Peng and
Peng 2009). The second modeling approach for the joint has been selected in the present study. The
joint lateral and axial relative movements at the two ends are restrained. The joint torsional movement
is generally prohibited by the manufacturers (EJMA 2008) and thus rotation about the longitudinal axis
is restricted through appropriate constraints.

fault footwall with
fixed “ground nodes”

fault hanging wall
imposed displacement
on “ground nodes”

upward springs

transverse horizontal springs

axial frictional springs
downward springs
Figure 6-2: Beam-type finite element model for pipeline — fault crossing numerical modeling

The imposed displacements caused by fault movement evolve at an adequately slow rate that allows
the engineer to neglect any dynamic phenomena, considering the fault offset as a quasi-static process
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(American Lifelines Alliance 2005; European Commitee for Standardization 2006; Ha et al. 2010).
Accordingly, fault rupture is treated herein as a static phenomenon. The problem’s inherent nonlinearity
is handled through the implementation of the Newton-Raphson or the Arc-Length solution algorithms
(Bathe and Dvorkin 1983). Numerical convergence and smooth displacement application are achieved
by selecting a proper number of analysis steps so that the external loading application follows closely
the response evolution.

A typical high-pressure, large diameter natural gas pipeline is considered as a case study. The pipe’s
modeled length is 1000m, following a sensitivity analysis to define a sufficient length within which the
soil reactions have vanished. The cross-section is of diameter D=914mm (36in) and thickness t=12.7mm
(0.5in). Material nonlinearity is considered through an elastic — plastic bilinear law with isotropic
hardening. While pipeline steel is commonly modeled via the Ramberg-Osgood formula, in the present
study nonlinear material modeling is actually of very minor importance, taking into account that the
response of buried pipelines with flexible joints is well into the elastic range (section 6.4). Steel is of
type API5L-X65 with the properties being listed in Table 6-1 and the corresponding stress — strain
relation illustrated in Figure 6-3.

Table 6-1: API5L-X65 steel properties

Property Value
Elastic Young’s modulus (GPa) 210
Plastic modulus (GPa) 0.464
Yield stress (MPa) 448.5
Yield strain (%) 0.214
Failure stress (MPa) 510
Failure strain (%) 18
600
Ta0]
=
8
5 200
w
0 L L L
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strain (%)
Figure 6-3: API5L-X65 pipeline steel bilinear stress — strain relationship

The pipeline is assumed to be coal-tar coated and embedded under 1.30m of granular loose sand with
unit weight y=18kN/m?3, cohesion c=0kPa and internal friction angle ¢p=36°.

Axial soil springs model the pipeline — soil friction and their properties are related to backfill soil
properties and pipeline coating material. Friction forces are estimated using geotechnical approaches
that are used to simulate force transfer on axially loaded interfaces of piles. For sand and cohesionless
soil types, friction forces are calculated through integration of shear stresses along the pipeline — soil
interface. Given the roughness of the pipe surface, friction angle & equals 50% to 100% of soil friction
angle @. Maximum soil resistance is achieved for relatively small displacement within 2.5mm to 5.0mm
for dense to loose sand (Sanghal 1980). In the present study it is assumed that soil resistance is
achieved at 3.0mm.

Transverse horizontal (lateral) springs model the soil resistance to any horizontal transverse movement
of the pipeline in the trench. Thus, pipeline — soil interaction mechanisms are similar to those of vertical

Buried steel pipelines with flexible joints under faulting



116 Chapter 6

anchor plates or horizontal moving foundations by activating passive earth pressure. For cohesionless
soil, the transverse force is expressed though a hyperbolic equation proposed by Trautmann and O’
Rourke (1983). Given that the force — deformation relationship is assumed elastic — perfectly plastic,
the nonlinear equation is bilinearized by multiplying the relative soil displacement with a factor of 0.26.

Vertical upward and downward springs model the vertical movement of the pipeline in the trench, but
their properties differ significantly, as backfill soil above the pipeline has very low stiffness in order to
reduce friction, while native soil below the pipeline has much higher stiffness. Upward movement
perpendicular to the pipeline axis results to vertical forces at the pipe — soil interface, whose maximum
corresponds to the weight of an inverted triangle prism of soil above the pipeline top. Downward
movement perpendicular to the pipeline axis results to vertical forces at the pipe — soil interface, which
correspond to the vertical bearing capacity of a footing (O’'Rourke and Liu 2012). Both for upward and
downward springs the nonlinear equation is bilinearized and the soil yield displacement is estimated in
the analysis as 13% of the maximum provided by American Lifelines Alliance (2005). The soil spring
properties are listed in Table 6-2 and the corresponding force — displacement relationships of soil springs
are presented in Figure 6-4.

Table 6-2: Soil spring properties

Spring type Yield force (kN/m) Yield displacement (mm)
Axial (friction) 40.69 3
Transverse horizontal 320.07 23
Vertical (downward displacement) 1493.65 114
Vertical (upward displacement) 45.46 4.6
axial springs lateral springs
50 400
200
0 0
- -200
E
= -50 -400
x> -100  -50 0 50 100 -100  -50 0 50 100
g downward springs upward springs
L 0 0
-500
-20
-1000
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-1500
-200 -100 0 100 200 -10 -5 0 5 10

displacement (mm)

Figure 6-4: Soil springs’ force — displacement relations

Finally, the flexible joints introduced in the pipeline exhibit rotational stiffness equal to 100kNm/rad and
angular capacity equal to 40° (e.g. BOA Group 2016, Witzenmann GmbH 2016). Note that in case of
large diameter and high pressure pipelines, the potential of flow disruption due to excessive flexible
joint rotation should be checked.
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6.3 INTRODUCTION OF FLEXIBLE JOINTS

6.3.1 Investigation of optimum number and locations of flexible joints

The primary consideration in adopting flexible joints as mitigating measures is the determination of their
optimum number and locations in order to minimize the cost and maximize the efficiency in terms of
preventing failure through strain reduction. The joint locations are initially selected based on the bending
moment distribution of the continuous pipeline caused by faulting, given that joints act as internal hinges
in the structural system. Specifically, primary candidate locations for joints are the sections of maximum
bending moment of the continuous pipeline on either sides of the fault trace. The distance between the
maximum bending moment location and the fault trace is defined as L; (Figure 6-5). At this stage the
uncertainty regarding the fault trace is disregarded.

5000

bending moment (kNm)
o

-5000 ‘ : ‘
-40 -20 0 20 40
distance from fault (m)

Figure 6-5: Definition of length L; in bending moment distribution of a continuous pipeline

To investigate the best combination of joints, six different cases of pipes with joints are investigated
with respect to length L (Table 6-3). Throughout this study, the continuous pipeline is abbreviated as
CP and the pipeline with flexible joints as PF]. The pipelines are assumed to intercept a strike-slip fault
with crossing angle B=90° and subjected to normalized fault offset magnitude of A/D=2. In the case
under investigation the distance L; equals 6.5m.

Table 6-3: Cases of pipelines with flexible joints under investigation

Case Number of joints Joints location

2PF] 2 -Lj, +L

3PFJ 3 -L;, 0, +L
4PFJ(1) 4 -Ly, -Ly/2, +Ly/2, +L
4PF1(2) 4 -2, -Lj, +Lj, +2L
6PFJ(1) 6 -3L/2, -Li/2, -L;, +Li/2, +L;, +3L/2
6PF](2) 6 -2, -L, -Li/2, +Li/2, +Lj, +2L

The effectiveness of flexible joints for significantly decreasing the bending moment in all PFJ cases is
demonstrated in Figure 6-6. It is noted that, for this crossing angle B=90°, the pipeline behavior is
predominantly flexural, corresponding to optimum conditions for hinge-type flexible joints, as pipe axial
strains are very small. The bending moment reduction with respect to the continuous pipeline is also
quantified in Table 6-4, accompanied also by the maximum rotations of all joints for all PF] cases. The
maximum moment reduction is reported in 4PF](1), 6PF](1) and 6PF](2) cases, while cases 2PFJ], 3PF]
and 4PFJ(2) exhibit smaller reduction. In cases 4PF](2), 6PF](1) and 6PF](2) the joints that are located
beyond distance L; (£2L; and £3L;/2) exhibit almost zero rotation, while joints located at Lj/2 in 4PF](1),
6PFJ(1) and 6PF](2) cases exhibit the same rotation, as well as joints at L; in 2PFJ and 4PFJ](2) cases.
Hence, the optimum case is 4PF](1), as joints located beyond L; distance nearly do not rotate (shown
also in Figure 6-6) and consequently they are inactive. The case 4PF](1) of the pipeline with four joints
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located at distances Lj and Lj/2 on each side of the fault trace (abbreviated in the following for simplicity
as PFJ) is hence selected hereinafter to further investigate the parameters affecting the joint’s efficiency.
The configuration of the flexible joints is schematically shown in Figure 6-7.
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—6— 2PF]
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—— 6PFJ(2)
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-5000 : : : : :
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distance from fault (m)

Figure 6-6: Bending moment distributions of continuous pipeline and pipelines with flexible joints subjected to
strike-slip faulting

1
fault trace

Figure 6-7: Optimum configuration of flexible joints for a pipe subjected to strike-slip fault rupture, without
considering fault trace uncertainty

Table 6-4: Maximum bending moment reduction and joint rotation in all cases of pipelines with flexible joints
Case Number of joints  Bending moment reduction (%)  Maximum joint rotation (°)

2PF) 2 60.29 8.39

3PFJ 3 59.86 8.24
4PFI(1) 4 89.64 8.10
4PFI(2) 4 60.29 8.39
6PFI(1) 6 89.64 8.10
6PFI(2) 6 89.64 8.10

6.3.2 Response features of pipeline with flexible joints

The introduction of flexible joints in a buried steel pipeline modifies the structural system from
continuous to segmented. In order to evaluate and quantify this effect, the continuous pipeline (CP)
and the pipeline with four flexible joints (PFJ), as obtained from section 6.3.1, are examined in more
detail. The pipeline displacements are plotted in Figure 6-8 with respect to the distance from the fault,
indicating a smooth curved shape for CP, while PFJ follows a piece-wise linear shape.
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Figure 6-8: CP and PFJ displacements

Furthermore, axial forces and bending moments are compared in Figure 6-9. It is observed that the
introduction of flexible joints leads to a very significant decrease of bending moment (Figure 6-9b),
while a minor increase in axial force is observed (Figure 6-9a). The continuous pipeline response is
dominated by bending as can be deduced from the fact that stresses due to axial force are roughly of
the order N/A=600kN/0.034m?~176MPa, while maximum stresses due to bending are approximately
equal to M/W=4122kNm/0.008m3~515MPa. Thus, the introduction of flexible joints leads to an
important reduction of longitudinal maximum effective stresses, as shown in Figure 6-10. The stress
distribution along the pipeline is symmetric around the fault trace, given the strike-slip faulting and the
symmetric soil response to any lateral pipeline movement in the trench.
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Figure 6-9: (a) Axial force and (b) bending moment distributions of CP and PFJ
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Figure 6-10: Maximum effective stress distributions along CP and PFJ]

As the pipeline design against permanent ground displacements is carried out in strain terms (section
2.2), it'is crucial to identify the PFJ] response in terms of developing longitudinal strains, which are the
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summation of axial and bending strains. The longitudinal tensile strains are illustrated in Figure 6-11a
and the compressive strains in Figure 6-11b, respectively, both indicating that the flexible joints
contribute decisively to a sharp decrease of strains, thus minimizing the potential of pipeline failure due
to either tensile fracture or local buckling. The compressive strains are reduced, particularly vanishing.
The strain reduction is explained by the structural system’s modification from continuous to segmented,
as strains are concentrated at the joints, retaining the steel pipe parts nearly undeformed. The
longitudinal strain distributions (Figure 6-11) in combination with axial force (Figure 6-9a) and bending
moment (Figure 6-9b) distributions confirm that bending strains are much higher than axial strains and
thereby hinged joints are the appropriate joint type for strike-slip faults.
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Figure 6-11: Longitudinal (a) tensile and (b) compressive strain distributions along CP and PFJ]

The modification of the pipeline deformed shape due to faulting achieved by the integration of flexible
joints (Figure 6-8) has also some effect on the soil response due to pipeline movement in the trench.
This is depicted by the frictional soil force distribution along CP and PFJ (Figure 6-12a), showing a minor
increase in the soil plastification length around the fault vicinity, while decrease of the soil plastification
length regarding the lateral soil response is observed for PF] in Figure 6-12b.
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Figure 6-12: (a) Frictional soil force and (b) lateral soil force distributions along CP and PFJ

6.4 EFFECT OF PIPELINE — FAULT CROSSING ANGLE

6.4.1 Pipeline under bending and tension

The pipeline — fault crossing angle B is a dominant parameter of the pipeline mechanical behavior when
subjected to strike-slip faulting. The major effect of angle B is its influence on the relationship of
developing pipe tension and bending moment with respect to the fault movement magnitude. When
angle B tends to 90°, the pipeline intercepts the fault plane nearly perpendicularly and bending
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dominates the response. Tension is the primary stress-state when angle B is lower, as the pipeline tends
to become parallel to the fault trace. The relation between the developing tension and bending with
reference to the crossing angle B depends in practice on the pipe elongation, which is schematically
illustrated in Figure 6-13. The anchor points beyond which the pipe is assumed to be unstressed are
denoted by A and D, while (BC) is the curved segment of the pipe due to fault offset. In case of angle
=900, the pipe elongation equals (BC")-(BC) as the fault offset is equal to the transverse displacement
(&y) of reference point C. Then, in case of angle B<90° there is displacement of point C along the
longitudinal axis x of the pipe and consequently the pipe elongation equals (BC")-(BC)=(BC)-
(BC)+0x>(BC")-(BC) (B=90° case).
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y 2|8
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_L —_——— 7§7 ——— = ACF —_————— 79 undeformed

/5:900 pipeline
pipe elongation=(BC")-(BC) \ A=6¥ |

\ b deformed

T l C D’ pipeline
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¢ — — undeformed
B<90° \O, pipeline
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| A\ |’ |
pipe elongation=(BC")-(BC)+5, — " deformed
\\ c D’ Bn Dipeline

Figure 6-13: Effect of pipe —fault crossing angle B in pipe elongation

It is thus essential to investigate the impact of the crossing angle B on the response of pipelines with
flexible joints. The integrated joints act as internal hinges in the structural system and consequently
their efficiency depends on the degree of flexural versus axial response. Within this framework, a
continuous pipeline and the corresponding pipeline with four flexible joints are investigated. The joints
are located in each case according to the procedure described in section 6.3.1. Three characteristic
crossing angles are considered, namely B=50°, B=70° and B=90°. The maximum normalized fault
movement is assumed equal to A/D=4.

The displacements of the continuous pipeline (CP) and the pipeline with four flexible joints (PFJ) are
illustrated in Figure 6-14, where on the horizontal axis the distance from the fault trace is presented
and on the vertical axis the normalized pipeline transverse displacement with respect to pipe diameter
D is shown, at levels of fault offset magnitude equal to A/D=0.5, A/D=2 and A/D=4, in order to
demonstrate the effect of the fault offset magnitude. It is noted that in cases of crossing angles B=50°
and B=70°, according to Figure 2-1, thus the pipeline is subjected to longitudinal and transverse imposed
displacement with respect to its axis. In all cases the joint angular demand is well below the 40° capacity,
as the highest joint rotation reported equals 8.10° for the B=90° case. Increasing fault offset and
decreasing angle B lead to more intense pipe tension than bending and consequently the differences
between the CP and the PFJ deformations tend to be negligible.
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Figure 6-14: CP and PFJ displacements for B=50°, f=70° and B=90° at various levels of fault offset magnitude

The effect of angle B on the pipe response is clearly demonstrated through the comparison of developing
axial forces and bending moments of CP and PFJ. The distributions of axial force of CP and PFJ for
various crossing angles B and levels of fault offset A/D are presented in Figure 6-15 and Figure 6-16
with respect to the distance from fault. Summarizing the results, the maximum developing axial force
(Nmax) with respect to the normalized fault offset (A/D) is depicted in Figure 6-17 for the considered
crossing angles B. The major outcome is that axial force and consequently Nmax is analogous to fault
offset. Additionally, as angle B increases to B=90°, more tension is developed in PFJ than in CP.
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Figure 6-15: Distributions of axial force on CP and PFJ pipelines with respect to fault offset (A/D) for f=50°
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Figure 6-16: Distributions of axial force on CP and PFJ pipelines with respect to fault offset (A/D) for B=70° and
B=90°
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Figure 6-17: Maximum axial force (Nmax) of CP and PFJ with respect to fault offset (A/D) for f=50°, B=70° and
B=90°

The integrated flexible joints act in practice as internal hinges and therefore it is of importance to identify
the development of bending moment with respect to varying crossing angle B and different levels of
fault offset. For that purpose, the bending moment evolution is presented in Figure 6-18 and then the
maximum developing bending moment (Mmax) with respect to the fault offset (A/D) is extracted and
illustrated in Figure 6-19. It is noted for comparison reasons to the developing bending moment that
the plastic moment of the pipe cross-section is 4620kNm.
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Figure 6-18: Distributions of bending moment on CP and PFJ pipelines with respect to fault offset (A/D) for

B=50°, B=70° and B=90°

The efficiency of the integrated hinged joints increases as angle B increases and the pipeline crosses
the fault trace close to perpendicularly. Another aspect is that the increasing fault offset and the
decreasing angle B lead to the decrease of the difference between the Mmax of the CP and the PFJ. In
general, increasing of fault offset leads to decreasing bending moment, especially for B<90°, due to the
increasing axial force. The latter is verified through the comparison of maximum axial force (Figure
6-17) and maximum bending moment (Figure 6-19) for increasing fault offset.
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Figure 6-19: Maximum bending moment (Mmax) of CP and PFJ with respect to fault offset (4/D) for B=50°, f=70°

and =90°

To identify the effects of flexible joints in developing strains, the corresponding distributions along the
pipeline are presented in Figure 6-20 for tensile strains, considering various fault offset levels and
crossing angles B=50°, B=70° and B=90°. The tensile strain limit of 2% is also presented with a dashed
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line. Then, results are summarized in Figure 6-21, where the maximum developing longitudinal tensile
strain (&,max) of CP and PFJ with respect to the fault offset (A/D) is shown.

The major finding is that the development of tensile strains is directly dependent on the crossing angle
B. Thus, the decrease of B increases the importance of tension and thereby in case of B=50°, joints do
not provide strain reduction. It is noted that for B=50° within a range of fault displacement
(0.5=<A/D<2), the rate of strain increase (for both CP and PFJ) is very low due to the transition from
dominant flexural to axial pipe behavior, i.e. the bending strains decrease and the axial strains increase
with their summation being more or less constant. In the intermediate case of B=70°, joints sufficiently
prevent tensile fracture by “keeping” strains below the code-based limit, up to A/D=3. For larger
imposed displacements the pipe stretching dominates and the entailing tension cancels the joint's
efficiency in strain reduction. The maximum tensile strain decrease is achieved for B=90°, which is in
general the most desirable case for a safe and economically efficient design of a pipeline — fault crossing.
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Figure 6-20: Distributions of longitudinal tensile strains on CP and PFJ pipelines with respect to fault offset (4/D)
for B=50°, B=70° and B=90°
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Figure 6-21: Maximum longitudinal tensile strain (€:,max) of CP and PFJ with respect to fault offset (A/D) for
B=50°, B=70° and B=90°

The procedure carried out previously to investigate the effect of flexible joints in tensile strains, is

presented subsequently for the compressive strains. The distributions of compressive strains along the

pipeline are presented in Figure 6-22, considering various fault offset levels and crossing angles. A major

finding is that the compressive strains obtained from the integration points of the beam finite elements

are very low for small crossing angles B and high fault offset. This is attributed to the fact that tension

dominates the pipe behavior and consequently compression due to bending is drastically decreased.
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Figure 6-22: Distributions of longitudinal compressive strains on CP and PFJ] pipelines with respect to fault offset
(A/D) for B=50°, B=70° and p=90°

Summarizing the results in terms of the maximum developing compressive strain (&c,max) from each case,
the corresponding curves with reference to the fault offset and the crossing angle are presented in
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Figure 6-23 for CP and PFJ. Results reveal that pipelines with flexible joints develop very low, almost
negligible, compressive strains, hence the potential of local buckling is avoided in all cases. It has to be
pointed out, though, that for low crossing angles 3 there is no risk of local buckling for the continuous
pipeline due to the prevailing tensile behavior.
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Figure 6-23: Maximum longitudinal compressive strain (€c,max) of CP and PFJ with respect to fault offset (4/D) for
B=50°, B=70° and B=90°

The numerical evaluation of pipelines with flexible joints crossing a strike-slip fault with angle B equal
or lower to 90° indicates that the introduction of joints is in most cases a very effective countermeasure
that can notably protect a buried steel pipeline against the consequences of faulting. The joints
performance is directly related to the pipe — fault crossing angle. The strain reduction is maximized
when the pipeline crosses the fault plane close to $=90°. For f<70° in combination with higher fault
displacements, joints’ contribution to pipe protection through strain reduction is limited. In such cases,
the use of joints that are capable of undergoing some axial displacement, in addition to rotation, would
be more beneficial.

6.4.2 Pipeline under bending and compression

While in case of tension pipe integrity can rely on the steel is post-yielding strength, in case of
compression local buckling can lead to pipe failure at much lower absolute strain levels. Pertinent
standards and provisions (e.g. Eurocode 8 — Part 4 (European Commitee for Standardization 2006)), as
well as engineering practice, suggest to avoid crossing angle $>90°, which would result in the
development of bending and compression along the pipe. Crossing angles B>90° might, however, be
unavoidable due to limitations encountered in the route selection procedure, or it might occur
unintentionally, due to insufficient data regarding the fault behavior. The repercussions of such values
of angle B on the pipeline response are again investigated through the numerical evaluation of a
continuous pipeline (CP) and a pipeline with four flexible joints (PFJ). The pipes are assumed to intercept
the fault plane with angles B=100°, B=110° and B=120°, selected in light that B>90° is an undesirable
design approach and thus higher values would be unrealistic in common design practice. The maximum
normalized fault offset is assumed equal to A/D=2.

Indicative results regarding the CP and PFJ] displacements for all crossing angles are illustrated in Figure
6-24, where the distance from the fault trace is presented on the horizontal axis and the normalized
pipe transverse displacement with respect to pipe diameter D on the vertical axis. The comparison of
pipe displacements between cases of B<90° and B>90° reveals that compression magnifies the
difference between CP and PFJ displacements due to pipe shortening and intense joint rotation. The
larger PF] displacements compared to CP are the cause of the effectiveness of joints in all cases of
B>90°, as will be shown later. The maximum joint rotation reported in the results equals 39.9°. It is
therefore necessary to pay special attention to the angular capacity of the joint in terms of providing
sufficient rotational capacity. It is also important to point out that even though the integration of flexible
joints leads to pipe protection, the PFJ is severely deformed in terms that the pipe has suffered global
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instability. In such case, also, special design considerations are necessary regarding the trench
dimensions.
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Figure 6-24: CP and PFJ displacements for crossing angles f=100°, f=110° f=120° and at various levels of fault
offset magnitude

The introduction of flexible joints leads in general to a significant decrease of the pipe stress-state in
terms of developing axial forces, bending moments and longitudinal strains for the crossing angles
B=100°, B=110° and B=120° under consideration. Specifically, the distributions of axial force are
presented in Figure 6-25. In case of B=100° and A/D=2, tension is reported for PFJ due to the evolution
of the pipe deformation, while for =110° and B=120° the PFJ is subjected to compression. To identify
this outcome, the maximum axial force developed on PFJ with respect to fault offset is presented in
Figure 6-26 for various crossing angles B. It is observed that for low crossing angles the pipe exhibits
compression for low fault offset and then, as fault offset increases the pipe exhibits tension. This
statement can be verified by the evolution of pipe deformation with respect to fault offset. To that
effect, PF] displacements for crossing angle B=100° at various levels of fault offset are illustrated in
Figure 6-27a. It is observed that for low fault offset, flexible joints exhibit significant rotation, leading
to compression of the pipeline segment between the joints close to the fault trace. Consequently, the
increase of fault offset leads to decrease of joints’ rotation and particularly joints at distance L; rotate in
the opposite direction. Thus, the pipe segment that is intercepted by the fault is subjected to tension,
rather than compression. This deformation pattern is attributed to the crossing angle, namely for angles
lower than 110° the compression imposed by the fault movement is smaller than for larger angles. For
comparison, PFJ] displacements for crossing angle f=110° at various levels of fault offset are illustrated
in Figure 6-27b.
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Figure 6-25: Distributions of axial force on CP and PFJ pipelines with respect to fault offset (A/D) for f=100°,
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Figure 6-26: Maximum axial force (Nmax) of PFJ with respect to fault offset (A/D) for various crossing angles
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Figure 6-27: PF] displacements for f=100° and B=110° at various levels of fault offset magnitude

The obtained maximum developing compressive force (Nmax) is depicted in Figure 6-28 with respect to
angle B and fault offset magnitude. Axial compressive forces of PF] are much lower than CP due to the
pipe deformation. The increase of fault offset magnitude leads to axial force increase up to
approximately A/D=0.5 and then axial force gradually decreases. This is attributed to the fact that for
small fault offset, PFJ behavior is predominantly axial due to the imposed compression, but for larger
fault offset there is significant deformation of the pipeline due to high rotation of the joints and
consequently axial force decreases.
—8— CP —*— PF)

5000 5000

5000

p=100° p=110° p=120°

~ 0 ~ 0 ~ 0
= = =
=3 =3 =3

~ -5000 ~ -5000 ~ -5000
£ £ £

Z -10000 Z -10000 Z -10000

-15000 -15000 -15000

0 1 2 0 1 2 0 1 2
A/D A/D A/D

Figure 6-28: Maximum axial force (Nmax) of CP and PFJ with respect to fault offset (A/D) for =100°, f=110° and
B=120°

The distributions of bending moment on CP and PFJ are presented in Figure 6-29 with respect to crossing
angle and fault offset (A/D). The obtained maximum developing bending moments (Mmax) are shown in
Figure 6-30, illustrating that bending moments of PF] are several times lower than those of CP.
Regarding the case of B=120° and A/D=2 the bending moment distribution for CP indicates several
locations of steel yielding that act as plastic hinges, thus as virtual “flexible joints".
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Figure 6-29: Distributions of bending moment on CP and PFJ pipelines with respect to fault offset (A/D) for
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Figure 6-30: Maximum bending moment (Mmax) of CP and PFJ with respect to fault offset (A/D) for $=100°,
B=110° and B=120°

In order to evaluate pipeline safety, the distributions of tensile and compressive longitudinal strains
along CP and PFJ pipes are presented in Figure 6-31 and Figure 6-33, respectively, considering various
levels of fault offset and different crossing angles. The summary of these results in terms of the
maximum tensile strains (&,max) and compressive strains (&;max) of CP and PFJ with respect to fault
offset (A/D) are shown in Figure 6-32 and Figure 6-34, respectively, along with code-based strain limits.
The evaluation of results reveals that tensile strains increase as the fault offset increases, but in general
they decrease as the crossing angle increases due to the higher compression. In either case, tensile
strains of PF] are almost negligible, thus ensuring the integrity of girth welds. Regarding, then, the
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compressive strains, one can notice (Figure 6-33) that the CP is going to suffer severe damage, mainly
due to local buckling, even for relatively small fault offset (A/D<0.5).
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Figure 6-31: Distributions of longitudinal tensile strains on CP and PFJ pipelines with respect to fault offset (A/D)
for B=100°, B=110° and B=120°

Summarizing the results regarding compressive strains in Figure 6-34 through curves of the maximum
developing compressive strains with respect to the fault offset magnitude for various crossing angles 3,
it follows that compressive strains of CP for A/D>0.5 are too high in practice to be fairly compared with
the corresponding ones of PFJ in the same chart for 0<A/D<2. It then follows that flexible joints in
buried pipelines with B>90° can very efficiently protect the pipe against local buckling in all cases under
consideration.
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Figure 6-32: Maximum longitudinal tensile strain (€:,max) of CP and PFJ with respect to fault offset (A/D) for
B=100°, B=110° and B=120°
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Figure 6-33: Distributions of longitudinal compressive strains on CP and PFJ pipelines with respect to fault offset
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Figure 6-34: Maximum longitudinal compressive strain (&c,max) of CP and PFJ with respect to fault offset (A/D) for
B=100°, B=110° and p=120°

6.5

EFFECT OF D/t RATIO

The geometry of the pipeline cross-section is defined through the process analysis of the pipeline system
and in particular pipe diameter (D) and wall thickness (t) are related to operating flow capacity,
temperature, pressure, etc. The diameter over thickness ratio (D/t) plays a dominant role in the pipeline
response and especially on the buckling behavior, as it defines the local pipe slenderness. Shallowly
buried pipelines with low D/t under compression may buckle upwards as a beam, while deeper buried
pipes with higher D/t tend to buckle locally (Yun and Kyriakides 1990). The D/t ratio is therefore a
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significant parameter, whose effect on pipelines with flexible joints is hereafter examined by considering
CP and PFJ] crossing a strike-slip fault with angle B=70° and subjected to A/D=1 of fault movement.
Pipe diameter is considered to be constant D=914mm, while three cases of commercial thickness values
are considered, namely t=7.92mm, t=12.70mm and t=19.05mm. The corresponding ratios are then
D/t=115.40, D/t=71.97 and D/t=47.98.

The tensile and compressive strain distributions for all cases are illustrated in Figure 6-35. The first
important observation for CP is that higher D/t ratios increase the structure’s slenderness and
consequently higher strains are developed due to reduced stiffness. The integration of flexible joints
between the adjacent pipe parts transforms the structural system from continuous to segmented and
the effect of ratio D/t is almost eliminated. The latter is verified by the strain distributions of PFJs that
indicate almost no interaction between the ratio D/t and flexible joints effectiveness in terms of reducing
strains.
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Figure 6-35: (@) Tensile and (b) compressive strains distributions of CP and PFJ for various D/t ratios

6.6 EFFECT OF BURIAL DEPTH

Oil and gas pipelines are usually embedded in a trench for protection against corrosion and third party
damage. Soil response to any pipe movement in the trench is related to the pipe burial depth that
defines the level of soil pressure acting on the pipe. In numerical modeling, increase of burial depth
leads to stiffer soil springs and consequently pipeline movement in the trench becomes more difficult,
thus the developing pipe stress-state is higher. It is therefore meaningful to investigate the effect of
burial depth on the strain reduction efficiency of flexible joints. Engineering and constructional practice
suggest that the burial depth equals about one to two times the pipe diameter in fault crossings. The
pipeline under investigation is considered to intercept a strike-slip fault with crossing angle B=70° and
subjected to A/D=1 of fault offset, representing a typical case. Three cases of burial depths for the
continuous pipeline (CP) and the corresponding pipeline with flexible joints (PFJ) are considered, namely
H/D=1, H/D=1.5 and H/D=2, where H is the soil height above the top of the pipe.

Pipeline response is examined through the longitudinal tensile and compressive strain distributions
(Figure 6-36). The increase of burial depth leads to strain increase for the continuous pipeline, as
expected due to stiffer soil springs, and threatens its integrity in terms of exceeding code-based tensile
strain limit. On the contrary, nearly negligible differences are reported for PFJ cases regarding the strain
reduction on the steel pipe parts due to the integration of flexible joints. The effect of burial depth on
joints efficiency can be thus described as negligible.
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Figure 6-36: (a) Tensile and (b) compressive strain distributions of CP and PFJ] for various burial depths (H/D)

6.7 UNCERTAINTY REGARDING FAULT TRACE

6.7.1 Origins of fault trace uncertainty

The analysis of buried pipeline — fault crossing is usually based on the assumption of a planar fault,
intercepting the pipeline at a specific location. The optimum configuration of flexible joints has been
defined in section 6.3.1 and implemented in the parametric studies of sections 6.4 through 6.6 based
on the assumption that the fault trace location is known a priori, i.e. the fault will appear on the ground
where it is expected. This assumption, however, may be violated in nature by the native soil conditions.
Soil stratigraphy may affect the direction of rupture propagation to the surface. In case the native soil
conditions are rocky, the rupture propagation from the underlying bedrock to the ground surface may
not be disturbed and thus the planar fault assumption is sufficiently accurate. Nevertheless, the upper
soil layers are usually earth fill with inhomogeneous properties (e.g. alluvial deposits) that can alter the
rupture propagation to the surface. This can result to a shift of the fault trace from where it is expected
to appear on the ground surface. An example of this effect is presented in Figure 6-37 from the Gulf of

Mexico, where the geometry of the fault planes indicates a change in facies (sand/shales) of the
stratigraphic intervals.
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Figure 6-37: Schematic illustration of fault rupture propagation being affected by the soil stratigraphy (Plate
tectonic & northern Pacific 2016)

The fault trace uncertainty is usually not considered in the analysis of a pipeline subjected to fault
rupture, especially within research studies. In practice, design engineers deal with the fault trace
uncertainty by applying seismic countermeasures to protect the pipeline (section 2.5) along the length
of fault trace uncertainty. It has to be noted that the latter is estimated by seismological, geological and
geotechnical surveys of the fault crossing area and in practice can range from a few meters to a few
hundred meters. Regarding, then, the application of flexible joints as mitigating measures accounting
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for the potential fault trace uncertainty, two questions arise: (i) in case the fault trace “appears” on the
ground surface at a different location from the expected one, what is the effect of a particular
configuration of flexible joints on the pipeline behavior and (ii) considering a given pipeline length along
which the fault trace may be encountered, accounting for uncertainty, what is the optimum configuration
of flexible joints, assuming that joints shall be integrated in the pipeline at equal distances for practical
and constructional reasons.

Therefore, the following section 6.7.2 aims at answering the first question considering that the fault
trace will be encountered at a different location from the theoretical one, while section 6.7.3 aims at
providing to design engineers practical guidelines regarding the optimum distance between flexible
joints along the entire pipeline length over which the trace may appear. For that purpose, a pipeline
with flexible joints (PFJ) is subjected to normalized strike-slip fault offset of magnitude A/D=2 and the
pipeline — fault crossing angle is assumed to be B=70°. The continuous pipeline (CP) is also considered
for reference.

6.7.2 Effects of different fault location

The pipeline with four flexible joints (PFJ) is considered. The joints are located at distances L;j and Lj/2
on each side of the assumed fault trace, following the procedure described in section 6.3.1. In order to
quantify the effect on the behavior of PFJ of fault occurrence at a different location from the expected
one, the fault trace is assumed at four different locations, apart from the assumed theoretical one that
is located at x=0 (Figure 6-38). The potential trace locations are selected for simplicity at distances from
x=0 that are related to distance L, as shown in Figure 6-38.
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Figure 6-38: Assumed alternative fault trace locations along the pipeline
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The resulting distributions of tensile strains along the pipeline are depicted in Figure 6-39, indicating
that in case the fault trace is located at larger distance than L; from its theoretical location, flexible joints
neither provide strain reduction, nor cause any unexpected damage to the pipeline in terms of strains.
The latter is of importance for design engineers, as the metallic hinged bellows, integrated in buried
pipelines subjected to PGDs, do not have harmful effect on the pipe, in contrast to Dresser type
expansion joints, as outlined in section 2.7.1. The main outcome from Figure 6-39 is that when
alternative fault trace locations are considered, the pipeline mechanical behavior is similar to that of a
continuous pipe, as the strain distributions are shifted along the pipeline. A minor exception is in case
the fault is located at distance Lj/2 from its theoretical location, where only a minor strain reduction is
observed.
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Figure 6-39: Tensile strain distributions for varying fault trace location and crossing angle B=70°

6.7.3 Optimum distance between flexible joints

The uncertainty regarding the exact location of the fault trace is a common problem that engineers have
to deal with during the design of a pipeline — fault crossing, due to reasons outlined in section 6.7.1.
Thus, the primary consideration regarding the use of flexible joints as mitigating measures is the
estimation of the optimum configuration with respect to efficiency and cost. In order to address this
task, the following procedure is proposed:

— Estimation of the length over which the fault may “appear” on the ground surface.

— Analysis of a continuous pipeline subjected to the maximum fault offset, as defined by relevant
geological and seismological studies of the area, by assuming the theoretical fault trace being located
at the middle of the length of uncertainty.

— Plot of the bending moment distribution of the continuous pipeline and estimation of distance L;
(Figure 6-5), which is the distance between the assumed fault trace location and the maximum
bending moment location.

— Integration of a flexible joint at the theoretical fault trace location and consequently at distances
equal to Lr on each side of the fault trace, as schematically illustrated in Figure 6-40. Additionally,
two joints are introduced outside the “borders” of uncertainty area, in order to address the worst
case scenario of the fault being activated at the margins of the uncertainty area.

— Estimation of distance Lr, by considering alternative fault trace locations.
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Figure 6-40: Configuration of equally-spaced flexible joints over the length of fault trace uncertainty

The primary consideration regarding the integration of flexible joints along the uncertainty length is the
estimation of distance Lr. To that effect an illustrative example is presented and the corresponding
indicative results are shown hereinafter. Initially, taking into account that the optimum configuration of
joints for a given fault trace location is at distance Lj/2 between two joints and the fault trace (section
6.3.1), analyses are carried out consequently, assuming indicatively that L=Lj/2 or Lf=L;. Alternative
fault trace locations are examined, while two cases are considered being the worst-case scenario,
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namely the fault trace being located between two subsequent joints or on a joint. The pipeline with
flexible joints (PFJ) is subjected to strike-slip fault offset of magnitude A/D=2 and the pipeline — fault

crossing angle is assumed to be either =70° and B=90°. The continuous pipeline (CP) is also considered
for reference.

The distributions of tensile strains along the pipeline are depicted in Figure 6-41 for both crossing angles
considered. It is observed that regardless the fault trace location, the optimum configuration of flexible
joints in terms of reducing the developing tensile strains is at distance Ls=L;/2 for crossing angle 3=70°.
On the contrary, for $=90° it is observed that both configurations, namely Ls=L; and Lf=Lj/2, are roughly
equally efficient and thus for pipeline — fault crossing close or equal to perpendicularity it is suggested
that joints are integrated at distance Lt=L; in order to minimize the cost. It is noted that if there is
uncertainty regarding the pipe — fault crossing angle B, then joints should be integrated at distance
Lr=Lj/2 in order to address the worst case scenario.
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Figure 6-41: Tensile strain distributions for crossing angle (a) B=70° and (b) B=90° considering different
configuration of flexible joints and fault trace being located either between two adjacent joints or on a joint

6.8 COMPARISON AMONG MITIGATING MEASURES

Several measures are adopted in practice to mitigate the consequences of faulting on buried pipes
(section 2.5). The use of flexible joints has been numerically evaluated in the present chapter as a
reliable and efficient measure, succeeding in concentrating strains and retaining steel parts virtually
unstressed. The advantageous performance of joints is hereinafter compared to other mitigating
measures in terms of pipe developing strains. The reference model is an API5L-X65 pipeline with four
flexible joints (PFJ) according to section 6.3.1, featuring diameter D=914mm and pipe wall thickness
t=12.70mm. The reference PF] is compared to continuous pipelines where commonly adopted
mitigating measures are applied:

— Steel grade upgrade to API5L-X80 with elastic Young’s modulus 210GPa, plastic modulus 0.513GPa,
yield stress 530MPa, yield strain 0.252%, failure stress 621MPa and failure strain 18%.

— Increase of pipe wall thickness from 12.70mm to 15.88mm and 19.05mm.

— Trench backfilling with pumice having unit weight y=8kN/m?3, cohesion c=0 and internal friction angle
Pp=33°.

— Pipe placement within culverts over the pipeline length that bending moment is developed. When
culverts are used for pipe protection, the pipe is not backfilled. Thus, numerical modeling of this case
is carried out by ignoring soil springs over the length along which the pipe is placed within culverts.
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Pipelines under investigation are subjected to strike-slip faulting of magnitude A/D=2. Three
characteristic cases of crossing angles are addressed: (i) B=70° that leads to pipe bending and tension,
(i) B=90¢ that is the optimum case regarding the efficiency of joints and the one recommended by rules
of good practice and (iii) B=110° as a less favorable situation that leads to pipe bending and compression
and consequently maximizes the potential of local buckling failure. The cases under investigation are
summarized in Table 6-5.

Table 6-5: Cases under investigation to compare mitigating measures

Pipeline Steel grade Thickness (mm) Backfill soil
CcpP X65 12.70 sand
cP X65 15.88 sand
CP X65 19.05 sand
CpP X80 12.70 sand
CP X80 15.88 sand
CcP X80 19.05 sand
CcP X65 12.70 pumice
CP X65 12.70 (culverts)
PFJ] X65 12.70 sand

The maximum tensile and compressive strain with respect to fault offset (A/D) for angle B=70° are
shown in Figure 6-42. The primary observation is that steel grade upgrade and thickness increase
provide a minor tensile strain decrease (Figure 6-42a), while tensile strains are almost halved when
pumice is used for trench backfilling or pipe is placed within culverts. Flexible joints are then the most
efficient among the compared measures. However, as fault offset increases, tension dominates over
bending and thus the strain reduction in PFJ declines compared to the pumice backfilling case, while
tensile strains in case of culverts are gradually increasing. The relationship between tension and
bending, as offset evolves, directly impacts the development of compressive strains (Figure 6-42b),
which are nearly eliminated by the introduction of joints. Pumice backfilling does not help as compressive
strains increase proportionally to fault offset. Nonetheless, steel grade upgrade and thickness increase
result in pipe stiffness increase. Thus, as fault offset increases, strains increase too until a certain value,
but then strains decrease as tension dominates the pipe response. Regarding the compressive strains,
flexible joints are as efficient as culverts.

Pipeline response in terms of maximum developing strains with respect to fault offset (A/D) for B=90°
is depicted in Figure 6-42c. Crossing angle B=90° is a highly desirable case that might be difficult to
achieve in practice due to the various limitations encountered during the route selection procedure of a
pipeline. It is however useful to assess the impact of alternative mitigating measures as bending
dominates the pipe behavior and consequently high curvature develops and local buckling emerges as
the dominant failure mode. The tensile strain distributions, indicate the dramatic decrease of tensile
strains due to the integration of joints or the use of culverts, while pumice backfill is clearly beneficial
compared to the steel grade upgrade and the thickness increase. Then, regarding the compressive
strain distribution (Figure 6-42d), flexible joints prevail universally over the other choices, as they almost
eliminate strains. The other measures cannot protect the pipeline against compressive strain
concentration that causes local buckling.

Pipeline — fault crossing angle >90° leads to pipe bending and compression. This situation is in general
undesirable but sometimes unavoidable due to restrictions in the route selection procedure. The pipeline
response in terms of maximum developing tensile and compressive strains is shown in Figure 6-42e and
Figure 6-42f, respectively, by adopting flexible joints, pumice backfilling, steel grade upgrade, thickness
increase and the use of culverts as mitigating measures to protect pipeline against failure. Fault offset
leads to excessive pipe compression and bending, with the latter being related to very high curvature.
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So, the development of significantly high strains is expected, which exceed the corresponding code-
based strain limits, even for small fault rupture magnitude. The comparison of the considered alternative
mitigating measures reveals that flexible joints is the only choice to provide a significant decrease of
the developing strains. However, it is crucial for design engineers to bear in mind that strain reduction
caused by joints is due to the significant rotation of the joints and consequently excessive deformation
of the pipe in the trench, which leads to constructional considerations regarding the trench proper width.
It is thus crucial to consider on the one hand that the excessive joint rotation might violate its capacity
and on the other hand pipe operability issues related to the pipe significant deformation (e.g. flow
interruption, difficulties in in-line inspection, etc.).
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Figure 6-42: Maximum tensile and compressive strains with respect to fault offset for crossing angles f=70°,
B=90° and B=100° considering alternative mitigating measures
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The general outcome derived from the comparison of commonly used mitigating measures and flexible
joints is that the joints are the most efficient measure, while pumice backfilling has important
advantages versus the steel grade upgrade and the thickness increase. In some cases, pumice
backfilling efficiency can be considered competitive to flexible joints with reference to the expected level
of developing strains that the pipeline operator can accept after a seismic fault activation. However,
within a techno-economic framework, design and constructional engineers have to consider: (i) the cost
of well graded pumice, the availability to remote construction sites and the requirement for special
backfilling process and (ii) the cost of construction and transportation of culverts at the construction
site. Hence, it follows that the introduction of flexible joints contributes significantly to the risk reduction
of tensile rupture or local buckling. Additionally, preliminary analysis carried out by Bouckovalas et al.
(2015) regarding the cost of using joints instead of the other seismic countermeasures revealed that
the introduction of joints is also an economically competitive choice.

Finally, it is noted that the presented comparison on the efficiency of alternative mitigating measures,
included the introduction of flexible joints, has been conducted without considering the uncertainty
regarding the exact location of the trace. However, according to the current engineering practice, all
seismic countermeasures are applied along the pipeline length where the fault trace may be
encountered.

6.9 CONCLUSIONS

The numerical evaluation of buried steel pipelines with flexible joints subjected to strike-slip fault offset
has been investigated using advanced numerical modeling and nonlinear analysis, employing the beam-
type model. The presented investigation stands as a preliminary feasibility study on the effectiveness of
flexible joints as innovative mitigating measures against the consequences of faulting on pipeline. Joints
are introduced in continuous pipes to concentrate strains at the joints and retain the steel pipe parts
virtually unstressed. The study highlights the effectiveness of joints in terms of drastically reducing the
developing longitudinal tensile and compressive strains and consequently reducing the risk of pipe
failure, provided that the technological and practical aspects of such joints are solved. The optimum
configuration of flexible joints on the pipeline were examined in case of strike-slip faulting, while the
main parameters affecting their efficiency were investigated, namely pipeline — fault crossing angle,
fault offset magnitude, burial depth and ratio D/t. Additionally, the uncertainty on fault trace was
addressed and suggestions were formulated for practical applications. The main conclusions of the
present study can be summarized as follows:

— Metallic hinged bellow-type joints are the appropriate type of commercial flexible joints for buried
pipeline — fault crossing applications. Such joints exhibit low rotational stiffness, while the axial and
lateral relative movements are constrained, to withstand large internal pressure and pipe movements
due to faulting.

— The joints location is selected based on the bending moment distribution of the continuous pipeline.
The length Lj is the distance between the location of the maximum developing bending moment of
the continuous pipeline from the fault trace and is the parameter of joints location selection. The
corresponding parametric study revealed that the optimum joints’ layout is the introduction of two
joints on each side of the fault trace at distances Lj and Lj/2, in case there is no uncertainty on the
exact fault trace location.

— The introduction of flexible joints transforms the pipeline structural system from continuous to
segmented. The continuous pipe deformation is a smooth curve, while the pipeline with flexible joints
deformation is a linear piece-wise curve. Numerical results indicated significant strain reduction due
to the integration of joints. The efficiency of hinged flexible joints depends on the relation between
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the pipe developing axial force and bending moment. The effectiveness of joints is increased if the
pipe behavior is predominantly flexural.

— Crossing angle B lower or equal than 90° leads to pipe tension and bending. Parametric studies carried
out showed that the joints efficiency is maximized for angles closer to 90°, where bending moment
dominates the pipeline behavior. As angle B decreases and fault offset increases, tension dominates
the pipe behavior and joints contribution to strain reduction deteriorates. Thus, commercial hinged
flexible joints should be used until =70°.

— Crossing angle B>90° leads to pipe bending and compression. Parametric studies conducted revealed
that the introduction of joints can ensure the pipe integrity. The response of pipelines with flexible
joints under compression differs from the corresponding response under tension. In case p>90° the
excessive deformation relieves the pipe from axial force. However, special attention has to be paid
on the joint’s angular capacity and the pipe capability to deform significantly within the trench.

— Results of the parametric study on the effect of crossing angle B revealed that hinged flexible joints
are very effective in the reduction of pipe developing strains for crossing angles B close to 90°. For
lower crossing angles and especially lower than 70°, joints that can accommodate some axial
deformation are desirable.

— The performance of flexible joints in reducing longitudinal tensile and compressive strains has been
shown to be independent of D/t ratio and burial depth.

— Integration of joints is necessary along the entire pipe length where the appearance of fault trace on
the ground surface is likely, considering the inherent uncertainty in the exact location, akin to
engineering practice for the usual mitigation approaches. Indicative results showed that joints should
be integrated in the pipeline at constant distances Lj when pipe — fault crossing angle is close to 90°,
while for lower angles the optimum distance is Lj/2. If there is uncertainty regarding the angle B,
then distance Lj/2 should be selected. Length L; is defined as the distance between the location of
the maximum moment and the fault trace of the corresponding continuous pipe.

— The effectiveness of flexible joints has been compared to other commonly used mitigating measures,
namely steel grade upgrade, increase of pipe wall thickness, backfilling with pumice and use of
culverts. The integration of joints can, in general, provide higher strain reduction, thus efficiently
protecting the pipeline, better than the other measures considered in the study.

The introduction of commercial hinged bellow-type flexible joints in continuous buried steel pipes has
thus been shown leading to significant strain reduction and consequently protecting the pipeline against
fault activation. Analysis results suggest also the need for commercial production of flexible joints with
adequate axial stiffness that can accommodate large PGD due to faulting without decreasing their
capacity to withstand high internal pressure. Hinged joints were examined in case of strike-slip faulting
but the encouraging results indicate their potential applicability in cases of normal or reverse faulting.
It is finally noted that fault offset is three-dimensional in nature, therefore hinged joints with biaxial
angular capability (Figure 2-22a) should be implemented.

Part of this work has been submitted for publication (Melissianos et al. 2016a).
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7 PERFORMANCE ASSESSMENT OF BURIED
PIPELINES AT FAULT CROSSINGS

7.1 INTRODUCTION

Pipelines are hazardous structures and thus the necessity to perform a comprehensive seismic
performance assessment of buried pipeline — fault crossing becomes crucial. Earthquakes and the
associated fault displacements are naturally random events and thus the question arises as to what is
the appropriate distribution of fault displacement that has to be taken into account during the design of
the pipeline. Moreover, the seismic risk may be calculated in order to design or evaluate financial
(insurance) or physical (retrofitting or upgrading) mitigating measures against the consequences of
faulting on pipeline. Additionally, regarding the construction of a new pipeline project, hazard estimation
is necessary so that the appropriate measures are taken to control the subsequent levels of risk through
redirecting the design procedure. Regarding the financial loss estimation for insurance purposes, the
failure hazard quantification is mandatory as vital information required to fix premiums (Bommer 2002;
Cornell 1968). Then, with reference to seismic hazard assessment, there are two approaches: the first
one is the deterministic that is implemented through the Deterministic Seismic Hazard Analysis (DSHA)
and the second one is the probabilistic, implemented through the Probabilistic Seismic Hazard Analysis.
The differences among the approaches are:

— The aim of DSHA is the development of earthquake scenarios, which consist of a postulated
occurrence of an earthquake of a specified magnitude, i.e. characteristic earthquake, at a specific
location that could affect the structure under consideration. However, the implementation of DSHA
does not yield further information regarding the expected level of shaking, or the fault activation
during a finite time period and the effects of uncertainties in the various methodology steps.

— The PSHA aims at quantifying the probabilistic nature of earthquake effects. The hazard from different
sources is treated in a whole different way than DSHA as each seismogenic source is separately
considered and its influence on the final outcome is transparent (Bommer 2002). Moreover, the
contribution of all sources under consideration is combined through PSHA into a single exceedance
rate for each level of a specified ground-motion parameter.

Acknowledging the financial, social and environmental consequences of a potential pipeline failure, the
probabilistic approach is selected. The probabilistic approach is also necessary to account for the variable
nature of earthquake loading and the commonly accepted incomplete knowledge about the complex
properties of the pipeline — soil interacting system.
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The performance assessment is based on the probabilistic framework for seismic performance of Cornell
and Krawinkler (2000) and consists of: (i) seismic hazard analysis for the quantification of the
probabilistic nature of fault displacement, (ii) pipeline structural analysis for the assessment of pipe
mechanical behavior and (iii) combination of the results to estimate the potential of failure. In more
detail, the Probabilistic Fault Displacement Hazard Analysis is performed to quantify the probabilistic
nature of the fault offset, while the magnitude of the three fault displacement components in space is
determined. Then, the pipe three-dimensional structural analysis is performed, using the nonlinear
beam-type finite element model. Finally, the convolution of seismic hazard and structural response
results in joint hazard surfaces of compressive and tensile strains leading to the estimation of the mean
annual rate of exceeding any limit-state of interest. The performance assessment is moreover suggested
as a tool: (i) to design or evaluate financial (insurance) and physical (retrofitting or upgrading) mitigating
measures against the consequences of faulting on pipeline, (ii) during the route selection procedure and
(iii) for developing measures to control the subsequent levels of risk through redirecting the design
procedure of the earthquake-resistant design (vulnerability assessment).

In the present chapter a methodology for the performance assessment of buried pipelines at fault
crossings is presented, whose preliminary versions has been published by Melissianos et al. (2014b,
2015).

7.2  SEISMIC HAZARD ANALYSIS

7.2.1 Probabilistic fault displacement hazard analysis framework

The most suitable tool to quantify the probabilistic nature of fault movement is the Probabilistic Fault
Displacement Hazard Analysis (PFDHA). The necessary data to perform PFDHA were firstly provided by
Coppersmith and Youngs (2000) and the basis of PFDHA has been established by Youngs et al. (2003).

Angell et al. (2003) employed PFHDA as part of site investigations for BP America’s Mad Dog and Atlantis
Fields based on extended geophysical, geological and geotechnical analysis of the site under
investigation. Focus was on the effects of soil properties and seabed stratigraphy on the style and origin
of faulting that could affect offshore pipelines. Liu et al. (2013) applied PFDHA for a pipeline — fault
crossing in China in order to investigate the differences resulting by considering the maximum and the
permanent fault displacement.

PFDHA aims at quantifying the mean annual rate of exceeding arbitrary fault displacement levels at a
site by considering the fault location, the fault slip rate, the distribution of earthquakes as well as the
corresponding epistemic uncertainties. The PFDHA methodology includes two discrete approaches
within it, the “earthquake approach” and the “displacement approach”. The “earthquake approach” is
derived from the Probabilistic Seismic Hazard Analysis (PSHA), which was introduced by Cornell in his
pioneering work (Cornell 1968), and explicitly relates the occurrence of fault displacement on a fault at
a site near or at the ground surface to the occurrence of earthquakes in the site region. To directly
relate the “earthquake approach” of PFDHA to PSHA, the mean annual rate (MAR) of exceeding Ak(z) a
ground motion parameter z at site k, taken into account n seismic sources, is evaluated as:

00

Mmam ,

AZ)=v, f i, (M) ffkn (rIm)P(Z>z|m,r)dr|dm (7-1)
n IVlmin,n 0
where vi is the rate of all earthquakes on source n above a minimum magnitude of engineering
significance Mmin, fn(m) is the probability density of earthquake size that seismic source n can produce
between values Mmin and Mmax, fin(r|m) is the conditional probability density function for distance from
site k to an earthquake of magnitude m occurring at source n and finally P(Z>z|m,r) is the conditional

probability that, given an earthquake of magnitude m at distance r from site k, the ground motion
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parameter will exceed level z. It is noted that the random variables are denoted by uppercase letters
(e.g. A), while their discrete values by lowercase letters (e.g. 0).

Contrary, the “displacement approach” needs extensive recorded and/or paleoseismic data, which are
not always available. In practice, a transmission pipeline crossing a seismic area will be intercepted by
numerous major and minor tectonic faults and thus no data for every fault will be available. So, the
application of the “displacement approach” is not viable and consequently the “earthquake approach”
is adopted for the performance assessment of buried pipelines at fault crossings. Furthermore, in the
“earthquake approach” of PFDHA the distinction between two types of fault displacement is introduced,
i.e. “principal faulting” and “distributed faulting”. In more detail:

— “Principal faulting” is defined as slip along the main plane or planes of crustal weakness responsible
for the release of seismic energy during the earthquake. Where the principal fault rupture extends to
the surface, it may be represented by displacement along a single narrow trace or over a zone that
may range from a few to many meters wide. The faults of concern are those that may produce
earthquakes and thus are directly related to the primary source of energy release.

— “Distributed faulting” is defined as displacement that occurs on other faults, shears, or fractures in
the vicinity of the principal rupture in response to the principal faulting. It is expected that distributed
faulting will be discontinuous in nature and occurs over a zone that may extend outward several tens
of meters to many kilometers from the principal rupture. A fault that can produce principal rupture
may also undergo “distributed faulting” in response to principal rupture on other faults.

For the purposes of the proposed methodology, the “principal faulting” is adopted within PFDHA
assuming that the pipeline intercepts a main fault, without considering distributed faulting issues.
Additionally, the “principal faulting” concept is compatible with displacement along a single narrow trace,
i.e. planar fault without thickness. The principal faulting approach is schematically illustrated in Figure
2-1, where the pipeline — fault crossing is represented by a point on the ground surface.

PFDHA provides the necessary information to assess any potential effects on the integrity of a buried
pipeline and to make a risk-informed decision regarding the crossing site suitability. The product of
PFDHA is a hazard curve, where the fault displacement is plotted versus the mean annual rate of
exceeding every fault displacement value. The MAR of exceeding fault displacement 9 is estimated as
(Youngs et al. 2003):

max,n oo

A (8)=>"v, f fi, (M) ffkn (rim)P, (A >3&|m,r)dr|dm (7-2)

M 0

'min,n

where P(A>0|m,r) is the conditional probability that, given an earthquake of magnitude m at a distance
r from crossing site, the fault displacement will exceed displacement 8. However, for pipeline — fault
crossing only one source zone is considered, namely the fault and consequently Eq. (7-2) for n=1 is
simplified to:

NM NR
A, (8)= VZ; Z; fy (M)P(A>8[m,r)P(M=m)PR=r|m) (7-3)

1 =
where the density functions fn(m) and f(r|m) of Eq. (7-2) are replaced by the discrete mass functions
P(M=mi) and P(R=rj|mi) and the integrals of Eq. (7-2) are replaced by summations assuming a sufficient
discretization of values, while v is the rate of all earthquakes above a minimum magnitude of engineering
significance and is calculated based on the equation describing the seismicity of the investigated seismic
source zone, fu(m;) is the probability of earthquake magnitude between a minimum magnitude value
under consideration and the maximum value that the fault can produce using for example the Bounded
Gutenberg-Richter Recurrence Law (Gutenberg and Richter 1944), as presented in section 7.2.2.4,
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P(r;|m;) is the conditional probability mass function (PMF) of the crossing site distance to an earthquake
of magnitude m. The term P(A>&|m;,r;) relates the occurrence of fault displacement at the crossing site
to the occurrence of an earthquake through an attenuation model and thus it is referred as the
Displacement Attenuation Function, which differs from the usual ground motion attenuation function.
Source identification and characterization of the rate and size distribution of earthquakes are identical
to those steps in PSHA, as well as the distance distribution. However, supplementary information
regarding the geometry of the ruptures may be reserved to define fault displacement. The conditional
probability of exceeding displacement d is computed using a displacement attenuation relationship that
differs from that for ground motion in that there is a finite probability that no slip will occur. It consists
of two terms and is evaluated as:

P(A>3|m,r)=P(Slip|m)P(A>3&|m,r,Slip) (7-4)

where the first term P(Slip|m;) is the “Conditional Probability of Slip” and expresses the probability that
the rupture on the fault reaches the surface or an adequate distance under the surface that affects
underground lifelines, such as buried pipelines. The rupture is randomly placed on the fault plane,
according to the specified location. Then, the distance to site is computed to estimate the probability
P(R=rj|mi) for the pipeline crossing site under investigation. It is assumed, typically, that the rupture
location is uniformly distributed along the length of the fault trace. The “Conditional Probability of Slip”
can be estimated using either simulation or empirical models. Coppersmith and Youngs (1993) suggest
an empirical expression for the occurrence of principal surface rupture given an earthquake has
occurred. They have analyzed worldwide data from 276 earthquakes and came up with the following
“logistic regression model”:

a+bm;

P(Slip|m,)= with a = —12.15, b = 2.053 (7-5)

1 + ea+bmi

Other researchers like DePolo (1994) and Pezzopane and Dawson (1996) have also presented data sets
that define the rate at which earthquakes of various magnitudes rupture the surface. However,
Coppersmith and Youngs (1993) have incorporated such a large amount of recorded data from
worldwide earthquakes in their regression model by considering also all types of faults. Furthermore,
Moss and Ross (2011) especially for reverse fault type presented a logistic regression model to obtain
the conditional probability of surface rupture occurrence:

P(Slip|m,)= . with a=7.30, b= —1.03 (7-6)

eu+bmi

The second term P(A>8|m;,r;,Slip) of Eq. (7-4) stands for the “Conditional Probability of Exceedance”,
which represents the probability that given rupture has occurred on the crossing site, fault displacement
will exceed a specified fault displacement value d for an earthquake of magnitude m. This probability is
an inverse CDF that is based on empirical data models, much as ground motion attenuation relationships
are constructed. Using data sets from past earthquakes, fault displacement can be normalized either by
the maximum displacement (A/MD), or the average displacement (A/AD) measured for each rupture.
Historical data are used to define a distribution for these ratios. The distribution is expressed as a
function of the pipeline crossing distance from the fault closest edge (Ly) and is normalized by rupture
length LF, providing ratio Lp/LF. It is noted that analysis carried out for patterns of fault displacement
along surface rupture have shown roughly that displacements are larger in the middle of the rupture
and consequently smaller near the fault ends (Petersen et al. 2011; Youngs et al. 2003). Therefore, the
displacement along the length of the rupture can be normalized by the AD or MD and the distribution
for ratios A/AD or A/MD fit with an appropriate probability model. So, the probability P(A>d|mi,r;,Slip)
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is computed by convolving the distribution for A/AD or A/MD with an empirical lognormal distribution
for AD or MD as a function of earthquake magnitude. Youngs et al. (2003) provide data fit distributions
for normal faulting and Moss and Ross (2011) for reverse faulting.

— Normal faulting:

Data sets for A/AD ratio are fitted with a gamma distribution (section 10.6), which contrary to MD,
has no need for upper bound limit to its range:

y/b
f(y) = % [ e't"'dt,y=A/AD
with a =exp(—0.193 +1.628x / LF) (7-7)
b = exp(0.009 — 0.476x / LF)
0<x/LF<0.5

Data sets for ratios A/MD are fitted with a beta distribution (section 10.8) that has an upper bound
limit in its range:
NMa+b
ORI
with a = exp(—0.705 +1.138x / LF) (7-8)
b = exp(0.421 - 0.257x / LF)
0<x/LF<0.5

Y
[z (-2"dz, 0<y=A/MD<1
0

— Reverse faulting:
Data sets for ratios z=A/AD are fitted with a Weibull distribution (section 10.7) according to:

Kk
z

i

) =X [2

with k — exp(~318(L, /LF)’ +21.5(x /LF)’ - 3.32x /LF + 0.431] (7-9)

q= exp(17.2(|_p JLF) —12.8(x /LF) +3.39x / LF - 0.38)
0<x/LF<0.5

Also, they can be fitted with a Gamma distribution (section 10.6) according to:

f k-1 e ?/*
(y)=2z""x ST(I()

with k = exp(~30.4 (x / LF)’ +19.9(x / LF)’ ~2.29x / LF + 0.574) (7-10)
6 = exp(50.3(x / LF)’ —34.6(x / LF)’ + 6.60x / LF —1.05)
0<x/LF<0.5

Data sets for A/MD ratio are fitted with a beta distribution (section 10.8) that has an upper bound
limit in its range, according to:
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_Ma+B) o1 Bl .
f(z)_—l'(a)l'(B)Z 1-2',0<z=A/MDK1

with a=0.901x + 0713 (7-11)
B=-1.86x+1.74
Xx<x/LF<0.5

The choice of either the maximum displacement (MD) or the average displacement (AD) for a
deterministic assessment remains a major consideration. According to Wells and Kulkarni (2014) MD is
expected to occur over a limited reach of the fault. On the other hand, AD is more representative of the
expected displacement along a bigger part of the fault. In practice, MD can be encountered as
conservative, while AD is more representative of the likely displacement. In PFDHA, though, the effect
of changing one over the other is not obvious.

7.2.2 PFDHA aspects

7.2.2.1 PFDHA application concerns and advances

The Probabilistic Fault Displacement Hazard Analysis has two major advantages: (i) it is based on the
well-known and established PSHA and (ii) a wide range of fault displacement probabilities can be
estimated. However, there are same disadvantages that have to be considered regarding the
implementation of PFDHA in practice. The main issue under question refers to the estimation of
earthquake magnitude, as magnitude estimations rely on offsets from past earthquake events.
Additionally, there is uncertainty about the fault displacement data from paleoseismic events; either
they are maximum, average or other (Strom et al. 2011). Similarly, there is vagueness about the
relationship between fault displacement and rupture length, even though methodologies have been
proposed by some authors to improve paleoseismic data estimation. However, still the most complete
data set evaluation among earthquake characteristics remains the one of Wells and Coppersmith (1994).

During the past years some improvements of PFDHA have been published by several authors. Petersen
et al. (2011) extended the earthquake approach of Youngs et al. (2003) to strike-slip faulting by
including options in their formulation for advanced accuracy concerning fault mapping and fault
complexity. Strom et al. (2011) present a combination of PFDHA and Deterministic Fault Displacement
Hazard Analysis (DFDHA) for the Sakhalin-II project. After performing a thorough geological
investigation of the fault under consideration they estimated the deterministic fault displacement design
value. Then, the probability of fault rupture was calculated are a product of probabilities of exceeding
the maximum deterministic value, the probability that pipeline will suffer maximum displacement and
probability of surface rupture. Shantz (2013) computed the rate of fault offset exceeding a specific value
as the product of the inverse of return period for the characteristic earthquake and the probability of
fault offset exceeding a specific value given the occurrence of characteristic earthquake.

Nevertheless, as the proposed methodology aims to create a reliable tool for the performance
assessment of pipelines at fault crossings, where data regarding the fault behavior are inadequate, the
Youngs et al. (2003) approach is the appropriate. In the final design of pipeline — fault crossing project,
where sufficient and detailed data might be available regarding fault geometry as well as paleoseismic
data, advances of PFDHA shall be adopted and minimize the potential disadvantages.

7.2.2.2 Earthquake magnitude

Earthquake magnitude in seismic hazard analysis stands for the moment magnitude (Hanks and
Kanamori 1979), which is a quantity used by earthquake seismologists to measure the “size” of an
earthquake. The moment magnitude M is given by the expression:
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1.5 (7-12)
where M, = A A

r = average

M=

where Mo is the seismic moment, p (dyn/cm?) is the rupture strength of the materials along the fault,
A: (cm?) is the area of rupture and Aaverage (CM) is the average displacement on A:. Seismic moment
stands for a measure of the work done by the earthquake. The seismic moment of an earthquake is
typically estimated using whatever information is available to constrain its factors. For modern
earthquakes, moment is usually estimated from ground motion recordings of earthquakes, while for
earthquakes that occurred in the past before modern instruments were available, moment may be
estimated from geologic estimates of the size of the fault rupture and the displacement.

Moment Magnitude Scale (MMS) is used by seismologists to measure the size of earthquakes in terms
of the released energy. The moment magnitude (M) is based on the seismic moment of the earthquake,
which is equal to the rigidity of the earth multiplied by the average amount of slip on the fault and the
size of the area that slipped. The MMS was developed in the 1970s to succeed the 1930s-era Richter
magnitude scale. Even though the formulae are different, the new scale retains the familiar continuum
of magnitude values defined by the older one. Nowadays MMS is used to estimate magnitudes for all
modern large earthquakes by the United States Geological Survey. Moment magnitude is the most
accurate quantitative measurement of earthquake size based on instrumental measurement, as the
main difference to other empirical magnitude scales, such as the body wave and Richter local
magnitudes, is that it does not saturate. Saturation refers to the phenomenon where for strong
earthquakes the measured ground-shaking characteristics become less sensitive to the size of the
earthquake, than for smaller earthquakes (Kramer 1996).

7.2.2.3 Poisson model

The Poisson model provides a simple framework to evaluate the probabilities of events that follow a
Poisson process. This process yields values of a random variable describing the number of occurrences
of a particular event during a given time interval or in a specified spatial region. Poisson model possess
three main properties:

— the number of occurrences in a time interval are independent of the number that occur in any other
non-overlapping time interval;

— the probability of occurrence during a very short time is proportional to the length of time interval;
— the probability of more than one occurrence during a very short time interval is negligible.

These properties lead to the conclusion that events following Poisson model occur randomly with “no
memory” of the time, size or location of the event (Kramer 1996). The Poisson Model can be better
understood through a characteristic example. Assuming that during 20 earthquake events that have
occurred in a sampling period of 100 years, slip has occurred along a fault, recorded fault offset showed
that only two slip measurements exceeded &=1m, which is the fault offset magnitude of interest, while
the rest 18 slips were d<1m. In such case the rate of earthquake events is estimated as:

v =20/100 = 20 events per year (7-13)
The probability of fault displacement exceeding the value d=1m given an event happened is:
P(d>1m|event happend) =2 /20 =10% (7-14)

Then, the requested mean annual rate of exceeding the fault displacement d=1m is evaluated through
what is known as Poisson Filtering:
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A, (A >1m) = vP(A >1m|event happend) = 0.2 x 0.1 = 0.02 (7-15)

It is noted that the rate of events calculated in Eq. (7-13) would be more accurate if the sampling period
was 1000 years or even 10000 years for example.

Another characteristic example is that if the mean annual rate of exceeding fault displacement 6=1m is
A=0.00211, then fault displacement will exceed 1m averagely once in 475 years or with 10% probability
in 50 years.

7.2.2.4 Gutenberg — Richter Bounded Recurrence Law

Gutenberg and Richter (1944) used data from California earthquakes and divided the number of
exceedances of each magnitude by the length of the time period to define the mean annual rate of
exceedance Av, of an earthquake of magnitude m. The resulting law for earthquake recurrence is
expressed as:

Ay(m)=a—bm (7-16)

However, because the expression of Eq. (7-16) expands to an infinite range of magnitudes, an upper
(mu) and a lower (mo) bound are introduced in the Gutenberg — Richter Bounded Recurrence Law:

F(m) =P(M<m[M, <m<M, )= SXPL BN M) (7-17)

B 1 - eXp[_B(Mmax - Mmin)]

Even though the Gutenberg — Richter recurrence relationship is significantly important for the seismic
hazard analysis, it has been questioned by several researchers. However, Bommer (2002) states that
the real variation of ground-motion parameters can be plotted after records from accelerograph stations
are collected, following their operation for thousands of years. Then, the seismologists will be capable
to evaluate the hazard curves and decide whether they correctly predict the forthcoming earthquakes.
Therefore, the Gutenberg — Richter Law is the best available relationship to “predict” future earthquake
magnitudes.

7.2.3 PFDHA implementation for pipeline — fault crossing

The implementation of PFDHA for pipeline — fault crossings consists of four elements: (i) earthquake
magnitude, (i) surface rupture length, (iii) position of surface rupture length along the fault trace and
(iv) position of the crossing site. The earthquake magnitude stands as the key factor for describing a
seismic source. It ranges from a minimum value of engineering significance Mmin, assuming an
insignificant impact of lower values on hazard levels, to a maximum value Mmax as constrained by the
finite fault size. Acknowledging that different earthquakes may rupture fault lengths of different size,
the surface rupture length (SRL) along the fault trace is introduced as the second element. The third
element under consideration is the SRL position along the fault trace to determine whether the rupture
will intercept the pipeline (fourth element).

PFDHA is implemented using the total probability theorem, an example of which is Eq. (7-2), and given
the aforementioned considerations, Eq. (7-3) can be re-written to explicitly account for them:

AA(G):VZP(A>6|mi)PM(mi) (7-18)

where Pu(m;) is the probability of magnitude M falling within the i-th bin characterized by m; at its center.
P(A>&|m;) is the probability that the fault displacement A exceeds a defined value 9 at the crossing site,
given an earthquake of magnitude mi has occurred. Further discretization is needed for estimation of
this term. Discrete values of SRLs are simply defined as integer multiples of a minimum length that is
of engineering significance by relating SRL and Mmin via the expressions of Wells and Coppersmith
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(1994), while Wells and Kulkarni (2014) suggest to step the rupture length along the fault with a uniform
interval of 1km. Lacking better information, SRLs of the same size are considered to have equal
probability of rupturing. Therefore, every SRL size is accounted for at all possible locations Posk;, keeping
track of the cases where the rupture crosses the pipeline and thus contributing to the fault displacement
hazard. Finally, we also discretize the average or the maximum displacement of the entire fault rupture
are, FD. Further breakdown of probability P(A>d|m;) yields:

P(A>3|m)=>">"%"P(A>d]|SRL;FD,Pos, |P(SRL,,FD, | m)P(Pos, ) (7-19)
itk

The first term is the conditional probability of exceedance, where detailed calculations are carried out
over each combination, SRL, position of SRL relative to the crossing site and value FD. Given these
parameters, this term becomes magnitude-independent. The second term is the conditional joint
probability of the SRL and FD, given the magnitude. The third term, P(Posk;), estimates the probability
of SRL; position along the fault. Equal-length SRL; positions are assumed to be equiprobable and
independent of the magnitude and thus the probability function is substituted by 1/Nk, where Nk is the
number of potential SRL; positions considered. This conceptual algorithm applies for both the two
alternative approaches of PFDHA for estimating FD, namely the average displacement (AD) and the
maximum displacement (MD) approach that are used to normalize fault displacement data via empirical
expressions.

Regarding the correlation of SRL and FD in the second term of Eq. (7-19), the best known distribution
of SRL and FD comes from Wells and Coppersmith (1994) and allows the calculation of the probability
by correlating SRL and the estimate of maximum or average displacement (AD/MD) along its length.
This probability can be expressed as a joint lognormal function with positive correlation f(SRL,FD|m:).
Assuming that the discretization is sufficiently fine, the probability of SRL; and FD:x falling in a bin given
the magnitude m; can be approximated via a single PDF value at its center through the expression:

FDgtep SRLgep
FD, + 5 SRL; +T

Pio= [ [ f(SRL,FD, |m)dFDASRL = f(SRL,,FD, |m,)AFD ASRL (7-20)

FD, LD;@ SRL; 775RL25‘Q"

The sum of Pijt over j and k for all SRL; and FD: should equal one. Thus, to account for minor numerical
issues, the derived probability mass function approximation is appropriately renormalized as:

P(SRL,FD, | m,) = P

2P (7-21)
] t
Estimating the distribution of SRL; and FD: given an earthquake magnitude mi is based on the empirical
equations among fault characteristics proposed by Wells and Coppersmith (1994):

logSRL = a + bM see Table 7-1 (7-22)

logFD = a+bM see Table 7-2 and Table 7-3 (7-23)

where M is the earthquake magnitude, SRL (km) is the median estimate of surface rupture length, FD
is the median estimate of FD, while parameters a and b are listed in Table 7-1 and Table 7-2 for SRL
and FD, respectively.

However, Wells and Coppersmith (1994) state that regressions for reverse faults are not significant at
a 95% probability. Thus, Moss and Ross (2011) suggested the parameters listed in Table 7-3 for Eq.
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(7-23). Yet, fault displacement, either average, or maximum, is correlated according to the expression
after Wells and Coppersmith (1994):

llogSRL = a + blogFD see Table 7-4 (7-24)

Thus, by combining such information, function f(SRL;,FDtmi) is estimated as a multivariate joint
lognormal PDF using the mean values matrix and the covariance matrix:

Ch

HogSRL

(7-25)

|“|IogFD

lp|= 5 o (7-26)

2
c)-IogSRL plogSRL,Iog FDOIogSRLGIog FD
logFD

plogSRL,IogFDOIogSRL logFD

where the piogsrL is the log-mean value of SRL from Eq. (7-22), Miegrp is the log-mean value of FD from
Eq. (7-23), 0 1ogsre is the log-standard deviation from Table 7-1, oigro is the log-standard deviation from
Table 7-2 or Table 7-3 and piogsr,iogrp is the correlation coefficient from Table 7-4.

Table 7-1: Empirical equation coefficients for logSRL=a+bM (Wells and Coppersmith 1994)

slip type N events a b (o] p

strike-slip 43 -3.55 0.74 0.23 0.91
reverse 19 -286 0.63 0.20 0.88
normal 15 -2.01 050 0.21 0.81

Table 7-2: Empirical equation coefficients for logFD=a+bM (Wells and Coppersmith 1994)

FD slip type N events a b (o] p

AD  strike-slip 29 -6.32 090 0.28 0.89
AD reverse 15 -0.74 0.08 0.38 0.10
AD normal 12 -445 0.63 0.33 0.64
MD  strike-slip 43 -7.03 1.03 0.34 0.90
MD reverse 21 -1.84 0.29 042 0.36
MD normal 16 -590 0.89 0.38 0.80

Table 7-3: Empirical equation coefficients for logFD=a+bM (Moss and Ross 2011)

FD  slip type a b o p

AD reverse -2.2192 0.3244 0.17 0.62
MD reverse -3.1971 0.5102 0.31 0.52

Table 7-4: Empirical Equation coefficients for logSRL=a-+blogFD (Wells and Coppersmith 1994)

FD slip type N events a b (o) p

AD strike-slip 35 1.68 0.65 0.26 0.82
AD reverse 17 1.45 0.26 0.36 0.28
AD normal 14 1.52 0.28 0.17 0.59
MD strike-slip 55 149 0.64 0.27 0.86
MD reverse 21 1.36 035 0.39 0.38
MD normal 19 1.36 0.35 0.20 0.73

7.2.4 Fault displacement components

The classic PFDHA deals with the fault displacement magnitude and therefore neglects its distribution
into x/y/z spatial components. The fault offset in nature is three-dimensional, regardless the fault type.
However, usually one fault displacement component is sufficiently larger than the other two and
practically defines the fault type as normal, strike-slip or reverse. This fault displacement component is
the principal one. In case it is the vertical As, then the fault is normal or reverse and if it is the horizontal
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A1, the fault then is strike-slip (Figure 2-1 and Figure 7-1). Thereby, the distribution of fault displacement
components in 3D space is necessary to identify the fault type. Also, the pipeline structural response
due to faulting is directly related to the fault type; in addition to ubiquitous pipe bending, normal faulting
induces tension, reverse faulting introduces compression, while strike-slip faults can cause either of the
two depending on the geometry. Thus, the necessity emerges to incorporate the individual fault
components magnitude in the seismic hazard analysis. As there is not always sufficient data regarding
the fault components distribution a simple and approximate procedure is choosen, where the principal
component is uncertain, assuming a uniform (section 10.3) or normal distribution (section 10.4) within
75 to 90% of A (Table 7-5). Such distributions are reasonable assumptions to be re-evaluated if
adequate data become available in the future. The lower bound of 0.75A stands for a rational
assumption to ensure that the magnitude of the principal component is compatible with the fault type
and no other component will exceed the principal one. The upper bound of 0.90A is based on the
assumption that while a fault is characterized by the principal component, this in nature does not exclude
movement in the other two directions.

L "

Figure 7-1: Schematic illustration of fault displacement components

Table 7-5: Uniform and normal distribution parameters of the principal fault displacement component

o Parameters
Distribution Mean C.0.V. Lower bound Upper bound
Truncated normal 0.80A 0.20 0.75A 0.90A
Uniform - - 0.75A 0.90A

Thus, of the two independent components, A1 and As, the principal one for the given faulting type is
sampled according to Table 7-5. The other component is determined according to Egs (2-1) and (2-2)
given the fault displacement magnitude A. Then, a certain bookkeeping exercise is needed of discretizing
Aa(0) and distributing its constituents to bins of A: and As. This is facilitated by changing from the bins
of MAR of exceedance Aa to the bins of MAR of equaling, AAa(d):

D\, (8) = \AA (B+w)—A, (8~ w)\ =N\, (8—w)—A, (5+w) (7-27)

where 2w is the displacement bin width. It is noted that whereas the mean annual rate differential
dAa(d) is negative due to decreasing hazard with 8, AAa(d) is defined to be always positive. The method
becomes clearer if for example an oblique strike-slip fault (yw#0) is considered, where the principal
component is Ai. The MAR of equaling is then evaluated as:

DA, o, (3,,8;)= DA, (6)P(A1 (8) €[00, 6)

7-28
where 6\/6f+6§[l+#2 728

tan“y

where the range of the fault displacement A has already been discretized into a sufficiently large user-
specified number of bins [d1, &1,t+1], t=1,2,3,..Nbin in the fault displacement hazard calculation. The first
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term, ANy, is here estimated as the difference of the Aa at the bin edges. The second term is the
probability of A: falling in the t-bin for given fault displacement &, evaluated according to the distribution
of Table 7-5. For a given fault displacement & the probability of A; falling in the t-bin is evaluated from
the assumed uniform or normal CDF.

7.2.5 Seismic hazard uncertainty

Identification and quantification of uncertainties is integral to seismic hazard analysis, as a hazard curve
without considering the pertinent uncertainties is highly sensitive to the most severe of the alternative
models. It is thus necessary to incorporate in PFDHA all the pertinent quantifiable uncertainties.
Uncertainties are mainly divided into two categories that demand a distinct treatment and it is still a
good practice to keep them separate in order to allow the identification of key uncertainties, even though
this is not always easy:

— Aleatory uncertainty results from the inherent variability of the nature over time, e.g. randomness in
earthquake magnitude, fault location, ground motion, fault displacement, etc. Aleatory uncertainty
can difficultly be reduced due to its origin and in practice shapes the hazard curve. It is, also, directly
incorporated in hazard calculation and can be refined as the scientific knowledge improves.

— Epistemic uncertainty results from the inadequate understanding of nature and can in time be reduced
with better observations. Epistemic uncertainty is related to the earthquake, ground motion models
etc. that are adopted. In practical terms, epistemic uncertainty leads to alternative hazard curves
(Bommer and Scherbaum 2008).

Epistemic uncertainty is handled in seismic hazard analysis through logic trees, which are considered to
be the state-of-the-art tool to quantify and incorporate epistemic uncertainty (Bommer and Scherbaum
2008). The set-up of a logic tree includes the production of alternative models for various input variables
and then the assignment of weight factors to the different tree branches. After setting up a logic tree,
the hazard calculations are performed following each possible branch of the tree. Every branch leads to
the estimation of a hazard curve with the total weight factor of the branch being adopted as the product
of the weights of considered weights for the particular calculation. However, weight factors must be
chosen in such way that according to Abrahamson and Bommer (2005) are not frequently-based
probabilities and possess the following main four characteristics:

— their summation is one;
all possibilities are included in the corresponding events;

— they are defined for mutually exclusive events;

they represent the relative rate at which alternative events occur.

Epistemic uncertainties are handled within the seismic hazard analysis of the proposed methodology
through the formulation of a logic tree. An example of a potential three-level logic tree is illustrated in
Figure 7-2, where the seismic rate v, the maximum earthquake magnitude Mmax and the fault
displacement approach of PFDHA are considered to be uncertain. The seismic rate v (weights wv) is
the determining feature of a seismic source, where a mean value is usually provided. Unlike the
minimum magnitude Mmin that is chosen by decision, the maximum magnitude Mmax is usually under
question as provided by seismologists for the source under investigation. The PFDHA displacement
option (AD/MD) is also incorporated in the uncertainty analysis with weights wD..
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Figure 7-2: Hazard uncertainty logic tree for determining the fault displacement A hazard by considering seismic
rate v, maximum earthquake magnitude Mmax and the AD or MD referring to the two different approaches of
PFDHA

7.3 PIPELINE STRUCTURAL ANALYSIS

The performance assessment of pipes at fault crossings is based on the convolution of seismic hazard
results with pipe structural analysis results. The link that acts as an interface variable between the
seismologists and the structural engineers is the intensity measure (IM), which is an indicative quantity
of the magnitude of fault rupture. Typically, IM is a scalar variable, for example in building assessment
it could be Sa(T1). The structural engineer needs to estimate the structural response to given IM values
in pipeline — fault crossing assessment. An appropriate scalar IM could be the fault displacement A.
However, the distribution of fault displacement components in the three-dimensional space determines
the pipeline mechanical behavior. Therefore, the independent fault displacement components (A:,A3)
are selected as the vector IM (Bazzuro and Cornell 2002). Based on the assumption that the fault is
planar, components A: and As are fault displacement components that can fully describe the structural
model loading conditions. It should be noted that if the proposed methodology is to be extended to
encompass duration-dependent failure, such as low cycle fatigue, this IM will probable become
insufficient and require improvement.

Buried pipeline design against faulting is carried out in strain terms (section 2.2) and thus strains
obtained from pipe structural analysis are the appropriate Engineering Demand Parameters (EDP).
Strain demand (&dem) in terms of the maximum developing tensile and compressive strain can be
estimated using any available structural analysis procedure (section 2.3). Then, strain demand is
compared against strain capacity (€cp) through the strain hazard analysis to assess the potential of
failure, or in other words to perform the check for capacity exceedance:

E:dem S Ecap (7-29)

7.4 PIPELINE STRAIN HAZARD ANALYSIS

7.4.1 Framework of failure limit states

Performance assessment is carried out in order to quantify the potential of failure of a structure.
Engineers aim at characterizing a structure as completely as possible and thus define limit states (LS)
that have an actual meaning for the behavior of the structure. This procedure stands in practice as a
translation of the engineering aspects of EDPs to physical consequences. The violation of a limit state
is then triggered by the exceedance of capacity. For buried pipe — fault crossing two potential states
are defined within the ultimate limit state: (i) local buckling due to compressive strains and (ii) tensile
rupture due to tensile strains.

The pipeline strain hazard analysis proposed within the present study lies under the Performance-Based
Earthquake Engineering (PBEE) framework. PBEE was originally developed by the Pacific Earthquake
Engineering Research (PEER) Center and stands as an alternative to the well-established Load and
Resistance Factor Design (LRFD). The PBEE methodology is summarized into the Cornell — Krawinkler
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framing equation adopted by the Pacific Earthquake Engineering Research (PEER) Center (Cornell and
Krawinkler 2000) that can be written symbolically as:

ANDV)= [ [ [ G(DV | DM)[dG(DM| EDP)|dG(EDP | IM)|dA(IM)

DV EDP IM

(7-30)

where G(x|y)=P(X>x|Y=y) is the conditional complementary cumulative distribution function (CCDF) of
a random variable X given the value y of another random variable Y. In more detail, A(DV) is the MAR
of exceeding of the Decision Variable (DV), G(DV|DM) is the probability of the decision variable
exceeding specific values, given the state of damage measured by a Damage Measure (DM). Moreover,
G(EDP|IM) is the probability that the EDP exceeds these values given that the IMs equal particular
values. Changing the order of integrations on Eq. (7-30) can provide intermediate results (e.g. Miranda
and Aslani 2003). In particular, the integration of IM, as adopted hereinafter, provides the MAR of
exceeding the remaining variables, i.e. hazard curves. Furthermore, conditioning on IM leads to the
estimation of the fragility curve G(DM|IM) and G(DV|IM) is the corresponding vulnerability function. In
general, “vulnerability” refers to the loss measurements (e.g. casualties, monetary loss, downtime) and
should by no means be considered interchangeable to “fragility”, as the latter refers to a damage state
only.

Performance assessment of pipelines at fault crossings does not include loss assessment (DV is not
considered) and therefore, the generic Eq. (7-30) can be simplified to:

Ms = [ G(EDP| IM)|dA(IM) (7-31)

where LS is the event EDP>EDP.p and EDPs are the tensile and compressive strains, the intensity
measure (IM) is the vector of the fault components A: and As and G(EDP|IM) represents the probability
of exceeding values of the EDP given the vector IM, defining a fragility surface. Thus, the conceptual
Eq. (7-31) becomes a double integral over the two IM components for a pipeline — fault crossing:

)\IS = )\sdem>sCap = f L/\P(Edem > Ecap | 51’63>d)\A1,A3 (51’63> (7'32)
0 0

where dAa1,a3(01,03) is the mean annual rate differential of fault displacement components obtained
from Eq. (7-28) and P(gdem>€cap|01,03) is the probability of strain demand exceeding strain capacity
estimated for given/specified values 81, &3 of the fault components, i.e. the fragility function. The fragility
function describes the vulnerability of the pipeline to experience seismic damage and here in particular,
fault rupture. It is noted that in the present work, the fragility is estimated on the basis of numerical
data, as Meslem et al. (2015) suggest for buildings, and refers to the entire pipeline structure, while
individual pipe components’ failure is not addressed. For the sake of completeness, the symbolic
definition of the fragility function Fis(IM) is:

Fs (IM)=P|[LS is violated | IM| or F (IM) = P[Demand > Capacity | IM| (7-33)

provided that the LS violation is defined through the event [Demand>Capacity].

Then, the integrals of Eq. (7-32) through appropriate discretization are substituted by easier-to-compute
summations:

As = Z ZP<£dem > Eap | 61,i’63,j)A)\A1,A3 (51,1163,1‘) (7-34)
i

Limit state assessment can incorporate the uncertainty of both strain demand and strain capacity. The
simpler case of course is to treat both as non-random variables by neglecting the uncertainty, regarding
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the structural model parameters (demand) and the code-based limits (capacity). It is noteworthy that
for buried pipelines at fault crossing there is no appreciable “record-to-record” variability in practice (i.e.
dispersion of EDP given IM), compared to the usual procedure in building assessment (e.g. Vamvatsikos
and Cornell 2002). In other words, given the intensity measure values A: and As, there is little
uncertainty in the level of pipeline demand that is not model-related in contrast to building assessment
studies. The reason is that a pipeline subjected to a given level of imposed ground displacement at a
well defined crossing position as assumed herein, represents a much more certain loading condition
compared to a building subjected to an accelerogram of which only the spectral accelaration is known.
Thus, variability in demand given the fault displacement components is derived mainly from the model
uncertainty (e.g. soil properties) that is not easy to quantify and thus it may not by unusual to assume
that strain demand is practically deterministic given fault displacement components A: and As. Finally,
code-based strain limits (section 2.2.2) are adopted for defining the strain capacity.

The strain hazard curves can also be constructed using the general Eq. (7-34). Strain hazard curves are
a useful visual tool for understanding the pipeline performance and the probabilistic estimation of a
potential pipeline failure by comparing strain demand and strain capacity. The first step is to estimate
strain demand for every combination of fault displacement components. A useful strategy for
computational efficiency is to perform pipeline structural analysis that convey the entire range of pipeline
response, from no damage to leakage or rupture, akin to an Incremental Dynamic Analysis (Vamvatsikos
and Cornell 2002). Secondly, the strain hazard curves are constructed by considering the results through
the IM. A range of tensile (€t) and compressive strains (&) is thus selected by the engineer to cover the
anticipated range of the demand values. Strain values are then sufficiently discretized into a number of
bins and the strain hazard surface is calculated by summing the MAR of equaling values corresponding
to tensile and compressive strains that cause exceedance (failure).

7.4.2 Estimation of limit states

7.4.2.1 Limit states with deterministic demand and capacity

Considering the special case for strain demand and capacity being non-random variables, the fragility
function of Eq. (7-34) becomes a step function:

0, €
1, ¢

em < £ca
P(E > Ecap | 61,i’63,j) = ’ i (7'35)

dem

dem > Ecap
The mean annual rate of equaling AA(gc.€t) for strains that fall within each bin is then estimated via the
expression:

DA, (g, )= ZZP(EC'” clle]and g, €Ife])AN, 4 (8,,,3;;) (7-36)
i

where & and & are the strain estimates for concurrent displacement components 81, and 83, while
I[ec] denotes the interval [ec—cw, &+cw], where cw is the bin width for discretizing compressive strains
and I[&]=[et tw, e+tw], where tw is the bin width for discretizing tensile strains. For non-random demand
and capacity, the MAR of equaling AA«(ec€t) given € and &t is practically estimated by summing the MAR
of equaling values for strains that fell within the failure region.

7.4.2.2 Limit states with deterministic demand and uncertain capacity

Considering the demand as deterministic and the capacity as uncertain, the fragility function of Eq.
(7-34) yields:
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N 1
P (Edem cap I 61 |’63 ]) Z N (7'37)

n=1

1, €

{0 EL:Iem < Ecapn

dem cap n

where the capacity distribution is discretized into N equiprobable points €ap,n using, for example,
stratified or random sampling.

7.4.2.3 Limit states with uncertain demand and capacity

Finally, considering the general case for both demand and capacity being uncertain parameters, the
fragility function of Eq. (7-34) becomes:

+00

P (Edem cap | 61 i 63 ]) f ( dem (61 i’ 63 ]) cap | 61 i’ 63 B cap) (scap) dscap (7_38)

0

Using then a sufficiently fine discretization, the integral of Eq. (7-38) can be replaced by summations
over N equiprobable &cap,n values:

N
P (Edem > Ecap | 61,i’ 63,j) = Z P (Edem (61,i’63,j) cap n | 61 |’6 3,j! Ecap,n) / N (7'39)

n=1

The first term of Eq. (7-39) is essentially the cumulative distribution function of €¢em evaluated at given
values of sampled capacity €ap,n. For example, assuming that demand follows a lognormal distribution,
the probability can be expressed as:

| 5,,5,,)—Ing,, .
P(€dem (81,1855) > Ecap 18111835/ € ) = ® NEgen (81/835) ~ INEqy (7-40)

olnsdem

7.5 CASESTUDY 1

As a case study to demonstrate the performance assessment methodology a typical API5L-X65 high-
pressure natural gas transmission pipe is investigated, featuring an external diameter of D=914mm and
a wall thickness of t=12.7mm. The pipe steel is assumed to follow a bilinear stress-strain material law
and the properties are presented in Table 6-1. Moreover, the pipe is coated with coal-tar and buried
under 1.30m of medium-density cohesionless (c=0kPa) sand with internal friction angle ¢p=36° and unit
weight y=18kN/m?3.

The pipeline is considered to be intercepted by a normal fault with fault trace length LF=40km, pipe
crossing site at distance L,=10km from the fault closest edge, fault dip angle y=70° and pipe — fault
crossing angle B=80°. The assumed seismological parameters of the fault and the corresponding
uncertainty weight factors are listed in Table 7-6 and the minimum earthquake magnitude under
consideration is Mmin=4.50.

Table 7-6: Seismological parameters and uncertainty weight factors considered in case study 1

Parameter Weight factor Parameter Weight factor Parameter Weight factor
v1=1.60 wv1=0.30 Mmax,1=7.00 wM1=0.25 AD approach wD1=0.50
v2=2.00 wv2=0.40 Mmax,2=7.20 wM2=0.25 MD approach wD2=0.50
v3=2.40 wv3=0.30 Mmax,3=7.40 wMs=0.25

7.5.1 Seismic hazard analysis

The mean fault displacement hazard curve at the pipeline crossing site is illustrated in Figure 7-3a. The
descending curve shape is predictable, as the lower the fault displacement is, the higher is the mean
annual rate of exceeding. The dispersion around the mean hazard curve is shown in Figure 7-3b together
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with the plus/minus one standard deviation curves. The significant dispersion that is identified in Figure

7-3b depends on the selected seismological parameters and mainly the seismic rate v considered in this
case study.
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Figure 7-3: (a) Mean fault displacement hazard curve on pipeline crossing site, (b) mean fault displacement
hazard curve and its dispersion

The MAR of equaling surface of the independent fault displacement components A; and As is presented
in Figure 7-4. This surface can be used by engineers to evaluate the rate of components reaching a
specific value with reference to the fault type and the fault displacement magnitude. Additionally, the
MAR of equaling surfaces for displacement components Ai-A> and A2-As are presented in Figure 7-5.
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Figure 7-4: Mean annual rate of equaling surface for the independent fault displacement components A:-Asz
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Figure 7-5: Mean annual rate of equaling surface for the dependent fault displacement components (a) Ai-A2 and
(b) Ax-As3

The conditional probability of exceeding fault displacement is the spine of PFDHA and within it the
normalization of fault displacement values can be carried out using either the average displacement
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(AD) or the maximum fault displacement (MD). The identification of the AD versus MD approach impact
on Aa calculation is crucial. Thus, it is illustrated in Figure 7-6 that in this case the AD approach generally
leads to higher rates than MD, while the AD approach curve has lower slope for the case study area.
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Figure 7-6: Mean fault displacement hazard curve adopting the AD versus the MD approach

Furthermore, in Eurocode 8 — Part 4 (European Commitee for Standardization 2006) two limit states are
introduced for buried pipelines: the Ultimate Limit State (ULS) related to 10% probability of exceedance
in 50 years and the Damage Limit State (DLS) with 10% probability of failure in 10 years. The
corresponding maximum allowable limit state rates are Aus=0.0021 and Ao.s=0.0105, respectively. For
the example under investigation, the rates of limit states correspond to fault displacement duis=1.39m
and dus=0.38m, respectively. Disaggregation on earthquake magnitude is then performed to identify
the contribution of earthquake magnitude to each limit state, assuming a maximum earthquake
magnitude Mmax=7.20. The earthquake magnitude contribution to seismic hazard is evaluated through
the simplified form:

P(M 18) = A, (81m) /A, (8) (7-41)

where P(mi|®) is the probability of earthquake magnitude mi given displacement 8, Aa(&|mi) is the MAR
of exceeding fault displacement & given magnitude mi and Aa(d) is the MAR of exceeding fault
displacement considering all earthquake magnitudes. The disaggregation results on earthquake
magnitude are presented in Figure 7-7 where the magnitude values are plotted on the horizontal axis
and the magnitude probability on the vertical axis. It is highlighted in Figure 7-7 that earthquake
magnitude 6.88 contributes more to ULS, while magnitude 6.54 contributes more to DLS.
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ULS

0.03 =mmememmes

Figure 7-7: Disaggregation results on earthquake magnitude regarding the Eurocode 8 limit states

7.5.2 Pipeline structural analysis

Pipeline structural analysis provides the maximum developing tensile and compressive strain demand
anywhere along the modeled length, without attention to its location. The numerical analysis of the
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pipeline is carried out according to section 6.2. The pipeline response is shown in Figure 7-8 in terms of
tensile and compressive strain demands. Failure modes such as local buckling and tensile rupture, are
generally not correlated, as soil resistance, pipe — fault crossing angle, fault type and fault offset
magnitude heavily affect pipeline structural response and the case of maximum tensile and compressive
strain coexistence at the same location along the pipeline is rather rare. The pipeline response in terms
of tensile and compressive strains is provided in Figure 7-8 within a wide range of the independent fault
displacement components A: and As. It is, however, more efficient to perform a set of structural analyses
for the combination of fault displacement components that are consistent with the geometry of the
pipeline — fault system for the fault crossing under investigation. Thus, the structural response of interest
is enclosed by the marked sector in Figure 7-8, given that other combinations of fault displacement
components are physically impossible for this case study. As the pipeline is subjected to large offsets of
normal faulting, tension dominates the pipe response and consequently compression is limited.
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Figure 7-8: Pipeline structural response — (a) tensile strain demand and (b) compressive strain demand

7.5.3 Pipeline strain hazard analysis

Strain hazard is the combination product of seismic hazard and structural analysis results. Seismic hazard
results, within the scope of case study 1, are represented by their mean values, accounting also for all
pertinent uncertainties. The rates of failure mode limit states can be estimated by considering strain
demand and/or capacity being either deterministic or probabilistic. In case of uncertain strain capacity,
within the proposed methodology the capacity is assumed to be normally distributed with the
corresponding parameters being listed in Table 7-7. The compressive strain limits, especially, have been
extracted from experimental results of pipes subjected to bending without considering the effects of
surrounding soil, which neglect its beneficial effect. The compressive limit equations are in practice
enveloping curves and are extracted from data regression on the side of safety. Thus, compressive
strain limits might be quite conservative and therefore the existence of 20% bias is assumed between
the real mean value of the experimental results and the code expression. The assumed bias is based
on judgement on results from Gresnigt and Karamanos (2009). The probabilistic demand is then
assumed to follow a lognormal distribution with 30% dispersion, mainly due to soil randomness. The
obtained limit states rates are finally listed in Table 7-8 considering both the operable limits and the
pressure integrity limits after American Lifelines Alliance (2005).

Table 7-7: Probabilistic strain capacity uncertainty parameters
Operable limits Pressure integrity limits

Parameter Tensile Compressive Tensile Compressive
Mean value Eqg. (2-8) Eq. (2-4) Eqg. (2-9) Eqg. (2-5)
C.0.v. 20% 20% 20% 20%

Assumed bias - 20% - 20%
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Table 7-8: Mean annual rate of exceeding tensile fracture and local buckling limit states by considering demand
and capacity being either non-random or random

Operable condition Pressure integrity
Demand Capacity Equation Aist ALs.c Aist Ais,c
non-random  non-random (7-34) - (7-36) 0.0025 0 0.00076 0
non-random random (7_327)'24()7’_37) 0.0026 0 0.00084 0
(7-34), (7-36), 0.0027 2.83x107 0.0093 1.69x1018
random random

(7-39) — (7-40)

Assuming firstly that strain demand and capacity are deterministic and equal to the mean values of
Table 7-7, the MAR of equaling strains after Eq. (7-35) is plotted in Figure 7-9, which shows that
compressive strain demand remains sufficiently below the code-based limit, while tensile strain demand
may exceed the corresponding limit for this tension-dominated setting.
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Figure 7-9: Contours of tensile and compressive strain mean annual rate of equaling (deterministic demand and
capacity)

The decomposition of Figure 7-9 for tensile and compressive strains mean annual rates of equaling
yields Figure 7-10. The MAR of equaling strain curves are similar to marginal probability mass functions
and provide the mean annual rate of strain reaching a defined value. The corresponding hazard curves
for tensile and compressive strains appear in Figure 7-11.
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Figure 7-10: Tensile and compressive strains mean annual rate of equaling (deterministic demand and capacity)
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Figure 7-11: Tensile and compressive strains hazard curves (deterministic demand and capacity)

The pipeline fragility surface for tensile fracture is depicted in Figure 7-12, where the probability of
strain demand exceeding strain capacity after Eq. (7-40) is plotted versus the selected vector intensity
measure, i.e. the independent fault displacement components A; and As. On the other hand, the local
buckling probability has been shown to be very low and the corresponding fragility curves cannot provide
useful information. It is noted that in general local buckling is an essential pipeline failure mode.
However, the pipe response in the examined case is mainly tensional due to the following facts: (i) the
considered fault dip angle is w=70° that is often found in nature (Abers 2009); this angle leads to
increased pipe tension rather than bending, in contrast to the case of y=90°, where pipe is subjected
mainly to bending, (ii) the considered pipe — fault crossing angle is B=80°, which indicates that the pipe
is subjected to tension apart from bending and (iii) the fault investigated is of normal type but there is
also fault movement along the fault plane, i.e. the fault-parallel horizontal component (Figure 2-1) is
not zero.
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Figure 7-12: Cumulative probability of tensile fracture (random demand and capacity) for (a) operable limits and
(b) pressure integrity limits, the crosses indicate the physical possible combinations for given pipeline — fault
geometry

7.5.4 Deterministic versus probabilistic approach

Pipeline design against tectonic fault rupture is usually carried out in a deterministic way. It is thus
essential to demonstrate the differences between the common analysis procedure (deterministic) and
the probabilistic approach that is presented in the present study. In order to obtain qualitative and
quantitative understanding of the way that each method handles the pipe assessment, the three step
procedure followed in the probabilistic approach will be considered also in the deterministic one.
Therefore, the first step is the estimation of the seismic load, i.e. the fault offset magnitude. The usual
procedure employs empirical expressions using geometrical characteristics of the fault. Herein, the fault
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rupture length equals 40km and the fault offset for normal faulting is estimated after Wells and
Coppersmith (1994):

log (Aaverage) = —1.99 +1.24log (SRL) (7-42)
which is the median estimate of the average fault displacement, which is selected based on the
suggestions of Wells and Coppersmith (1994) based on the fact that the location of the maximum fault
displacement is improbable to occur at the pipe crossing. SRL is assumed to be equal to the entire fault
length as only a single scenario of fault rupture is considered. Therefore, the median estimate of the
average fault displacement according to Eq. (7-42) yields 0.99m. For additional safety, the 84% estimate
of 2.33m may be used (Cornell 1993). Proceeding to the second step, namely the pipe structural
analysis, the principal fault displacement component As is assumed to equal the corresponding upper
bound of Table 7-5 with respect to fault offset magnitude, while the other two components are estimated
via Egs. (2-1) and (2-2). Thus, the obtained fault displacement components are A;=1.51m, A>=0.76m
and As=2.09m. The maximum longitudinal tensile strain obtained from structural analysis is 3.39% and
the compressive one is 0.13%. Without introducing any additional safety factors to add conservatism,
it is easily concluded that the pipe will fail as 3.39%>2% by considering the operable limit and will not
fail as 3.39%<4% by considering the pressure integrity limit (Table 7-7). Perhaps this result could be
considered as a useful check for design purposes, yet it will surely lead to a highly conservative and
expensive design. In other cases, it would be the exact opposite, as unknown level of safety is offered.
On the other hand, the probabilistic approach, when done correctly, offers the desired compromise
between cost and reliability.

7.6 CASE STUDY 2

The second case study aims at illustrating the performance assessment methodology for pipelines at
fault crossings as an engineering decision making tool. A simplified version of the methodology is used
by considering a buried pipeline being subjected to strike-slip fault rupture, where slip occurs along the
vertical fault plane and consequently it states that A=A: and A>=A3=0 (Figure 2-1). A continuous pipeline
(abbreviated as CP), a pipeline with two (abbreviated as 2PFJ) and a pipeline with four flexible joints
(abbreviated as 4PFJ) are investigated (Figure 7-13). It noted that the flexible joints in 2PFJ are located
at distance Lj and in 4PF] at distances L; and Lj/2 on each side of the fault, according to the procedure
presented in section 6.3.1. Pipeline characteristics are presented in section 7.5.

cP Q 9
2PF1 @ ™ m )
4PF : : Q

Figure 7-13: Continuous pipeline (CP), pipeline with two (2PFJ) and pipeline with four flexible joints (4PFJ)
considered in case study 2

A pipeline — strike-slip fault crossing is considered with fault trace length LF=40km and fault dip angle
w=70°, while the pipeline intercepts the fault trace in distance L,=10km with crossing angle =90°
(Figure 2-1). The seismological and uncertainty parameters considered in this case study are
summarized in Table 7-9, while the minimum earthquake magnitude under consideration is Mmin=4.50.
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Table 7-9: Seismological and seismic hazard uncertainty parameters considered in case study 2

parameter  weight factor parameter  weight factor parameter  weight factor
v1=1.10 wv1=0.30 Mmax,1=7.1 wM:=0.20 AD approach wD1=0.50
v2=1.20 wv2=0.40 Mmax,2=7.2 wM2=0.60 MD approach wD2=0.50
v3=1.30 wvs=0.30 Mmax,3=7.3 wM3=0.20

7.6.1 Seismic hazard analysis

The mean fault displacement hazard curve is shown in Figure 7-14, where the descending curve shape
is predictable, as the lower the fault displacement is, the higher is the mean annual rate of exceedance.
It is noted that for the purpose of this case study, seismic hazard results are represented by their mean
values accounting also for all pertinent uncertainties.

However, for a pure strike-slip fault, fault displacement A equals the principal fault displacement
component A1 (A=A1) and consequently their MAR of exceedance are equal:

M (8)=A, (6, (743

Therefore, for the considered case, the calculation of the fault displacement component hazard surface
(section 7.2.4) is not applicable.
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Figure 7-14: Mean fault displacement hazard curve on pipeline crossing site

7.6.2 Pipeline structural analysis

The pipeline structural analysis is carried out by employing the finite element model presented in section
6.2, using the finite element software ADINA (ADINA R&D 2006). The flexible joints are integrated in
the pipelines in locations according to the procedure of section 6.3.1. The strain limits after American
Lifelines Alliance (2005) for the pipelines under investigation are &icap=2% and &ccap=0.39%,
corresponding to operable conditions (section 2.2.2). Numerical results regarding the developing strains
from a single analysis, where the pipe is subjected to 1.83m of fault offset, are presented as an indicative
example. The continuous pipeline (CP) is compared against the pipelines with flexible joints (2PFJ and
4PFJ). The pipeline displacements are illustrated in Figure 7-15, indicating a smooth curved shape for
CP, while 2PF] and 4PF] follow a piece-wise linear shape.

The effectiveness of joints in terms of drastically decreasing bending moments is shown in Figure 7-16a
where the bending moment distributions are plotted. On the other hand, from the axial force
distributions (Figure 7-16b), a minor increase in axial force is reported.

The distributions of longitudinal tensile and compressive strains are presented in Figure 7-17, revealing
a significant decrease achieved by the introduction of flexible joints. The strains are concentrated at the
joints, so that much lower strains are developed along the pipe steel parts, reducing the overall risk of
failure.
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Figure 7-15: Deformation of continuous pipeline (CP) and pipelines with two (2PFJ) or four (4PFJ) flexible joints
subjected to 1.83m fault offset
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Figure 7-16: (@) Bending moment and (b) axial force distributions of continuous pipeline (CP) and pipelines with
two (2PFJ) or four (4PFJ) flexible joints subjected to 1.83m fault offset
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Figure 7-17: Longitudinal (a) tensile and (b) compressive strain distributions of continuous pipeline (CP) and
pipelines with two (2PFJ) or four (4PFJ) flexible joints subjected to 1.83m fault offset

7.6.3 Strain hazard analysis

The mean annual rate of exceeding the tensile and compressive limit states is estimated using the
general Eq. (7-34). For the case of strike-slip faulting it applies that A=A: and therefore, considering
that tensile rupture and local buckling are not correlated failure modes, Eq. (7-31) is simplified to:

)\ LSt = EZE P (Edem > Et,cap) A)\z—: (EC ! Et) (7_44)
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)\Is,c = Zp(sdem > Ec,cap) A)\s (Ec’st) (7-45)

€&

Additionally, for the two limit states of tensile and compressive failure, respectively, the strain hazard
analysis is carried out considering strain demand and capacity as non-random variables. So, the strain
results of structural analysis are formalized as deterministic function of fault displacement 4, i.e. e&i=h(A)
and e.=h(A), then Egs. (7-44) and (7-45) can be simplified to:

)\ LSt = )\A (hil(et,cap)> (7'46)

)\LS,C = )\A (h71 (Ec,cap)) (7_47)

Strain hazard analysis yields the tensile and compressive strain hazard curves of Figure 7-18a and Figure
7-18b, respectively. The hazard curves indicate that developing strains of CP exceed the code-based
tensile limit of 2% and the compressive limit of 0.39%. The mean annual rate of exceeding compressive
and tensile limit states for CP is Aist=8.46x10* and Ais,c=40.94x10*, respectively. These may be
compared against a 10% probability of failure in 50 years, or equivalently a mean annual rate of
exceedance equal to A=21x10"*, Tensile failure is expected to occur less frequently, which is acceptable
at this desired level of safety (operable limits), while compressive failure will occur about twice more
often than allowed. Obviously, a more stringent safety requirement, e.g. 2% in 50 years would make
the design more conservative for both failure modes. On the other hand, the corresponding tensile and
compressive strains of pipelines with either two or four flexible joints are much lower than the code-
based limits, and thus the corresponding MAR of exceeding limit states are negligible. In general, strain
curves demonstrate the significant reduction of strains due to the introduction of flexible joints, as the
developing strains on pipe steel parts are substantially decreased.
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Figure 7-18: (@) Tensile and (b) compressive strain hazard curves for the three pipeline models (CP: continuous
pipe, 2PFJ and 4PFJ: pipes with flexible joints)

7.7 CONCUSIONS

A methodology for performance assessment of buried pipelines at fault crossings is presented. The
seismic hazard analysis is performed at first through an indirect method to quantify the probabilistic
nature of fault movement by implementing the Probabilistic Fault Displacement Hazard Analysis
(PFDHA). The PFDHA conceptual algorithm for pipeline — fault crossing accounts for all pertinent
seismological parameters and includes the probability of the fault rupture intercepting the pipeline.
Epistemic uncertainties are handled through a typical logic tree formulation. The fault displacement is
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then decomposed to the corresponding components in the three-dimensional space. Fault components
are selected as the vector intensity measure to consider the impact of components displacement on the
pipeline mechanical behavior. The fault offset decomposition is a dominant aspect of the process as it
allows the engineer to incorporate a wide range of spatial fault movement values in the seismic hazard
analysis, which is crucial to assess the pipeline behavior due to faulting in light of the uncertain fault
movement in nature. A simple and approximate procedure is also introduced to estimate the principal
fault displacement component with respect to the fault type being strike-slip, normal or reverse. Pipeline
structural analysis is then performed to account for the effect of fault displacement components on the
pipeline and estimate the model demand in terms of maximum developing tensile and compressive
strains. Structural analysis can be performed either analytically or numerically. Finally, the convolution
of seismic hazard and structural response yields the joint hazard surfaces of tensile and compressive
strains. Strain hazard surfaces provide all the necessary information regarding the potential of failure
due to local buckling or tensile rupture. Furthermore, expressions are presented for estimating the
corresponding rates of failure limit state, considering accordingly demand and capacity uncertainty.

Finally, two case studies are presented to illustrate the application of the proposed methodology. In the
first case study, a complete application of the methodology is presented by dealing with a continuous
pipeline subjected to normal faulting, where slip occurs in three dimensions. The results of the seismic
hazard analysis are discussed at first regarding (i) the dispersion around the fault displacement mean
hazard curve, (ii) the effect of the average versus the maximum displacement option of PFDHA on the
fault displacement hazard curve and (iii) disaggregation results on the earthquake magnitude in
Eurocode 8 limit states. Thereafter, the pipeline structural response is shown in terms of tensile and
compressive strain demand. Finally, strain hazard analysis results are examined by considering strain
demand and capacity as non-random or random variables. In each case the tensile rupture and local
buckling rates of failure are presented, indicating the effect of demand and/or capacity uncertainty on
the corresponding rates of failure. In the second case study, a simplified version of the methodology is
used by considering a strike-slip fault, where the principal fault displacement component equals the
fault displacement. The response of a continuous pipe is compared to those of two pipes with flexible
joints. The strain hazard analysis does not consider demand and capacity uncertainty. The scope of the
case study is to demonstrate the performance assessment methodology as an engineering decision
making tool. For that purpose, strain hazard curves for tensile and compressive strains are constructed.
They are useful visual tools, used by the engineers to assess the effectiveness of flexible joints in
mitigating the consequences of faulting on buried pipelines by comparing the rate of a potential failure
for every case. It is noted that failure modes associated with the flexible joints themselves were not
considered in the analysis.

Part of the work presented in this chapter has been submitted for publication (Melissianos et al. 2016c).
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8 SUMMARY AND CONCLUSIONS

8.1 EXTENDED SUMMARY

Objective of the present doctoral thesis is the investigation of the behavior and the formulation of
practical guidelines for the design of onshore, buried steel pipelines transmitting oil and gas, subjected
to seismic fault rupture and equipped with flexible joints as innovative mitigating measure against the
consequences of faulting. To that effect, a combined experimental and numerical approach is adopted
and a performance assessment methodology for pipelines at fault crossings is developed.

Buried steel pipelines transporting oil and oil products are among the most vital links of the energy
supply chain and their contribution to the economy is significant. Pipelines extend over long distances,
connecting oil rigs and oil consumers, and they transverse territories with various geological conditions.
Thus, crossing seismic areas that are prone to large ground displacements, such as due to landslides,
tectonic fault ruptures and ground settlements, may be unavoidable. Reports after major past
earthquake events have demonstrated that the dominant geohazard causing severe damage to pipelines
is fault rupture. If a tectonic fault is activated, a buried pipeline crossing the fault is forced to follow the
ground movement, thus developing deformations and stresses, having bending, shear and axial
components, depending on the relative orientation of the pipeline with respect to the fault plane and
the fault dip angle. In such cases, the most common failure modes of the pipeline are local buckling of
the pipeline wall caused by significant compression and tensile weld fracture due to developing tension.
The pipeline design against fault rupture is carried out in strain terms, given that the problem is
displacement-controlled. Hence, pertinent design codes provide expressions of allowable upper bounds
for the compressive and the tensile strains. The safety evaluation of buried pipes is thus carried out by
ensuring that the developing strains remain below the code-based limits, in order to avoid local buckling
and/or tensile failure.

Analysis and design of buried pipelines at fault crossings is a highly nonlinear problem that is governed
by the pipe — soil interaction. Pipe response to ground movement differs from that of common civil
engineering structures. The latter are founded in the soil and in case of an earthquake event, their
foundation follows the ground motion and their superstructure is excited due to inertia. Buried pipes,
on the other hand, are embedded in a trench, a few meters below the ground surface, and consequently,
when a fault is activated, the pipe is forced to follow the ground movement, thus developing excessive
deformation. Research on the assessment of buried pipeline response due to fault rupture through
experimental, analytical and numerical studies is extensive.

Even though the grave environmental, social and economic losses (e.g. environment rehabilitation,
human injuries, fuel flow interruption, pipe repair, etc.) of a pipe rupture necessitate the implementation
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of appropriate seismic countermeasures in order to minimize the consequences of fault activation and
the potential of pipe failure, pertinent research on mitigating measures is relatively limited. In
engineering practice, a variety of measures is used nowadays, whose primary aim is the reduction of
the developing friction on the pipe — soil interface (e.g. trench backfilling with loose granular soil, pipe
wrapping with friction-reducing geotextile, use of concrete culverts), or the increase of the pipe strength
(e.g. steel grade upgrade, pipe wall thickness increase). However, the range of application of these
measures is not broad (e.g. maximum allowable fault offset magnitude with respect to pipe diameter),
while their efficiency has not been fully quantified considering also that reliable estimation of soil
properties is inherently difficult.

Flexible joints are proposed as an innovative mitigating measure and are introduced along the pipeline
in the fault vicinity, aiming at absorbing the developing deformation through relative rotation between
adjacent pipeline parts, which then remain relatively undeformed and consequently unstressed. This
concept introduces a different design approach for reducing the risk of local buckling and/or tensile
failure, by transforming the pipeline structural system from continuous to segmented, thus
concentrating strains at the joints, instead of reducing the soil-induced friction. Flexile joints are
mechanical products used in industrial piping networks to absorb thermal expansion, machinery
vibration and thrust and also as connecting devices between the adjacent parts of segmented pipelines.
The main type of commercially available flexible joints are the expansion joints, the ball joints and the
bellows. The first two types, namely expansion and ball joints have been studied by numerous
researchers as possible mitigating measures for low pressure water and sewer pipelines, while their
behavior in segmented pipes subjected to ground movement has been also investigated. However, all
pertinent research carried out until now has not considered the case of high-pressure oil and gas pipes
subjected to fault rupture, while bellow-type joints have not been examined. Following a study on the
properties of commercial flexible joints, it was concluded that the appropriate type of joint for buried
high-pressure pipes under faulting applications is the metallic bellow-type and in particular the single or
the hinged bellow, with the latter being suggested for pipes under very high pressure. It is noted that
for application of bellow-type joints in buried oil and gas pipes, formulation of specifications regarding,
among others, the pipe — joint welding, joint protection against corrosion and external damage and joint
contribution to pipeline operability is necessary.

Various methodologies, mainly analytical, have been proposed for the analysis and seismic evaluation
of segmented pipelines subjected to seismic fault rupture. However, these approaches have been
developed for pipes, in which the adjacent segments are connected with flexible joints that are not of
bellow-type and do not ensure the pipe continuity. The assumptions used in these approaches on the
one hand are suitable for preliminary design only and not for final design, and on the other hand are
not applicable for bellow-type joints. Aiming at contributing towards filling this gap, the behavior of
buried pipelines with flexible joints has been addressed numerically in the context of the present thesis.

In this thesis, the design and execution of a series of experimental tests of four circular hollow section
beams, three continuous and one with flexible joints (single bellow-type), are initially presented. The
specimens were clamped at their ends and subjected to transversse displacement applied at the middle,
in three-point displacement-controlled bending tests. The test layout was selected so that the deformed
shape of each half resembles the s-shaped deformation exhibited by a pipe subjected to strike-slip fault
rupture. The effect of the surrounding soil was not considered, which is also the case in pertinent
experimental studies published in the literature for the strength evaluation of pipes. The test results for
the continuous specimens and the specimen with flexible joints are presented by means of photographs
at various displacement levels, as well as load — displacement and strain — displacement curves. The
continuous specimen’s behavior was found to be initially elastic, up to the formation of plastic hinges at
the locations of maximum bending moment and the post-yielding response was governed by material
nonlinearity. The global response of the continuous specimen was that of a fixed beam under
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transversse displacement at the middle and the deformation was in the form of an s-shaped curve. On
the contrary, the response of the specimen with flexible joints was fully elastic and the deformation was
segmented, characterized by large rotations at the joints. Based on the comparison of experimental
results, the effectiveness of flexible joints in reducing the developing longitudinal strains by three orders
of magnitude and thus efficiently protecting the pipe against failure has been convincingly
demonstrated.

Next, numerical modeling of the experimental tests with the finite element method is presented, aiming
at predicting the specimens’ behavior and extracting useful remarks for the subsequent stages of the
research. The continuous specimens were meshed with both beam and shell elements, while their
boundary conditions were assumed to be rigid, following an investigation on the effect of stiffness of
the specimen — testing frame connection to the specimen’s behavior. Additionally, the effect of
longitudinal residual stresses due to seam-welding of the specimen at the manufacturing stage, adopting
stress distributions published in the literature, was incorporated in the shell models by discretizing the
section into appropriate zones, each of which had different initial stress. It was concluded that if
geometrical and material nonlinearity, as well as longitudinal residual stresses due to seam-welding, are
included in the analysis, a satisfactory agreement between numerical and experimental results is
observed, in terms of strength, deformation and developing strains. Then, the specimen with flexible
joints was modeled with beam-type finite elements and the flexible joints with nonlinear rotational and
translation springs, whose properties were evaluated by individual experimental tests. Comparison of
numerical and experimental results indicated a good match.

As explained above, the integration of flexible joints between adjacent pipe parts aims at protecting the
pipe against local buckling and/or tensile fracture. However, in case of reverse faulting the pipeline is
subjected to high compressive forces, and the reduction of overall stiffness induced by the flexible joints
may lead to a third possible failure mode, namely flexural buckling, also known as upheaval buckling,
as the pipe may then deform heavily within the trench or even outside of it. To investigate this potential,
a Winkler beam with internal flexible joints (hinged bellow-type) was created as the appropriate
numerical model. An internal hinge, modelling flexible joints, modifies the beam global stiffness and
consequently affects the corresponding buckling and post-buckling behavior. The extent of this effect
depends on the relative pipe — joint — soil stiffness and has to be taken into account in case flexible
joints are applied to mitigate the aftereffects of faulting. In order to acquire qualitative understanding,
from a structural design point-of-view, of the interaction between the hinge and the soil stiffness for
different cases, the beam under investigation is considered as either simply-supported or clamped and
with one or two equally-spaced internal flexible joints. The analysis model parameters were chosen to
be representative of the case of a buried pipe subjected to tectonic fault rupture. Firstly, elastic critical
buckling loads and the corresponding eigenmodes are numerically obtained via linearized buckling
analysis. Eigenmode cross-over is also investigated by considering the interaction of soil and hinge
rotational stiffness. Then, geometrically nonlinear analyses with imperfections are performed, indicating
for most cases descending post-buckling paths, thus unstable post-buckling behavior, with the exception
of cases of very soft soil. The response sensitivity to initial geometrical imperfections is also addressed,
indicating insignificant effect of the imperfection shape but, on the contrary, significant impact of the
imperfection magnitude on the post-buckling behavior and ultimate load. Moreover, the beam has been
considered to be embedded in soil exhibiting different stiffness in the upward and the downward
direction. Corresponding results show that such soil nonlinearity has to be considered in the analysis in
order to obtain reliable results of the beam’s buckling behavior. The results are compared for each case
to the corresponding ones of a continuous beam, in order to highlight the impact of internal hinges on
the beam overall buckling behavior.

Next, the effectiveness of flexible joints in buried pipelines subjected to strike-slip fault rupture has been
numerically evaluated. Firstly, the proposed numerical model for the analysis of buried pipelines with
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flexible joints, based on the model of beam resting on soil springs, is described in detail. Then, the
optimization of the flexible joints’ configuration in terms of number and location is outlined. The behavior
of pipes with flexible joints subjected to strike-slip fault rupture is presented and the essential differences
compared to the continuous pipe in terms of deformation, developing stress-state, stress and strain
distributions and surrounding soil response are highlighted. Consequently, extensive parametric studies
are carried out to determine the effect of pipeline — fault crossing angle, fault offset magnitude, joint
angular capacity, burial depth and diameter over thickness ratio on the joint efficiency. Crossing angle
and fault offset magnitude dominate the relationship of the bending and axial forces developing along
the pipe and thus affect the behavior of pipes with flexible joints. On the contrary, burial depth and
diameter over thickness ratio have insignificant influence. The uncertainty regarding the exact fault
trace location is addressed, indicating the need for integrating joints along the pipe length, where fault
trace might appear on the ground surface, as is also the case for other mitigating measures. The
effectiveness of flexible joints is eventually compared to other commonly used mitigating measures in
terms of developing strains, highlighting their competitiveness. In general, the efficiency of flexible joints
in protecting the pipe against local buckling and/or tensile failure is demonstrated convincingly. The
results are used to formulate preliminary design guidelines for the practical use of flexible joints in
buried pipelines crossing active faults.

Finally, a performance assessment methodology for buried steel pipelines at fault crossings is presented.
The uncertainty associated with earthquakes and fault displacements generates the need to determine
the distribution of fault displacement that has to be taken into account for the seismic risk assessment
of a pipeline and thus a probabilistic approach is selected. The proposed methodology is based on the
framework of Performance-Based Earthquake Engineering and consists of three interrelated steps:
seismic hazard assessment, pipe structural analysis and pipe strain hazard assessment. At first,
Probabilistic Fault Displacement Hazard Analysis is performed to quantify the probabilistic nature of the
fault offset, while the magnitude of the three fault displacement components in space is determined.
Decomposing the fault offset in three components leads to the introduction of a vector to serve as the
measure of intensity, instead of the typical scalar (e.g. peak ground acceleration or displacement).
Additionally, aleatory and epistemic uncertainties are considered in the seismic hazard analysis through
sampling and logic trees, respectively. Then, three-dimensional structural analysis of the pipe is
performed, using the nonlinear beam-type finite element model. Finally, the convolution of seismic
hazard and structural response results in joint hazard surfaces of compressive and tensile strains leads
to the estimation of the mean annual rate of exceeding any limit-state of interest. Strain demand and
capacity uncertainty are incorporated in the analysis and their effect on the mean annual rate of
exceeding local buckling or tensile fracture is evaluated. To demonstrate also the proposed methodology
as an engineering decision making tool, it is implemented to compare the failure probability of a
continuous pipe and the corresponding pipe with flexible joints.

In conclusion, flexible joints are highlighted as a very promising alternative for the protection of buried
steel pipelines against seismic fault activation.

8.2 CONCLUDING REMARKS

In this section the main conclusions derived from the several parts of the thesis are summarized. In the
first stages of this investigation, evaluation of the properties of commercially available flexible joints
revealed that the appropriate type of joints for application as a mitigating measure to onshore buried
oil and gas high-pressure pipelines subjected to seismic fault rupture are the bellows, which can
withstand high pressure and ensure pipe structural continuity. Thus, this type of joint was considered
for subsequent investigation.
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The experimental investigation of continuous beams and beams with flexible joints under transversse
displacement, modeling buried pipes under strike-slip fault rupture and without considering the effect
of the surrounding soil, highlighted the following aspects:

Continuous specimens behaved elastically until yielding took place at the locations where the
maximum bending moment develops. Post-yielding behavior was dominated by the material
nonlinearity.

Specimen with flexible joints behaved totally elastically.

Comparison of experimental results confirmed that the integration of flexible joints leads to the
modification of the structural system from continuous to segmented, thus achieving strain reduction
in the order of three times and load reduction in the order of two times.

Good agreement between numerical models consisting of shell elements and experimental results
was observed for the continuous specimens at both global (specimen deformation) and local (strain)
level. Considering longitudinal residual stresses due to seam-welding at the specimen manufacturing
stage led to relative improvement of the numerical results, depending on the location of the seam-
weld on each specimen, the considered simplified distribution of longitudinal residual stresses and
the developing stress-state of the specimens.

Numerical modeling of the specimen with flexible joints with beam-type finite elements for the pipe
and translational and rotational springs for the flexible joint proved sufficient, exhibiting sufficient
agreement with experimental results

The conclusions from geometrically nonlinear analyses of the simplified numerical model created to
investigate the overall buckling behavior of beams with internal flexible joints resting on foundation and
subjected to compressive load, can be summarized as follows:

Internal hinges modify the beam global stiffness and affect the overall buckling behavior, reducing
the linear and nonlinear buckling loads. The extent of this effect depends on the relative pipeline —
joint — soil stiffness and has to be taken into account in case flexible joints are used as mitigating
measures.

Increasing rotational stiffness progressively restores beam continuity. Increasing soil stiffness leads
to eigenmode cross-over, provided that hinge rotational stiffness is sufficiently high.

Antisymmetric eigenmode shapes are dominated by the hinges’ location on the beam, while
symmetric shapes are not affected.

Geometrically nonlinear analysis with imperfections revealed that hinged beams have descending
post-buckling equilibrium paths in the majority of the cases under investigation, with the exception
of very low soil stiffness, which leads to stable post-buckling response, same as in laterally free
beams.

The imperfection magnitude was found to highly influence the beam ultimate load, highlighting the
need of conservative design assumptions and adoption of appropriately high safety factors. On the
contrary, the imperfection shape was shown to play a relatively minor role compared to imperfection
magnitude for the overall buckling behavior, at least among considered imperfection shapes.

Considering soil to exhibit lower stiffness in the upward than in the downward direction, was found
to have significant effect on the beam overall buckling response in terms of deformation shape as
well as ultimate load.

The numerical investigation of the behavior of pipelines with hinged bellow-type flexible joints under
strike-slip fault rupture led to the following conclusions:

— Flexible joints integrated in the pipeline in the fault vicinity succeed in concentrating developing

strains and retaining the pipe adjacent segments virtually undeformed and consequently unstressed.
Strain concentration is achieved through significant rotation of the adjacent pipe segments.

Buried steel pipelines with flexible joints under faulting



174 Chapter 8

— The optimum configuration of joints can be derived based on the bending moment distribution of the
continuous pipeline, considering that joints act in the pipeline structural system as internal hinges.

- Flexible joints have significant contribution to developing bending moment reduction, while they may
lead to minor axial force increase.

— Developing longitudinal strains are drastically decreased due to the introduction of joints, thus
efficient protection of pipeline against local buckling and tensile fracture is achieved.

— The response of the surrounding soil is not affected.

— Fault offset magnitude and pipe — fault crossing angle play a significant role on the effectiveness of
joints in terms of strain reduction, in case of strike-slip fault rupture. The efficiency of joints is
maximized for pipe — fault crossing angles close to 90°, where bending moment dominates the
pipeline behavior. Joints significantly contribute to strain reduction for larger crossing angles than
90°, in which case the pipe is subjected to significant compression, provided that precautions are
taken regarding the considerable pipe deformation within the trench. For crossing angles lower than
90°, the pipe is also subjected to tension and hinged bellows should be used for higher angles than
700. In the last case it would be desirable for the bellows to be capable of accommodating some axial
deformation in order to expand their efficiency to lower crossing angles.

— Pipe burial depth and diameter over thickness ratio have nearly negligible affect the behavior of pipes
with flexible joints.

— The introduction of flexible joints is a competitive mitigation approach compared to the usual
approaches in terms of strain reduction for the range of pipeline — fault crossing angle mentioned
above.

— Integration of joints is necessary along the entire pipe length where the appearance of fault trace on
the ground surface is likely, considering the inherent uncertainty in the exact location, akin to
engineering practice for the usual mitigation approaches. Joints should be integrated in the pipeline
at constant distances L; when pipe — fault crossing angle is close to 90°, while for lower angles the
optimum distance is Lj/2. If there is uncertainty regarding the angle B, then distance Lj/2 should be
selected. Length L is defined as the distance between the location of the maximum moment and the
fault trace of the corresponding continuous pipe.

The performance assessment methodology of pipelines at fault crossings allows estimating the tensile
or compressive failure probability by considering the fault offset and corresponding epistemic and
aleatory uncertainties, as wells as strain demand and capacity uncertainties through the framework of
Performance-Based Seismic Engineering framework.

8.3 RESEARCH CONTRIBUTION AND INNOVATION

An investigation of the behavior of buried pipelines with flexible joints subjected to seismic fault rupture
has been presented, aiming at the formulation of practical design guidelines. Flexible joints of bellow-
type have been proposed as innovative mitigating measures to minimize the potential of pipe failure.
Both experimental and numerical research has been undertaken to evaluate the response of pipelines
with flexible joints, while a probabilistic seismic engineering framework has been adopted to assess their
performance at fault crossings. Contributions to the state-of-art in engineering science as well as
engineering practice have been made, as outlined in more detail next. The numerical and experimental
investigation have validated this new method of seismic protection for pipelines, while the performance
assessment framework has delivered a robust and uncertainty-proof approach to support their use in
practice. At the same time any new or existing pipeline crossing active faults can be now assessed at
the highest standards. The achieved innovation of the thesis, both scientific and practical, is presented
subsequently.
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8.3.1 Contribution to the advancement of engineering science

The innovations that contribute to the advancement of engineering science can be summarized as
follows:

— Commercial bellow-type flexible joints have been proposed as a mitigating measure to protect buried
pipes subjected to fault rupture. This approach differs significantly from the commonly used measures
that aim at reducing the developing pipe — soil friction. The flexible joints are part of the structural
system and actually transform the pipeline from continuous to segmented (Melissianos and Gantes
2014c, 2015b). Flexible joints have not been investigated until now for buried high-pressure pipes
under faulting applications.

— Original experimental tests of circular hollow section beams, continuous and with flexible joints, under
transversse displacement have been conducted to demonstrate the effectiveness of flexible joints in
reducing the developing strains and to verify the transformation of the structural system from
continuous to segmented. Experimental results included both deformation (in global and local scale)
and strain measurements to provide adequate and sufficient understanding of the mechanical
response of pipes with flexible joints in comparison to continues ones (Melissianos et al. 2016b).
Testing procedure followed the common approach published in the literature regarding the strength
evaluation of pipes without considering the effects of surrounding soil. Geometrically and materially
nonlinear analyses were performed to reproduce the experimental results. The effect of longitudinal
residual stresses due to seam-welding of the specimen were included in the analysis of continuous
specimens. Flexible joints were modeled with nonlinear springs, whose properties were obtained from
individual tests of the flexible joints. Comparison of experimental and numerical results showed a
good match (Melissianos et al. 2016b).

— A simplified numerical model was established to investigate the overall buckling behavior of internally
hinged Winkler beams resting on foundation and subjected to compressive load, modeling buried
pipes with bellow-type flexible joints under reverse faulting. Model parameters have been chosen to
be representative of the case of buried pipes under fault rupture. The investigation revealed that soil
and hinge rotational stiffness interact, thus creating a double parameter problem. The internal hinges
affect significantly the beam critical buckling load, eigenmode cross-over, ultimate load and the post-
buckling behavior compared to the corresponding continuous beams (Gantes and Melissianos 2014;
Melissianos and Gantes 2014a; b, 2016), while special attention was given on the behavior sensitivity
on geometrical imperfections.

— A finite element model was established to evaluate the mechanical response of buried pipes with
flexible joints at strike-slip fault crossings (Melissianos and Gantes 2015a). The performed numerical
studies revealed the basic aspects of the behavior of pipes with flexible joints, in terms of deformation,
developing stress-state and surrounding soil response. Extensive parametric studies of pipes with
flexible joints at strike-slip fault crossing were carried out to investigate the effect of pipe — fault
crossing angle, fault offset magnitude, burial depth, diameter over thickness ratio and fault trace
uncertainty, while the effectiveness of joints was compared to commonly used seismic
countermeasures. Results provided evidence on the efficiency of the proposed measure (Melissianos
et al. 2016a).

— A methodology for performance assessment of buried pipes at fault crossing was developed. The first
step of the proposed methodology is the standard approach of Probabilistic Fault Displacement
Hazard Analysis, considering that the site of interest is located on the fault. This was further improved
and extended by decomposing the fault displacement into its three spatial components, to account
for the three-dimensional fault movement in nature with respect to the fault type. In the second step
structural analysis is carried out, while in the third seismic hazard results are convolved with structural
results to conduct the performance assessment. The proposed methodology fills a research gap in
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the performance assessment of pipes at fault crossings by introducing the decomposition of fault
displacement into individual components acknowledging the different pipe response to different fault
deformations and providing a simplified approach for the quantification of the probabilistic nature of
fault offset (Melissianos et al. 2014b, 2015b, 2016c).

8.3.2 Contribution to the advancement of engineering practice

It is often necessary to use seismic countermeasures in buried pipelines under fault rupture, whose
effectiveness is either limited or not fully known, and is related many times to high capital and
replacement costs. Flexible joints are herein proposed as an innovative mitigating measure to reduce
the risk of pipe local buckling and/or tensile rupture in such cases. The main contributions of the present
doctoral thesis to engineering practice can be summarized as follows:

The efficiency of bellow-type flexible joints as mitigating measures in buried pipe — fault crossing has
been qualitatively and quantitatively demonstrated convincingly.

Joints should be introduced along the entire pipe length over which the fault trace may be
encountered, at constant distances derived from the bending moment distribution of the
corresponding continuous pipeline. Thus, fault trace uncertainty is addressed, in a similar manner as
in other mitigating methods.

The effectiveness of joints is much better for pipeline — fault crossing angle around 90°, in which case
they can successfully handle fault offset of high magnitude, regardless of pipe burial depth and wall
thickness over diameter ratio.

In such cases, flexible joints offer much better performance than most other commonly used
mitigating measures, providing engineers and pipeline operators with a reliable mitigating measure,
especially for high fault offsets.

The proposed methodology for performance assessment of buried pipes at fault crossings can be
used by design engineers as a reliable engineering decision making tool, e.g. throughout the route
selection procedure or to evaluate the efficiency of alternative mitigating measures. The main
advantages are: (i) low computational effort, (ii) incorporation of seismic hazard uncertainty, (iii)
robust pipeline numerical models available to analysis by any commercial software, (iv) incorporation
of any strain-related limit state, (v) incorporation of demand and capacity uncertainty and (vi)
expandable to loss assessment.

8.4 SUGGESTIONS FOR FUTURE RESEARCH

The topic of buried pipelines with flexible joints under seismic fault rupture is broad and cannot be fully
covered in the context of a doctoral thesis. Some suggestions for future research are summarized below:

Experimental investigation of the efficiency of joints in reducing the pipe developing longitudinal
strains by considering the effects of the surrounding soil, using an appropriate experimental set-up,
such as a shear box or a centrifuge.

The simplified nhumerical model established to investigate the overall buckling behavior of Winkler
beams with internal hinges under compression resting on elastic foundation, can be readily extended
to issues that are commonly encountered in practice, such as non-straight pipeline route,
inhomogeneous soil conditions, varying axial force distribution along the pipeline accompanied by
bending moments, etc.

The established numerical model for the evaluation of the mechanical behavior of buried pipelines

with flexible joints under strike-slip fault rupture can be extended for pipes subjected to normal and
reverse faulting, taking into account the fault dip angle.
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— A study is suggested on determining the appropriate axial stiffness and other characteristics of joints
that elastically restrain axial movement, thus also contributing to axial force reduction apart from
bending moment reduction, which may be beneficial in cases of pipeline — fault crossing angles
deviating significantly from 90°.

— The presented performance assessment methodology for buried pipelines at fault crossings includes
the first three steps of the PEER framework, i.e. seismic hazard, structural and damage analysis. The
fourth and final step of the PEER framework equation, namely the loss assessment, can be also
incorporated by defining additional limit states related to leakage, rupture and probably explosion
effects and their associated monetary/human/environmental costs.
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10 APPENDIX — BASIC ASPECTS OF STATISTICS
AND PROBABILITY THEORY

A brief introduction to statistics and probability theory is hereinafter presented after Casella and Berger
(2002) to provide the basic mathematical aspects that are used in the performance assessment
methodology. The probability density function, the cumulative density function and the total probability
theorem are firstly outlined and then the commonly used statistical distributions and their properties
are presented.

10.1 PROBABILITY DENSITY FUNCTION

A random variable X is considered to be continuous under the conditions: (i) the possible values of
variable X comprise either a single interval, e.g. for A<B on the number line, any number x between A
and B is a possible value, or a union of disjoint intervals, (i) the probability for any number that is a
possible value of X is P(X=c)=0. Then, the Probability Density Function (PDF) of the continuous random
variable X is a function f(x) that describes the relative likelihood for this random variable to take on a
given value (Benjamin and Cornell 1970). The probability of a random variable X falling within a
particular range of values (e.g. for numbers a and b with a<b) is given by the area between the
horizontal axis and the density function as depicted in Figure 10-1, or by the integral over the range:

P(asXsb):.Tf(x)dx (10-1)

The basic properties of a PDF are:
- f(x)>0, VxeR;

- Tf(x)dx:l.
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0.20
0.15}
> 0.10}
[
0.05}
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X

Figure 10-1: Example of a probability density function (standard normal distribution)

10.2 CUMMULATIVE DISTRIBUTION FUNCTION

The Cumulative Distribution Function (CDF) of a real-valued continuous variable X, denoted as Fx(x), is
given by the function:

F(X) =P(X<x)= [, (et (102

CDF describes the probability that variable X with a given probability distribution will be less than or
equal to x, corresponding to the area between the horizontal axis and the PDF from minus infinity to x.
An example of CDF for a standard normal distribution is illustrated in Figure 10-2. Then, the probability
that X lies within space (a,b] is defined by the expression:

P(a<X<x)=F(b)—F,(a) :ffx(x)dx (10-3)

The properties of a cumulative distribution function are:
— non-decreasing monotone;

right continuous;

- lim F(x)=0;
- XETDOFx<X>:1-

Fy(X)

-4 -2 0 2 4
X

Figure 10-2: Example of a cumulative distribution function (standard normal distribution)
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10.3 UNIFORM DISTRIBUTION

The continuous uniform distribution is a symmetric probability distribution where all the intervals of the
same length on the distribution's support are equiprobable. The support range is defined between a
minimum value a and a maximum value b. For a random variable X it is the maximum entropy probability

distribution without any constraint other than the constraints of its support range. The uniform
distribution parameters are listed in Table 10-1.

Table 10-1: Uniform distribution parameters

notation X~ U(CI,b)
support X € [G,b] witha<bandxcR mean value 1((] +b)
variance l(b—a)2 median 1(Cl +b)
12 2
15 €la,b] x<d
PDF f(x)={b-a’" CDF Fo(x) = E—:gxe[a,b]

0 ,otherwise ;1 x>b

Examples of a PDF and a CDF of a uniform distribution are provided in Figure 10-3, where PDF and CDF
are straight lines for a=1 and b=5.

1.5 ‘ ‘ : 0.5
1.0 : 0.4
x X
= 05} 0.3
£ £
£ 0.0} S 0.2t
5 5
0.5 : 0.1
-1.0 0.0
1 2 3 4 5 1 2 3 4 5
X X
(a) (b)

Figure 10-3: Examples of uniform distribution (a) PDF and (b) CDF with parameters a=1 and b=5

10.4 NORMAL DISTRIBUTION

The normal or Gaussian distribution is a very common and widely used continuous PDF. The normal
distribution has a wide scope of applications and is important in statistics as it often appears in nature.
The normal distribution is useful because of the central limit theorem, which states that the mean of
many random variables independently drawn from the same distribution are distributed approximately
normally, irrespective from the form of the original distribution. The Gaussian distribution is also referred
in practice as the “bell curve”, whose characteristics are listed in Table 10-2.
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Table 10-2: Normal distribution parameters

notation X ~N(u,0°)
mean
support XeR value 7]
variance (o2 median
1 i 1 £ ()
PDF f(x)= e @ CDF F (x)= e 20 dt
Y 2no? 1y v2no? Y,

Examples of PDF and CDF of normal distribution are depicted in Figure 10-4 for constant mean value
and in Figure 10-5 for constant standard deviation. In case the mean value is constant, the peak value
of PDF decreases for higher standard deviation and the CDF curve “rotates” around a constant point.
On the other hand, for constant standard deviation, the PDF and CDF curves are shifted with increasing
mean value, while their shape is unchanged.

—+— p=00=1—6— p=00=2—w— p=00=3—>b— p=00=4

0.20 0.5
__0.15 = 04
> L
E < 0.3t
< (.10 =
£ E 02!
e <)
c
0.05 < 01l
0.00 0.0
-20 -20
X
(b)
Figure 10-4: Examples of normal distribution (a) PDF and (b) CDF with constant mean value
—+— p=00=1—6— p=1 g=1—%— p=2 g=1—bH— p=3 o=1
0.5
0.4r
S )
= w037
= =
S E 02}
2 g
0.1
0.0 D
-4 -2 0 2 4
X X
(a) (b)

Figure 10-5: Examples of normal distribution (a) PDF and (b) CDF with constant standard deviation

The general properties of the Gaussian distribution are:
it is symmetric around x=;

its first derivative is negative for x<p, positive for x> and zero only at x=;
— its second derivative is zero and changes sign only at points x=p-0 and x=p+0;
it is infinitely differentiable.
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10.5 LOGNORMAL DISTRIBUTION

The lognormal distribution is a continuous probability distribution of a random variable whose logarithm
is normally distributed. Thus, if the random variable Y is lognormally distributed, then variable X=logY
is normally distributed. A random variable that is lognormally distributed takes only positive values. A
variable might be modeled as lognormal if it can be thought as the multiplicative product of many
independent random variables each of which is positive by considering the central limit theorem in the
log-domain. Lognormal distribution characteristics are listed in Table 10-3.

Table 10-3: Lognormal distribution parameters

notation X ~InN(y,0°)
support x € (0,+0) mean value Q12
variance (e"2 - 1) i median Qiot/2
PDF 1 o T
f(x)zxmxe . CDF Fx(x):[mxe dt

Examples of lognormal PDF and CDF are illustrated in Figure 10-6 for constant mean value (u=0) and
in Figure 10-7 for constant standard deviation (o=1).

—+— p=0 0=0.5—€6— pu=0 0=1.0—%— p=0 0=1.5—b— p=0 0=2.0

1.5 : : : 0.5
' —~ 0.4

x S

o=

= 20

£ £

O P

2 g 0.2

< £ 0.1

(a) (b)
Figure 10-6: Examples of lognormal distribution (a) PDF and (b) CDF with constant mean value
—+— p=00=1—6— p=1g=1—w— =2 g=1—PbP— p=3 o=1
0.4 - 0.25

0.20

0.15¢

lognormal f(x)
lognormal F,(x)

(a) (b)
Figure 10-7: Examples of lognormal distribution (a) PDF and (b) CDF with constant standard deviation

Buried steel pipelines with flexible joints under faulting



198 Appendix — Basic Aspects Of Statistics And Probability Theory

10.6 GAMMA DISTRIBUTION

The gamma distribution in probability theory and statistics is a two-parameter family of continuous
probability distributions. The two parameters are the shape parameter a and the inverse scale parameter
B or rate parameter, which are positive real numbers. Gamma distributions parameters are listed in
Table 10-4. Characteristic examples of gamma distribution PDF and CDF are provided in Figure 10-8.

Table 10-4: Gamma distribution parameters

notation X ~T(a,B) = Gamma(a,B)
support x € (0,400) mean value a/B
variance a/p? median not closed form
oyt F(x)= [ f(u;a,B)du - V(r"(’ B)X)
PDF g(x;a,B):W,xgo CDF .
y(a,Bx) =0 is the lower

incomplete gamma function

Characteristic examples of gamma distribution PDF and CDF are provided in Figure 10-8 by varying the
parameters a and B.
—+— a=1 f=1—6— a=1 B=5—— a=5 B=1—D— a=5 =5

0.50 0.5 e S B e
0.40 0.4+
R =
= 0.30 w037
s ©
= £
£ 0.20 £ 0.2}
i S
o o
0.104 0.1
0.00 0.
0 5 10 0 5 10
X X
@ (b)

Figure 10-8: Examples of gamma distribution (a) PDF and (b) CDF

10.7 WEIBULL DISTRIBUTION

The Weibull distribution in probability theory and statistics is a continuous probability distribution. The
distribution is parameterized by the shape parameter k and the scale parameter A, which are positive
number. The Weibull distribution is related to a number of other probability distributions and in particular
interpolated between the exponential distribution (k=1) and the Rayleigh distribution (k=2 and A=v'20).
The characteristics of Weibull distribution are listed in Table 10-5.
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Table 10-5: Weibull distribution parameters

notation X ~ Wei(k,A)
support x € [0, +0) mean value N[ (1+1/k), where Iis the
gamma function
2
2 1
Nr(1 —|F1+=
variance [ - k] [ [ * k]] median )\(In(Z))l/k
, Where T is
the gamma function
k-1 _ 3
" F(x;k,A)=1—e ™" x>0
F(x;k,\) = 5[5} e N x>0 ( ) =
PDF AA CDF F(x;k,A)=0 x <0
f(x;k,A)=0 x<0

Indicative examples of Weibull distribution PDF and CDF are provided in Figure 10-9 by considering the
scale parameter A as constant and the shape parameter k as a variable.

—+— A=1k=0.5—6— A=1 k=1 —%— A=1 k=1.5—bP— A=1 k=5

8 0.5
0.4
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= Re)
E 0.3
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QU ‘O
= 2
0K+ S '
0.0 0.5 1.0 1.5 2.0 2.5

15 20 25
X
(a (b)

Figure 10-9: Examples of Weibull distribution (a) PDF and (b) CDF with constant scale parameter (A=1)

10.8 BETA DISTRIBUTION

The beta distribution in probability theory and statistics is a family of continuous probability distributions
defined in the interval [0,1] and parameterized by two positive shape parameters, denoted by a and j3,
which control the distribution shape and appear as exponents of the random variable. The beta

distribution is applied in modeling the behavior of random variables limited to intervals of finite length.
The characteristics of beta distribution are listed in Table 10-6.

Table 10-6: Beta distribution parameters

notation X ~Beta(a,B)
support x €[0,1] mean value a/(a+pB)
i ap di a-1/3
variance (@B (@Bl median aiB_2/3
i B(x;a,
a1 (l—X)B_l F(x) = fb(u;a,B)du = E(»)((aaBl)g)
PF b(x;a,B) =—————, x>0 CDF 0 ’
B(a,B) B(x;a,B) is the lower incomplete

beta function

Characteristic examples of beta distribution PDF and CDF are illustrated in Figure 10-10 for various
combinations of shape parameters a and B.
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—+— q=0.1 B=2—6— a=1.0 p=4—— 0=3.0 =5—F— 0=4.0 p=8

30 05
0.4
& % 0.3
s o
2 50 § o2
0.1
0.
0.0 0.1 0.2
X X
@) (b)

Figure 10-10: Examples of beta distribution (a) PDF and (b) CDF

10.9 TOTAL PROBABILITY THEOREM

Assuming that Q is a sampling space and Bn, n=1,2,3,... is a finite and countable partition of space Q
with Bn being pairwise disjoint events and additionally each event Bn is measurable, then for every event
A in the sampling area , its probability is calculated from the total probability theorem:

P(A)= Y P(ANB,)= Y P(AIB,)P(B,) (104)
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