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AIAAKTOPIKH AIATPIBH

Newpapatikn kot AptOuntikn Npooopoiwon Aywywv évavtt MeyaAwv

Edadwkwv Metakiwvioswv: Tektovikn Awappnén, KatoAioOnon

Ektevi¢ NepiAnyn

Elcaywyn

JUuyxpova emiotnuovika gupnuata (m.x. O’Rourke & Palmer (1996), Takada et al. (1999), Tang (2000),
Uzarski & Arnold (2001), Liang & Sung (2000), O'Rourke & Liu (2011), O’Rourke et al. (2015)), €xouv
avadeifel TNV eUNABEL TWV UTIOYELWV aywywV OTLG PEYAAEG eSadIkéC peTatomioels. AuTéG pmopel va
npokAnBouv eite and katoAiobnon, site and ekdnAwaon emidaAVELOKN TEKTOVIKAG SLappnéng, ite amod
opulovtia edadikn e€dmiwon Adyw peucTonoinong f Kot anod ektetapévn kabilnon tou eddadoug mAnociov
Tou aywyol. Mapdtl, oL cUYXPOVEG KAVOVIOTIKEG Slotdfelg evBapplvouv tnv amoduyn mibavwy
‘emiodadwv’ meploxwy, n poydaia eméktaon Twv SIKTUWY peTadopds kat Stavoung (mou avépyovtal
TIAEOV O€ EKATOUUUPLO XIALOUETPWY ayWYwV), N EKOETIKN alEnon TWV AoTIKWVY TIEPLOXWV KOL OL auaTnpol
niepBarloviikol eploplopol, SnuLoupyolV onUAVTIKOUG TEPLOPLOUOUE oTNV Xapaén Twv SIKTUWV WOoTE
moAU ouyxva kobiotatal avamodeuktn n Slootalpwaon TOU OywyoU HE TIEPLOXEC ETUPPETIEL OTOUG
TAPATIAVW YEWAOYIKOUC/YEWTEXVIKOUG KivdUvouc. Q¢ ek ToUTO N UEAETN emMApKeELAG Tou aywyol Oa

npénel va e€acdaiilel kal tnv achadn avalnn LeydAwv eSAPLKWVY LETOKIVAOEWV.

YAUEPa O OXeSLAOUOG TWV AywywV YIVETOL WC €Ml TOo TAEloTOV HE XpNon AVOAUTIKWYV EMAUCEWV N
OTAOTIOLNUEVWY EAATNPLWTWY Tpocopolwpdtwy (r.x. Takada et al. (2001), Karamitros et al. (2007),

Gantes et al. (2008), Randolph et al. (2010), Trifonov & Cherniy (2012), Zhang et al. (2016), Melissianos et
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al. (2016)) 6mou o0 aywyog MPOCOUOLWVETOL WG SOKOC evw To £€6adog avamapiotatol and aveéaptnta
peTOafL TOUG Un-ypoupLka shatrpla (ASCE 1984, ALA 2001, IITK-GSDMA 2007, PRCI 2004). Mapd tnv
6ebopévn xpnowotnta Twv HEBOSWVY auTwv, TTOANOL EpEUVNTEG £XOUV EVEIPEL EPWTHATO OE OXECH UE
v alomiotia toug (Phillips et al. (2004), Yimsiri et al (2004), Guo (2005), Hsu et al. (2006), Cocchetti et
al. (2009), Daiyan et al. (2009, 2010), Pike et al. 2011). OL Zhang et al. (2002) kat ot Di Prisco et al. (2004)
TOVIOOV TWE N ayvonon tng oMnAemibpaong twv edadlkwv ehatnpiwv umepamAoucTeVEL TV
“TPAyUOTIKOTNTA” KATA TV Omola KABE cUVICTWOO PETAKIVNONG KAl oTpodnG Tou aywyol faptdtal amd
TNV MePMAOKN oUTEVYUEVN CUOYETLON OAWYV TWV CUVIOTWOWV SUVALEWVY TTou §pouv enti autou. EmumAfov
oL Nobahar and Kenny (2007) evtémioav onpovtikéG aduvapieg Twv eAaTNPLWIWY TPOCEYYloEwY o€
KoBeotwg peyalwv sdadikwyv petakwvnoswv. Téhog, ol Konuk et al. (2006) cuykpivovtag sAatnplwtd
TIDOCOUOLWUATA UE EUMEPLOTATWHEVO TIPOCOUOLWHOTO CUVEXOUG HECOU TIOPRYAYQV OVTIKPOUOUEVO
OUUMEPAOCHOTO: N XPNON TWV EANTNPLWIWY TPOCOUOLWHUATWY OGAAOTE 08nyoUCE O CUVINPNTIKO
oXeSLAOUO, EVW EVTOTIOTNKAV KAL TIEPLUTTWOELG OTIOU TA EAATNPLWTA TTPOCOUOLWHOTO UTIOTLHOUCAV TIG

OVOTTTUGOOUEVEG TTOPAUOPPWOELS KAL LETAKLVIOELC.

O TmAféovV QMOTEAEOUATIKOG TPOMOG OXeOLOOHOU UTIOYElwY Oywywv £VOvil HeyOAwv £Sadpkwv
UETOKLVAOEWV £lval N aplOUNTIKr Tpooopolwaon UE TEMEPACUEVA CTOLXELOL CUVEXOUG LECOU, TA OTTOLL VOl
umopouv va AdBouv uTOYin TV KUN-YPAUULKY) cUIEpLdOpdA TOU aywyou Kot Tou epLBailovtog edddoug,
OoAAQ KaL To cUVOAO TwV dpalvopévwy ou oxetilovral pe TNV aAANAeniSpaocr] Toug. ITdX0¢ TN MapoUoag
SLatpBnG lval n KATAPTLON TPWTOTUTING KOL TTANPOUG TEKUNPLWHEVNG aplBuNnTikng peBodoloyiag yla tny
QVAAUGON TNG CUUMEPLPOPAS UTIOYELWV LETAAAKWY aywywV HETAPOPAS puoikol aepiou umtoBarlopévwy

o€:
(a) Textovikn SLappnén katakopudng BUBLONG (kavovika Kat avdotpoda prypata) Kot
(B) meplotpodikéc KaToAloORoELG.

H mopoloa Aibaktopiky Atotpp meplapPavel SUo KUpleg evotnteg. H mpwtn evotnta eival
oPpLEpWHEVN OTNV AMOKPLON UTOYELWVY aywywVv UTIOBAAAOUEVWY OE TEKTOVIKY SLappnén Katakopudng
BUBLONG (kavovika Kol avaotpoda prRyHata). STOXoc pag ivat n mAnRpng mpooopoiwaon tng Stadoanc tg
Sappnénc amd to Ppaxwdeg UTOPAOPO £we TNV emidpavela Tou edddouc Kat N Tavtdxpovn UEAETN TNG
SoUNTIKAG amokplong tou aywyoul. NMA£ov tn¢ avehaoTikAg avaluong tou e8ddoug Kol Twv cuvOnkwy
enadng edadouc-aywyou, Wlaitepn éudaon didetal otnv opbr avAAUCN TNG EVIOVWG LN-YPOKLKNG

amoKPLoNG Tou PETAaAIKOU keAUdouc. H eltepn evotnta avadEPETaL OTNV ATMOKPLON UTIOYELWY aywywv
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uTtoBalAopevwy o PeYAAeg edadIkEC HETAKIVATELS AOyw evepyomoinang edadikng katoAicBnong. Kat
yla g 6vo (2) dopticelg kataptnOnke katdAAnAn apBuntikr pebodoloyia n omoia ev cuveyxeia
BaBuovounbnke kat emaAnBeutnke €vavtl MEPAPATWY NG BLBAloypadilag Kal MEPAUATWY HLKPNG

KAlpakag ou Se€nxbnoav oto Epyaotrplo Edadopnyavikng tou E.M.M.

A’ Mépog
Zuunepidpopd aywywv UNoBaAAOpeEVWV O€ KAVOVIKA Kat avaotpodn dtappnén

Q¢ yvwoTtov ol ToTikéG edadikég ouvBnkeg emnpealouv tnv Stadpopn (rupture path) kat tnv epdavion
(outcrop) Tou oslopLkov prAypatog otnv eAeUBepn emidpavela tou edadoug (e.g. Cole and Lade (1984),
Bray et al. (1994), Anastasopoulos et al. (2007, 2009)). Ev mpokelpévw, (0w oXNUATIKA TtapouotaleTal
oTo 2X. 1) n oxebov onuelakn Sladopikn petakivnon (Sruir) oto eninmedo tou Bpayou, KaBwG puetadidetal
TPOC T AvwBev, Sloyéetal evtog tou evbootipou edadoug oxnuatilovrag évav nrmotepo avaBadbuo. Auto
OKPLRWE TO KvNUATIKO Tedio koheital va mapaldPel o PeTAAALKOC aywyog. Aavellopevol Ty opoloyia
™¢ oxetikng BLBAoypadiag (Wang & Yeh (1985), Chiou et al (1994), Trifonov & Cherniy (2010), Karamitros

et al. (2011)), n amokplon Tou aywyol pmopet va Slaxwplotel wg e€AC:

(a) 3-A anokpion mAnoiov tng {wvng Stappnéng (A “syyulg mediou” amdkplon): Itnv TEepLO)N QUTH O
OYWYOC KAUMTETAL EVIOVWC TIPOKELUEVOU va TtapaAdPel tnv StodpopLkn LeTaKivnon Twv SU0o TEPdXwV (Tou
otaBepoU KOl TOU KLVOUEVOU TEUAXOUC) EVW TAUTOXPOVA UTTOKELTOL O ONUAVTIKA afoviki SUvapn Adyw

™¢ emPePANpEVNCG HETOBOANC TOU GUVOALKOU TOU HAKOUG.

(B) 1-A anokpion (A anokpion “pakpvou tediov”) : EkatépwBev Tou “eyylg mediov”, o0 aywyog Teivel
va “ouppopdwBel” pe TV edadikr LETATOMION KOL N AMOKPLON Tou £kUALIETOL O  QTTOKAELOTIKWG

afovikn (povodiaotartn).
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“nakpvov nediov” “gyyl¢ neSiov” “nakpvov nediov”
anokplon: anokpion: ‘ anokplon:
1A amnokplon 3A amnokplon 1A anodkplon

IxAna 1. Mootk amelkdvion TG amdKpLoNG UTIOYEIOU QTIELPOUKOUG aywyoU UTIOBOAAOUEVOU OE KAVOVIKH
duappnén.

AplBOunTiko Mpooopoiwpa kot Emikupwon Aptduntikng MeBodoloyiag

O SLaxwpLopog TnG cuumepLdopag Tou aywyou os “eyyl¢ ediov” kal “pakpvou mediov” uloBeteital Kat
OTNV TIPOTELVOUEVN aplBuntik peBobdoloyia. Ev mpokelpévw, n “eyylg mediov” mpooopoiwon
niepthappavet 3-A kavvopo menepacpévwy otolyeiwy (MN.2.) 6mou 1o £6adoC TPOCOUOLWVETAL UE OTOLXELQL
ouveXoUC LECOU Kal 0 aywyog He otolxeia keAUdoug. ElSikog alyoplBuoc emadng xpnotomnoleital yla
va mieplypaet tnv Stemidavela aywyoU-e8APoUG, TOU EMITPEMEL TNV AMOKOAANGN TOU OywyoUu armo To
£6adog alha kal tnv avamtuén tTePNAS. H un-ypapikn cupmnepidopd tou XaAuBa meplypddetal Héow
TOU KOTOOTATIKOU Tpocopoiwpa von Mises, evw yla TNV PeaALOTIK amelkovion g edadikig
cupumnepldopadg (6tadoaon tng Lappnéng, cuykeévtpwaon mapopopdwoewyv oto emninedo actoyiog, mTwaon
NG AVTOXNG yLa SLACTOAKA £6ddn KATL.) uloBeTelTaL £V EAACTOTAQCTIKO KOTAOTATLKO TIPOCOUOLWHA [UE
kputnplo aotoxiag Mohr-Coulomb kat cupmnepidpopd xahdpwong (Anastasopoulos et al. 2007). Mia
amoPn TOU aAPLOUNTIKOU TPOCOUOLWHATOC TIOU ULOBETE(TAL OTNV ameELKOvVIon Tou “eyyug mediouv”
napouctaletal oto ZX. 2a. H mpooopoiwon tng 1-A meploxng UAOTOLEITOL KATA TO YyVWOTA UE €va
QIMAOUCTEUEVO Tipooopoiwpa beam-on-springs, Omou 0  OYyWYO¢ TMPOCOUOLWVETAL WG O0KOG
e6palopevn eni ehatnplwtol edadoug tumou Winkler (Zx. 2B). Ta ehatrpla Winkler meplypadouv tnv
eSadkn avtibpacn otnv avtiotolyn kuplo katevBuvon kot Babpovopouvtal €vavil opLOPNTIKWY

TEPAUATWY PLOVOOEOVIKNG LETATOTILONC TOU aywyou.
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IXAHA 2. IXNUOTIKY TTOpoUcioon TNG TPOTELVOUEVNC aplOunTikAg pebodoloyiac: (o) 3-A mpooopoiwon yla thv
«gyyL¢ mediou» amdkplon kat (B) mpooopoiweon tNg «poKpvol Medlou» UE YPAUUIKA oTOLXEla SOoKOU ylo Tov
aywyo Kat ehatrpLa yia to £dadog.

Mo Vv TeKunplwon tng MPOTEWVOUEVNG aplOUNTIKAG peBodoAoyiag aflomolnbnke onuaviikd mARBog
TEPAUATWY. APXIKWE, XPNOLLOTORONKAV TA QMOTEAECUOTA TIELPOUATWY HOVOOEOVIKNG UETATOTILONG
aywyoUl evtdg 6ddoug (UKPAC Kal PLeyaAng KAlpakag) pe otoxo tnv enaAndeucn/Babuovouncn tou
€6adLkoU KOTAOTATIKOU TIPOCOUOLWUOTOGC. To ZX. 3 MAPOUGCLAlEL EVOELKTIKEG CUYKPLOELG TWV aplOUNTIKWY
OTOTEAEOUATWY HE TA OVTIOTOXO TELPOUATIKA yla opllovtia (Trautmann & O’Rourke (1985))
katakdpuon npog ta mavw (Cheuk, et al (2008)) kat afovikr) (Wijewickreme, et al 2009) petatdmnion tou

oywyou.
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IXxAHa 3. OUYKPLOEL TwV apPOUNTIKWY OTTOTEAECUATWY HE TO QVTIOTOXA TIEPOUAMATA LOVO-AEOVLKNG
HETOTOMLONG TOU aywyoU: (o) opl{ovTLa PETATOMLON TOU aywyou (Trautmann and O’Rourke 1985) (B) katakopudn
npog ta tdvw (Cheuk et al 2008) kat (y) agovikn petatdnion (Wijewickreme et al 2009).

ErumAéov, eAEyxOnKe N LKAVOTNTA TOU aplOUNTIKOU oG TIPOGOUOLWHOTOG VO OVATTAPAYEL PEXALOTIKWE TNV
anokplon HeTaAAlkol keAUdoug oe kaBapry kaudn. Npog Touto MPOCOUOLWONKE apPLBUNTIKA COElpa
nepapdtwy (Van Es, et al (2014)) oe petoAAkoUG aywyoUC HE Kal Xwplg eocwtepikn mieon. Ta

anoteAéopaTa TG CUYKPLONG ATTOTUTIWVOVTOL OTO ZX. 4.

Vi
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IxAna 4. Metal\ikog aywyocg os kaboapn kaupn: ZUykplon melpapdtwy (van Es et al 2014) kat aplOuntikwv
OMOTEAECUATWV.

T€AoG, yla TNV TEpapatiky Slepelivnon tng alnAsmidpacng aywyou HE KOVOVIKA KoL ovaotpodn
Stappnén Sie€nxbnoav melpapata UIKPAG KAlpakag oto Epyaotnplo ESadounyavikng. e cuvolo 26
TELPOLATWY TIoU EAafav xwpa (oto kouti mpooopoiwong Stappnéng) LeEAETONKe n mppor Tou TUTTOU
™¢ Stappnéng (kavovikn n avaotpodn), n emppon tou BABoug eykIPwTIOMOU KAl N YEWUETPLA TOU
aywyou (D/t) otnv eundBela Tou aywyoU. Ta MEWPAPOTIKA armoteAéopato aflomoldnkav Kol ylo Ty
eTKUpwWON TNG «eyyuc ediou» aplOuntikng pebodoloyiac. NponynOnke Aemtopepr Babuovounon tou
KOTOOTATLIKOU TIPOCOUOLWHATOC TNG AUUOU HEow SoKwV art’ euBeiag Slatunong, evw yla tnv afLlomioth
ovamopoywyn TNC TPAYMOTIKAG KOUMUANG TAONG-TAPAUOPPWOoNG TOU UALKOU TWV  aywywv
SlevepynOnkav SoKIPEG povoafovikol ebeAKUOUOU O TUTILKA SOKipL aywywv. Ita IX. 5 Kol IX. 6
napouotalovtal SVo evlelkTikd amoteAéopota Omou XaAuBSwog aywyog Stopétpou D=35 mm Kot
nayxoug t=0.5 mm umofdAAetal o€ Kavovikn Kal avdotpodn tektovikny Sidppnén. H aplOuntikn
peBoboloyia meplypddel kavomolnTikad tnv dtadoon tng dLappnéng PEow Tou edadikol oXNUATIOUOU
(mapatnpeiote TV MpoPAedn TG00 TNG KUPLAG KAL TNG AVILOETIKAG S1appnéng 600 Kal Tng Seutepelouoag
SLappNENG 0E ULKPEG LETATOTILOELG OTNV MEPLMTTWON KAVOVLKOU PHAYHOTOG), EVw TIPOPAETEL e akpifela Tnv

KON Tou aywyou UTmo TIG e5adIKEG WONOELS KAL TOV OXNUATLOMO TOTILKOU AUYLOMOU.

Vii
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IXAHA 5. ZUYKPLON APLOUNTIKWY KOl TIELPOUATIKWY AMOTEAECUATWY YL TNV Tepimtwaon aywyol umoBaAlopevou
og kavovikr Stappnén: (a) dtadoon tng Stappnéng kat (B) mapapopdwaon tou aywyou.

viii
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IXAHA 6. ZUYKPLON APLOUNTIKWY KoL TIELPOUATIKWY AMOTEAECUATWY YL TNV TepimTwaon aywyol umoBaAlopevou
oe avaotpoodn diappnén: (a) Stadoon tng dlappnéng kat (B) mapaudpdwaon Tou aywyou.
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MNa tnv emnaAnbesuon tng pebodoloyiag mpooopolwong NG CUUMePLPOPAC «UAKPLVOU TESIOUY,
aflomowBnkav melpapota €EOAKELUONG AywyoU HeYAANG KAlpakac. I8waitepn €udoaon &66nke otnv
enidpaaon NG SlacTtoAkotnTag Tou €dddoug. Onwe oxnuatika amewkoviletal oto Xx. 7(a), katd tnv
€€OAKeUON TOU aywyou, To MePLBAAAOV 0 aUTOV £€6a(dOG AVILOTEKETAL PE TNV AVATTTUEN SLATUNTIKWY
tacewv otnv Slemidpavela aywyou-edadouc. e mepintwon SlactoAlkol edddoug n SlATUnon auth
cuvobeleTal amno taon yla Sloykwaon tng {wvng Statpnong, n onola wotdoo meplopiletal ekatépwOey
oo ToV Oy Wwyo Kot to £6adoc. O ePLOPLOPOC AUTOC TNE TAONG SLOYKWONG LETadpAleTal O EMUMPOOOETEC
KABeteg tAoelg otnv Slemudpdavela aywyol-e8Adoug (EMUTAEOV TWV APXLKWY YEWOTATIKWY) OL OMOLES
TeEAIKWG ouvelodEpouv otnv avénon tng duvaung avtiotaonc. Mo TNV MOCOTIKOMOoLNGN TG enMidpaocng
ouTNG avartuxdnke MPWTOTUTIN amAomnotnuévn peBodoroyia mou AapuBdavel utdPn tnv abénon tng opong
Taong otnv Stemidavela aywyou-edadoug efattiag g epnodlopevng taong yia Stoykwaon. To péyebog
™¢ doykwong tng wvng dlatunong 6z apxIkKwe EKTIUATAL HECw SoKluwv ameuBeiag diatunong. Ot
auvénuéveg Ao, otnv Slemipavela aywyol £6APOUC EKTILWVTAL HECW MLag SoKLUAg Sltelpuvong TG
kolhotntag (dnAadn tng aktivag Tou aywyol) Katd 6z. H katavour auth Tng auénueévn KABETNG TAong
otnv Olemidpdavela aywyou-edadouc AapPdavetal umoyPn EUHECO HE TNV XPNonN €vOog KATAAAnAa
avénuevou cuvteleotr) opl{ovtiwv wBACEWV Koequiv. TENOG, UTIO TNV eMiSpacn AUTOU TOU CUVTEAEODTH
Koequiv €ETULBAAAETOL afOVIKN) METAKIVNGON OTOV aywyod yla TOV UTOAOYLOMO TNG afovikng SuUvapng
avtidpaong tou meptfarlovrog eddadouc. H pebBodoloyia auth epappoletal yla TV MPOCOUOLWON TwY
OMOTEAEOUATWY TIEPAUATWY OEOVIKNG HETATOMIONG aywyou (GIPIPE 2015). Yto ZX. 7B spdavilovral Ta
oanoteAéopata TG pebodoloyiag oe oUyKplon LE TA QVTIOTOLXA TIELPAUOTIKA OTOTEAECUOTO, EVW
MaPAAANAQ ONUELWVETAL KOL N EKTIINCN TNG MEYLOTNC afovIiKAG SUVOUNG cUUdWVA LIE TOUG LOXUOVTEG
KOVOVIoHoUG. KaBwg oL LoxUovTeG Kavoviopol ayvoouv Tny enidpacn thg StacTtoAlkotntag otny alénon
™m¢ afovikng edadikng avtiotaong, n amokAlon tng mpoPAedng toug eival Bsapatikr. AvilOETwg,
edapuolovrag TNV avwtépw pebBodoloyia pmopolpe va MPOoBAEPOUE LKOVOTIONTIKA TNV TPOYMOTIKN

afovikn avtibpaon tou edadouc.
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IxAMa 7. (a) MoLoTIKr ameLkovLon TNG eENidpacng tng SLacToAKOTNTAG 0TV alEnon TNG afovikng avtiotaong. (B)
ZUYKPLON aPLOUNTIKWY KL TIELPAPATIKWY ATMOTEAECUATWY YL TNV MEPIMTWON AOVIKNG LETATOTLONG TOU AywyoU
AapBavovrag untodn tnv enidpacn TS SLAOTOAKOTNTAG

Alepevvnon Zuunepupopdc Yrioysiov Aywyou oe Tektovikn Awdppnén

Ev ouvexela, €xovtag Babpovounost kot emaAnBeloel tnv aplOuntiky pebodoloyia, peletdtal
TMAPAUETPIKWG N SOoUNTIK oupmeplpopd umoyeiwv  YaAUBSWVWY  Oaywywv omeipou  UARKOUG
UTIOBOAAOUEVWVY OE KAVOVLKN Kol avaotpodn Stappnén. EMAEyoOVTAL YEWLETPLEC AVTUTPOCWIEUTIKEG
oywywv petadopdc uSpoyovavlBpakwy OXETIKWE HeyaAwv Slapétpwy (n SLapeTpog Kupaivetal amo
D=28" £¢wg D=48") katL Adyo Slap£Tpou Mpog maxog Towpatog D/t=70, kat peAstdatal n cupnepidopd
TOUG UEXPL TNV aoToxia, e€etdlovtag tTnVv emidpaocn Twy edadikwy MopaUETPWY (avtoyr, SLaoToALKOTNTA,
HETPO ehaoTikOTNTOC) Kal Tou Baboug sykiBwtiopol. Ot TIHEC TwV TAPAPETPpWY Tou e€stdlovtol ota

mAaiola Tng mopapetpkng dtepelivnong spdavilovral oto Zx. 8.
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D t D/t

I Hool=1,1.2,15m] (in) (in)
................................. 28 0.375 74.7

t
G‘— 36 0.5 72
- 40 0.562 71.2
D

48 0.688 69.8

(a) (B)

4 ‘pres ‘p 6xyield 6xpeak 6xres 61 P
(deg) (deg) (deg) (mm) (mm) (mm) (mm) (Mg/m?)
45 35 15 0.5 1.25 4.5 0.70 1.8
40 32 10 0.85 1.75 5.0 0.46 1.7
35 30 5 1.15 2.0 5.5 0.24 1.6
30 30 0 1.5 - - - 1.5

(v)

IxAna 8. Ol TIHEG TwV TToPAPETPWY Ttou e€etdovtal ota TAaiola TG MAPAUETPIKAC Stepelvnong: (o) Babog
KAAuPng tou aywyou, (B) YEWUETPIKA XOPOKTNPLOTIKA TWV aywywv Kat (y) XopaKTnpLloTIKd twv edadwv mou
AapBavovtat urtodn (amoteAéopata Sokipwy amneuBbeiag Statunong).

To ZX. 9a adopd ce £va XOPAKTNPLOTIKO TPORANUA: aywyog (amd xaAuPa X65) Stapétpou D=40" kai
Taxoug t=0.562" eyKIBWTLOUEVOCG EVTOC OTPWUATOS ENpNE Appou (He ywvia tppng ¢=40° kal ywvia
SlootoAikotntag Y=10°) o BABOOC Heover=1.2m uTtoPAAAeTaL O Kavoviky dtdppnén. NMapouotdletal n
£€EMEN TNG £VTAONG OTOV Aywyo O OPOUC HEYLOTNG QVATMTUCOOUEVNG £DEAKUOTIKAC TAPAUOpdwaong
(avetoptitwg B£ong epdaviong) pe thv avénon tou mMAAtoug NG SLappnéng, Kal o MopopopPWUEVOG
KAVVaB0oG TOU TUAUATOC TOU aywyoU To oToio udilotatal TNV LEYLOTN KATATIOVNON (UE ONUELWUEVEG TIG
ool Peic Twv afovikwv MapopopdWOEWV) O XOPOKTNPLOTIKA OTLyoTUTa. Alokpivovtal tpelg (3)
TIEPLOXEG OUTOKPLONG. ZUYKEKPLUEVA, YW Omur < 0.5m n péylotn avamtuooouevn £beAKUOTIKA
napapopdwon (mou odpeiletol oTov cUVSUVOOUO KAUTITIKNAG KAl afoViKNG Katanovnong) dev Eemepva To
oplo Slappong tou YAAuBa Kal o aywyog ocupmnepldpépstal ehaoctikd. Kabwg to péyeBog tng
eTPBArOUEVNG HETOKIVNONG AUEAVEL O aywyOG ELOEPYETAL OTNV TIAACTIKN TOU TIEPLOXN KOL O pUBUOG
CUOCWPELONG TTApApOpdwaong avavetal onuavtikd (Nepoxn I — MAaotikr Zupnepidpopad). Mo MAATOG
TEKTOVIKNG 8LAppNENG Saurr < 1.9 M n péylotn avamtuyxbeioa mapapudpdwaon elval KAUMTIKAG TPOEAEUONG
KOl WG €K TOUTOU QmavVIATal otnV B€0n PHEYLOTNG KAUTUAOTNTAG. Mo LEYOAUTEPES TWES Sfaur, N KUPLAPXN

popdn katamovnong Kot n B€on tng péylotng mapapdpdwong arralet (Meproyxn 1) — o aywyog mAéov
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KoTamoveital afovikd Kal TeEAKwS n Bpavon tou aywyol (oXnUATIOUOC Adlou) AapBavel xwpa o€

Statopry mAnociov tng Sdppnéng (Atol OTO TUAMQ TOU Oywyol HE TI( EVIOVOTEPEC QEOVIKEG

TOPAHOPPWOELS).
l. 1. 1.
0.04 - EMAOTIKT TAUGTUKY] SRIOVpYia
CUUTEPLPOPE GUUTEPLYOPE Aawov
€
M 0.03 -
0.02 A m
(a) S =2.1m
0.01 A
0 T T T T |
0 0.5 1 1.5 2 2.5
l. 11. 1. V.
0.035 7 ghootu TAUGTIKNY GUUTTEPLPOPE O10VEL dmnpovpyia
CUUTEPLPOPE CVUTEPLPOPE ThaoTKNG GpBpmong Aapov
0.03 A
8x,max
S =1.8m
0.025 fault
(ﬁ) 0.02 ~+ 6ﬂ,u,t=1.5m
0.01 -
0.005 A
0 T |
0 0.5 1 1.5 2 2.5
sfault 'm

IxAna 9. AmOKplon aywyou O Kavovikn Slappnén: aywyog Siapétpou D=40" kot mayoug t=0.562"
eYKIBWTIOUEVOG 08 BAB0G Heover=1.2 M €VTOG TUKVAG AUUOU He ywvia teBAg $=40° EEEAEN NG MEYLOTNG
edekuoTiknG Mopopdpdwong Pe TNV avénon tng petakivnong dtdppnéng pe Bswpnon () poper=0 MPa kat (B)
poper=pmax=9 MPa.

210 Z)X. 9B nmapouoialetal n €EALEN TNG KOTATIOVNONG TOou (8lou aywyou otnv Mepimtwon mou Asttoupyet

UTIO TNV HEYLOTN TILEDN YLO TNV OTolal OXESLACTNKE Pmax= 9 MPa n omola umoloyiletal wc:

20yt
Pmax = 0.72 (T)
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H Omapén tng eocwtepikng nieong odnyel oe alodntn Sladopomnoinon tng cuumnepldpopdc Tou aywyou.
MpwTtov, OMWG AVAUEVETO, 0 aywyoc Slappeel og (eAadpwg) HUIKPOTEPN LETAKIVNON OO TOV AVTLOTOLXO
Xwplig rtieon aywyo (Syiew = 0.4 m avti Syieir = 0.5 m). AgUTEPOV, 0 PUBUOG CUCOWPEUONG AP AUOPPWONG
oTtnVv MAAoTLK teploxn auvéavel onupavika (MNepoxn I). AfiZel va onpelwBel 0TL oTNV MAEOV EVTELVOUEVN
Statopn n afovikn mapapopdwaon tng avw tvag ayyilet to 2.5% yla empAnBeioa petakivnon prypatog
MOALC 1m. Tpitov, n KAUmUAN NG €EALENC TNG LEYLOTNG EDEAKUCTLKAG TAPAPOPPWONG Ke TNV avénon tng
HeTaTomnong tng dtappnéng sudavilel évav opllovrio kKAado: n avénon tng petatonong (dnAadn tng
KOUTTUAOTNTAG TOU Kpiowou tunpatocg) dev mpokoAel avénon oto péyebog¢ tng mapatnpolUEVNC
Mapapopdwong otnv MAEOV eVIEVOUEVN SlaTopr], EVOELEN MW 0 aywyog £XEL e€AVTANOEL TNV TTAQOTIKN
porr) avtoxng tou (Meptoxn ). TEAKWC, KoL OTNV TEPIMTWON TOU UTO TIlEon aywyoUu EMEPXETAL UL

LETOTOMLON OTIOU 0 £PEAKUCHOC VIVETAL KPLOLUOC KAl £XOUUE TN dnuLoupyia Aatpou.

Pomn
MP°
DL — Xwpig Aoutég paoelg
Mp¢0
pl
M R, o R AQHBG’.VOVTQC UT[(’)Ll)n
(o) p=0 AOWUTEC BpUoELC OTIWC
My, ey agovikn Suvapn,
MPEO | TELVOUOQ, ECWTEPLKN
Y Tiieon Ko E6aPLKEG
: : TUEOELG
cP=0 (P*0 KOUUTTUAGTNTOL
0.035 -
. 0.03 8fque=0.80m
002 8fque = 1.00m
(B) 0.02 Ofpue=1.50m
0015 S =1.70m
S =1.80m
0.01
0.005
0 T T T T 1
0 2 4 6 8 10
X:m

IxAua 10. (o) Aldypappa pomng — KAUMUASTNTOG yla €uBUypaupo aywyo cUpdwva pe tov EN1993-4-3
Eupwkwbika. (a) Katavour thg afovikng mapauopdwaons KATd Unkog e epeAKUCTIKAG TTAEUPAC TOU KploLuou
TUAUATOC TOU aywyoU yla Stadopa pey£On LeETATOMIONG PrYUATOC.
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Owmnapandavw SladoponoLoEeLg 0TV CUPTIEPLGOPA TOU aywyou UTO Ttieon anodidovtal oTnv Helwon g
KOUTITIKAC aVTOXNAG TOU aywyou HE TNV Tautoxpovn 8pach TNG €0WTEPLKAG Ttieong. Ztnv Kivnon tou
edadoug Aoyw TG egudaviong tng SLappnénG OVTIOTEKETAL O APXLKWE €UBUYpOUMOC aywyog. Qg
anotéAeopa, e6adKEG WONOELS AVATUGCOVTIAL OTOV QYWYO, OL OTOLEG KAl SNULOUPYOUV KOUTTTIKNA
Kkatanovnon. Ag Bewpriooupe yla AOyoug amAoUOTEUONG MWC yla TtThv (Sla PETATOTION PYUOATOG
avVamTUooovTaL ePmou (0e¢ eSaPLKEG TILECELG KABETA 0TOV AEova TOU aywyoU Kol TEAIKWG TTAPOLOLEG
KOUTTTLKEG POTIEG TOCO OTNV TEPLMTWON TOU UTO Tiieon 600 KOl O£ QUTHV TOU XWwpPig Tieon aywyou.
MapdAAnAa, oto ZX. 10a sudaviletal o MOLOTIKOUG OpoUC N eMiSpacn NG ECWTEPLKNG TIiEoNG oTNV
CUUTEPLPOPA TOU aywyoU O OPOUC poTG-KapmuAotntag, cuudwva pe tov EN 1993-4-3 Eupwkwdika:
yla eUBUYpapHO aywyd LTS KaBapr KAUPN, N APXLKWG EAXCTIKA amoKpLon uéxpLtn porr Siapporg M,P=0
akoAouBeital and pla otadtakn pelwon tng duokappiog pexpl tnv e€AvTAnon TN MAOCTLKAG POTING
avtoxrg MpP=0 6mou to olivolo tng Statoung éxel maotikononBel. Onwg yAadupd amoTuIWVETAL 6To
SLAYPOUO QUTO, UTIO TNV TAUTOXpOVN SpAcn TNG ECWTEPLKAC Tileang T0o0 n avtiotolyn pomn Slappong
M,P*0 660 kat mAaoTikr portr Stapporg MpP™0 pewwvovtat. Yd autd to mpioua, yivetat katavonth n
ypnyopotepn mAaotikomoinon tou UM Tiieon aywyou. To Swaypappa tou IX. 10a sival apketd
SlopwTIOTIKO  ylo va  gpunvelosl kal tnv avfénon Tou pubuol OCUCCWPEUCNG TIAQCTIKWY
napapopdwoswv. A¢ Bewpriooupe TWE N HETATOMLON TS Slappnéng odnyel os anaitnon os pomn M
ueyaAltepn amoé tnv porr Slapporg tdoo Tou xwpic MP boo kat Tou und mieon aywyol M0, H
OUYKEKPLUEVN pomr M odnyel tov unmod mieon aywyd o€ HEYOAUTEPN KAUMUAOTNTO (KAl EMOMEVWG
napapopowon). EmutAéov, pa avénon tg pomng autic AM Ba odnynosL oe peyoAutepn auénon
KOoumuAotTnTag AC tov UTO Ttieon aywyo, KaBwe autog Bploketal o Babld otnv MAAGCTIKA TIEPLOXH KO
xapaktnpiletal anod pikpotepn duokapia amd Tov aviiotolyo Xwpelig mieon aywyod. Emopévwg, sival
Katavontn n avénon tou pubuol CUCOWPEUONG APANOPIWONG OTNV MAACTIKY TIEPLOXH YLO TOV UTIO
Tiieon aywyo. Me 1o (510 oKeMTIKO e€nyeital ePPEcwWC Kal n tpitn dtadopomnoinon otnv cupnepidopd: o
0pL{OVTIOC KAASOG 0TV £EEALEN TWV AEOVIKWY TTAPAUOPPWOEWY. H HELWUEVN TIAAOTLKN POTIH AVTOXIG O
ouvluaopd pe Tov auénuévo pubud CUCOWPEUONG TAACTIKWV TAPAUOPPWOEWY 0dnyolv oTnv
g€AvtAnon tTN¢ MAAOTLKAC POTG QVIOXAC TOU UMO Tiieon aywyol Of HUETATOMLON PYMOTOG QPKETA
ULKPOTEPN Ao TOV Xwpi¢ mison aywyo. Otav o aywydc GTtacel TNV MAOCTIKY POTI| OVTOXNAG Tou Sev
napatnpeital abénon tng péylotng moapapopdwong (kabwg dev pmopel va avénbei mepetaipw n pomn
otnv Kkplown Statopn), aAA avtlBETwe EMEPYETAL LA OVOKOATOVOUN TNG €vtaong. Xto ZX. 10B omou
gudaviletal n KATAVON TNS AOVLKNE TOPAROPpPwWonG oTnV eHEAKUOTIKA TTAEUPA TOU KPLGLLOU TUNLATOG

TOU aywyoU, €TUXELPEITAL L0 OTTELKOVLON TNG OVOKATAVOMNG QUTNAG. ITNV KUMATOEWS KOTAVOUR TOU
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oxnuarog Eexwpilouv Tpelg kopudEg, OToU oL EPEAKUOTIKEG MAPAUOPPWOELG LEYLOTOTIOLOUVTOL. APXLKWE
N UEYLOTN TIUN TWV TPLWV AUTWV Kopudpwv auEAvetal He Thv avénon tng UETOTOMIONG pAyHoToG. Ma
METATOTIOELG OUWG UEYAAUTEPEG TNG Ofauir = 1 M, N UEYLOTN TLUN TOUG TIPAKTIKWE TIUPAEVEL OTABEPN.
AVTIOETWG, O HUNXAVIOUOG apalafng Tou €pyou TNG eMBOAAOUEVNG KAUTIUAOTNTOG AAAATEL: TO TTAATOG
™G MPWTNE Kopudng (x =4 m) auvfdvel otadlakd TPog Ta apLloTepd. EMopEVWC, N emMAEoV eMBAAAOUEVN
£€vtacon mapaAapBAvetal amo TtV Klvntomoinon HeyalUTepnG €KTaONG TOU KplolWou TUAUATOC TOu
aywyou Kol 0L Héow al&nong Tng &vtaong tng Kplowng SLAToOUNG — TePIMTwon avaKOTAVOUNRG TNG
évtaong. H oupmepipopd autr Bupilel tn ocupnepidopd TAACTIKAG ApBpwong. AvuBétwg, dev
napatnpeital otov Ywplg mieon aywyo ylati autog xapaktnpiletal amd peyaAltepn MAACTLKA POTI
OVTOXNG KOl LUKPOTEPO PUBO CUCCWPEUGNC MAACTLKWY TAPOUOPDWOEWV E OTTOTEAECUA VA EMEPXETOL

TIPWTO 0 OXNUATIOUOG AdLpoU.

lowg n 1o epdavig aAdayn otnv amokpLon Tou uno mison aywyou (0nwc epdaviletal kot oto . 9) eival
n Stadopomnoinon Tng KATAVOUNG TNG AEOVIKAC Tapapuopdwong KaTd HAKOS TNG ePEAKUCTIKNAG TAEUPAG
TOU Kpilowou tuRupatoc. O xwpi¢ mieon aywyog apXLKWG OVOMTUCCEL ULAL TIPAKTIKWS OMOLOMopdN
KOTAVOUN 0EOVIKWYV TTAPAUOPdWOEWV OTNV EAACTIKI TIEPLOXH, N OO0 OLWE CUYKEVTPWVETAL YUPpW Ao
TO onuelo PEYLOTNG KOUMUAOTNTAC KABWE 0 aywyog ELCEPYETAL OTNV MAQCTIKY TEPLOXH. AVTIOETWC, N
OPXIKWG OHOLOHOPdN KOTOVOWN TOU UTIO TiieEon aywyoU HETUBAANAETAL O MO KUHOTOELSN) KOTOVOUN
KOBWG QUTOG ELOEPYETAL TNV TTAQOTLKI) TLEPLOXI, N OTtola XA POKTNPL{ETOL TEPLOCOTEPA TOU EVOG LEYLOTOU
(kopud£g) ota omoia n ouyKEVTpwOoNn TACEWV €ival o tormikr. Auth n cuumnepidopd Ba MpéEmel va
anodoBel otnv emppor Twv GoVOUEVWY 2aG TAENG. ZUYKEKPLUEVA, KABWE 0 aywyog ELOEPYETAL OTNY
TAQLOTLKH TIEPLOXN, N KOUTUAWOT Tou apXilel kat yivetat onpavtikn. H ebeAkuopevn mAeupd tou aywyou
oauavel og pnkog, evw n BALBOUEVN cupplkvwvetal. H 8pdon tng sowTepLKAC Tiieong otig SU0 AUTEG
TIAEUPEG €XEL WG ATIOTEAECUA LA CUVLOTAPEVN TIAPAOCLTIKA Tiieon mou Spa KABeTa otnv ebeAKUOTIKN
TAEUPA e POPA TETOLA TIOU TEIVEL VOL LELWOEL TNV KOUTTUAGTNTA TOU aywyou (ZX. 11a). H mapaottiki auth
Tiieon auéavel pe TNV aV€Non TNS KAUMUAGTNTOC Tou aywyou. H Umapén tng poptupdtol and tnv Tdon va
LOWWOEL KAMOLEG OSLATOUEC KOTA HMAKOC TOU KaumuAou tunpatog (ZX. 11B), pe amotéheopa TNV
CUYKEVTPWON TAPAUOPPWOEWY OTIG SLATOUEC QUTEC KOl TEAKWG TN SnUloupyiol TG XOPAKTNPLOTLKAG

KUPOTOELS0UG KOTAVOUNC.
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L =1L, + (@ +D/2)

(a)

(B)

> \

M M

IxAua 11. (a) IxNUaTikg OmEKOVLIoN TG EMIPAONC TG ECWTEPLKAC Ttieong Adyw Twv datvouévwy 2ag Taéng. (B)
To MopapopdWHEVO KPLOLMO TUALA TOU aywyou He looUP el afovikwy mapapopdwoswy anouoia Kot mopousia
€0WTEPLKNG Tieon (ouvteAeotn g ueyebuvong 20).

To ZX. 12 cuvoilel Ta amoteAéopata TNG MOPAUETPLKNG Slepelivnong yia aywyolg urtoBaAlopevoug o
Kavovik Siappnén. To amoteAéopato moapouctdlovtal UMO tnv popdr HEYLOTNG £€PEAKUOTIKAG
napapopdwong otov aywyo (avefaptntwg Béong euddaviong) CuUVAPTACEL TNG KOVOVIKOTIOLNMEVNG
METOKivnoNg pNyMatog Smur/D ylo Ta Téoogpa oUUWwoOn €8Aadn Kol Ta TPla XOPAKTNPLOTIKA Badn
gyKIBwTopoL Bewpwvtag SUo oevapla Tiieong: (o) aywyol xwpic ecwtepikr mieon Kat (B) aywyol mou
Aettoupyolv UTO TNV €0WTEPLKN Tileon oXeSLAoPOU TOUG Pmax. |Slaitepo evbladépov mapouaotalel to
YEYOVOC TG aveéaptATwG Slapétpou D n anodkplon tou aywyol duvatal va opadomnonBel yia dedopévo
Aoyo Slapétpou mpog mayog (D/t), Sebopéveg edadikég BLoOTNTES (¢, Y, E) kat Sedopévo Babog kaAudng

(Hcover) LETPOUMEVO QTS TNV ETLPAVELA WE TNV OTEYPN TOU AywyoU.
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=45 ¢=40°

= 0
@ =35 o=ds @240 s @=30°

X,max @ =30°

@ =40°
@ =35°

0.04 - ¢ =45°

@ =30°

H 1.2m

cover —

0.03
X,max @ =35°
@ =30°

1.5m

cover —

6crit/ D 6crit/ D
(o) (B)

D =28" — D=36" — D=40" — D=48

IxAuna 12. Anokplon umoyeiwv aywywv (D/t=70) eykiBwtiopévwy evtog appwdouc edddouc (ywviag tplpAc ¢)
uTtoBaANOUEVWV O KaVOVIKY SLappnén, BewpwvTtog EcWTEPLKN Ttieon Aettoupyiag (o) poper=0 Kat (B) Poper=9 MPa:
€€EMEN TNC UEYLOTNG £DEAKUOTIKAG TOpApOpdwong He TV alénon TNG KOVOVLKOTIOLNUEVNG HETAKIVhONG
Sdppnéng.

AvTloTOlXWG OpadomoLElTaL KOL N QMOKPLON aywywv urtoBaAlopevwy oe avaotpodn Sidappnén. Zto
2X.13 mapouotldletal N KPIOLUN KAVOVIKOTIOLNUEVN HETOKivRon pAYRATOS Seqi/D (kavr va pokaAEoEL
TOTILKO AUYLOMO OTA TOLXWHATO TOU aywyol) cuvapthosl tng ywviog TppAc tou e6adoug ¢ Kal tou

BdBouc eyKIBWTIOHOU, yLla aywyoU He KoL Xwpig mieon. Mapatnpeitol OTL N KOvovIKomoLnpévn KpioLun
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UETOTOMION UELWVETAL PE TNV alEnon tng e6adLkAG avtoxng Kat tnv avénon tou Babuou eykiBwTiopoU:

KoL oL Vo autol mapayovteg 0dnyouv o avénon NG oXeTkNG Suokapuiog Tou e6ddoug Kal EMOUEVWE

p =9 MPa

o€ 1o evdoaoiun cupnepldpopd aywyou.

p =0 MPa

0.8 - o 0.8 -
0.7 - Hcover =1m 0.7 4 Hcaver =1m
8.1/D 06 8 0.6 4
0.5 | f 0.5 | A
0.4 ] 0.4 g
0.3 4 0.3 4 B8
0.2 0.2 B
0.1 0.1
0 ; ; ; ; ) 0 ; ; ; T )
25 30 35 40 45 50 25 30 35 40 45 50
0.8 - 0.8 -
7 Q - 7 -
0 Hcover =12m 07 Hcover =12m
8,,4/D 06 s 0.6 -
0.5 4 0.5 A
8 5}
0.4 - [ 0.4 -
03 03 g g
0.2 0.2 A )
0.1 4 0.1 |
0 ; ; ; ; ) 0 ; ; ; T )
25 30 35 40 45 50 25 30 35 40 45 50
0.8 - 0.8 -
0.7 Hepper=1.5m 0.7 Hper=1.5m
8,,/D 06 R 06 -
0.5 4 g 0.5 4
0.4 4 B 0.4 4 q
0.3 - 4 0.3 - 8
0.2 - 0.2 2 Py
0.1 4 0.1 4
0 . . . . . 0 . . . , ,
25 30 35 40 45 50 25 30 35 40 45 50
¢ : deg ¢ : deg
() (B)
O D=28"_¢=30° © D=28"_¢p=35° @ D=28"_¢p=40° ® D=28" @p=45°

O D=36"_¢=30°
A D=40"_@=30°

O D=48"_¢p =30°

O D=36"_¢=35°

D=40"_¢ = 35°

® D=48" ¢ =35°

B D=36"_¢=40°
A D=40"_@=40°

© D=48"_@=40°

W D=36"_¢p=45°
A D=40"_@=45°

& D=48" p=45°

IxAna 13. Anokplon unoyeiwv aywywv Stapétpou D kat mayoug t (D/t=70) eyKIBWTIOUEVWY EVTOG AUUWE0UG
edadoug (ywviog tpLpng ¢) unoparlopevwy oe avactpodn Slappnén, Bewpwvtag ECWTEPLKN TLEGN AELTOUPYLAC
(o) poper=0 Kat (B) poper=9 MPa: kpiloln (KOVOVLIKOTIOLNUEVN WG TIPOG TNG SLAUETPO TOu aywyol D) petatdmion
PYHOTOC CUVAPTNOEL TNG ywviag TpLpng tou edadouc.
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TOTUKOG AUYLOMOG : p=0

—>
TOTILKOG AUYLONOG : p =9 MPa % z i >
-
(o)
Mr
1.2 -

(B)

£QPEAKUOUOG

-1.2 -1 -08 -0.6 -04 02 0 02 04 06 08 1 12
Ar

Ixnpa 14. (a) MoloTIkn ameLKovLon TG cUVSUACUEVNG Spdong OALPNG KOl ECWTEPLKAG TILEONG TNV ATIOKPLOHN TOU
aywyoU. (B) Atdypappa aAAnAentidpacng pomr¢ — afovikng SUvaung yia aywyo (D/t=70) pe kal xwpic ieon katd
Mohareb (2002)

EvSladépov emiong mapoucldalel n enidpacn TNG £0WTEPIKAG Tieong n omola, avtiBeta pe tnv
SLooONTIKWE avapevopevn cupnepldopd, dev mpowbel TNV euotdBela TNG SLATOWUNG, OAAA QVTLIOETWG
MELWVEL epdavwg Ta teplBwpla achadeiog. Mia anmdnelpa oxNUATIKAG EMeENYNoNg TG LBLATOUCOC QUTHG
cuunepLdpopdg napouastdletal oto ZX. 14a. Ag BewpriooUUE OPXLKWE TOV OYWYO Xwplg Ttieon: und tnv
enidpaon ¢ OAUTTIKAC SUVAUNG N Statopn €XEL TRV Tdon va SloykwBel mAgupkd (patvépevo Poisson),
EVW PE TNV avénon autnc (koL o ouvduacouod e TNV TauTtoxpovn §pdch pomng) o aywyog TeAlkws Ba
Auyioel oxnuoatilovtag To XapaKTNPLOTLKO TOAAGKWA, TO onoio Ba éxel dopd mPo¢ Ta £€w, LLAC KOl QUTH
givat mo gunmadng mAsupd Adyw TG Tdong ya Stoykwaon. Otav To THARA ouTto Tou aywyou Bpebei umo
TouTtoxpovn SpAcon ECWTEPLKAC Ttieang, otnv Taon yia S1dykwaon Adyw Poisson mpootiBetat kat auth Aoyw
¢ nieonc. ‘Etol, n avtiotaon otnv mPokaAoUEVN Ao TNV ECWTEPLKN Ttieon mapapopdwaon mnyalsL ano
TOUG {610UC UNXAVIOUOUE TIOU OVTLOTEKOVTOL OTOV OXNUATIONO TOoTtkoU Auylopol Kal emopévwg Spa

OVTAYWVLOTIKA TIPOG auTtoug — n avénon tng mieong obnyei o peiwon tg avtoxng. MakpooKoTKd, n
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TOPATAVW OCUUTIEPLPOPA AMOTUTIWVETOL fekdBapa oto Zx. 14B oOmou mapouoialetal Slaypappa
aAAnAemnidpaong oe 6poug pormrg M; (pomr avtoxnig mPog MAAOTIKN por avtoxng Mp) kat afovikng Ar
(a€ovikry SUvaun A mpog péylotn afovikn avtiotaon Ay) yla aywyo (D/t=70) pe kot xwplig mieon Koatd
Mohareb (2002). Npdaypatt,, umo kabeotwg cuvdualopevng pomng Kat BAlPNg, n mapoucia vPnAng
E£0WTEPLKAC TILEGNC LELWVEL TNV OVTOXH TNG SLATOUAG TOU aywyoUl Kal £wg K TOUTOU TNV SuvVATOTNTA TOU

va TapaAdPeL TEKTOVLKN PETAKIVNON.

Zuykpton Mpotewvouevng MeSobdoAoyiag pe EAatnpiwrta lNMpoocouoitwuata

Avtl emldyou tou Mépog A’, emixelpeital Katl pia ocvvtopn afloAoynon tng aflomotiog Twv eupEwg
XPNOLUOTIOLOUUEVWY EAATNPLWTWY TIPOCOUOLWHATWY. ETUAEXBNnKav Vo Ttumikég Slatdgelg umoysiwv
oywywv oL omoieg untefANOnoav og Kavovikr Kot avaotpodn Stappnén kot emAUOnKav: (a) Le xpron tng
EUMEPLOTATWHEVNG apLBUNTIKAG peBodohoyiag kat (B) pe xprion eAatnplwtol MPocopoLWUATOG. MNa Ty
Seultepn katnyopia emiluong aflohoynBnkav 6U0 evOANAKTIKEG TIPOOEYYLOELS. ITNV TPWTN T eSAPLKA
gehatnplo £xouv TMPoKUYPEL amd avoAUOELS TIEMEPACUEVWV OTOLXELWY, evw otnv 8eltepn Ta edadikd
ehatnplo Sivovtal amd TIC NUL-EUTMEIPLKEC  OUOXETIOELC TwV KavovioTikwv Statdfewv (ALA 2001).
JUMTEPALVETAL OTL OTLC TIEPUTTWOELG KAVOVLKAG S1appnéng ta eAaTnPLWTA POcsopoLwHaTA (aveEopETWE
TIPOCEYYLONG) TEIVOUV Vo UTTEPEKTLUOUV TNV £dadikn avtiotaon (kabwg ayvoolv TNV Peiwan TG avTtoxXng
Tou €6ddoug AOyw Twv ouVBNKWVY eVEPYNTIKNG aoToxlag), LE ATOTEAECO TN ONUAVTLKY UTIEPEKTIMNGN
NG KOUMTIKAG Topapdpdwong tou aywyou (ZX. 15a). EMuTA£ov, 0€ TEPUTTWOELG ONUOVTLKIG ECWTEPLKAG
Tieong, n MPOCOUOLWON TOU aywyoUu HE oTolxela SOKOU UTIOEKTIUO ONUOVTIKA TLG QVOTTTUCOOMEVES
napapopdwoelg (2xX. 15B), kabwg ayvoel tnv oxL apeAntéa napapudpdwon oto enimedo NG SLATOUAG Kal
To ouvemayopeva dawopeva 2ag tafng mou odnyolv oes peiwon ¢ Sduokappiag tou aywyou.

Avaotpodo pryua
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HCOVBI‘ = 1'2 m HCOVEI’ = 1'2 m
t=.0.562"7" .- e t=0.562"
Poper = Pmiax
i
Znpr-apipog: D=40" " =zppij dupog:
p=30° ®=30°
[0 10 1 J € max = 3% i 0.03
8x,max [
[ . - 0,
0.02 € max = 2% g /l: 0.02
- ]
B
0.01 - e i 0.01 -
Ex,max 0.5% l/ !
= nuduévag nuduévoag
0 T T T ] 0 T T T )
0 1 2 3 4 0 1 2 3 4
scrit/ D 6crit/ D
—— 34 avdluon —— anlomotnuévn avaiuon

IxAMa 15. Z0yKpLon TWV AMOTEAECUATWY TNG 3A AVAAUCNG E TA ATTOTEAECATO AMAOTIOLN LEVNG AVAAUGNG TUTIOU
SokoU emi ehatnpuwtol edddoug: €EEAEN NG PEYLOTNG EDEAKUOTIKAG TAPANOpPWONG LE TNV avgnon tng
KQVOVLKOTIOLNEVNG HETOTOMONG TNG S1dppnéng Bewpwvtag eowTtepLkn Tieon Aeltoupyiag poper=0 Kal Poper=9

MPa.

B’ Mépog

Arnokpion aywywv urtoBaAAoUeVwWY o0& UETOKIVNOELS AOyw KatoAiodnong

Ytnv 8eltepn evotnta tng ASAKTOPLKAG SLATPLPAC EpeuVATAL N ATIOKPLON QATELPOUNKOUC UTIOYEioU

oywyoU umoBaMopevou o PeYAAeC £60PIKEG HETAKLVAOELS TPOKAAOUUEVWY amo ekdAAwon

TEPLOTPOPIKNG KATOAloONnong. Mo amd TIC ONUOVTLKOTEPEC TIPOKANOEL OTNV TPOCOHOLWCN Tou

daLVOUEVOU QTTOpPEEL QMO TNV avavtloTolia Twv SlaoTAoewv UeTaty aywyol Kal KatoAloBnong.

Adevoc, n AETTTOUEPHG TIPOCOHOLWON TOU aYWYoU KOl TwV TBavwV GovopEVWY TOTIKNG aloTABELaG (TLY.

TOTILKOG AUYLOMOG, oalomoinon) amattel tnv xprion MENEPOAOUEVWY OTOLXELWV TTOAU ULIKPpWV SLOOTACEWY
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(tng td€ewg Alywv ekatootwy), adeTEPOU, N TPOCOUOIWON KATOALGONTIKWY GaLVOUEVWY artaltel Katd
KOVOVO TIPOCOUOLWOELS HEYGAWY Slactdoswv. O ouykepaopog twv SUo amattioswv odnysi os
ywyavtiaia, Svoxpnota Kot €€OLPETIKA QTIOLTATIKA TTPOCOUOLWHATA. EVOANQKTIKA, TTPOTEIVETAL Kol
vloBeteital pLo pebodoloyio Vo Bnudtwy (ZX. 16). Apxikwe avaluetol n €EALEN tn¢ katoAioOnong oto
gAelBepo nebdio (dnA. ayvowvrtag tnv UMapEn Tou aywyou). Amo tnv avdaAluon autr edyetal To nedio
TWV UETAKLVIOEWY, TO OTolo oto SeUTEPO Prila XPNOLUOTIOLELTOL WG CUVOPLOKA cUVORKN oTov uBuéva
KOLL OTO TIAEUPLKA oUVOPA €VOC TOTILKOU TIPOCOLOLWHATOC TOU eEpAAUPBAVEL TOV aywyod Kol €va edadLko

nplopa mept autou.

1° Bnua:
AvdAuon EAEYOEPOY MEAIOY

/

2° Bhua: -
AvdAvon AAAHAENIAPAZHE >
aywyou-edagovs = oo

y '\1/7 X aywyog

IxAna 16. MeBobdoloyia §U0 Bnudtwy yla Thv avdAuon the cupnepldopdc umoysiov aywyol urntoBoAAOUEVOU
og HeYANEC SAPIKEG LETAKLVAOELG AOYWw KaToAloOnong.

Me tnv xpron t¢ w¢ dvw pebodoloylag peAetdtol aplOUnTikad n andkplon unoysiov xaAuBSdvou otav:
(a) o aywyog OSlaoxilel kaBeta TO MPAVEG KAl €MOPEVWS €elval TapdAAnAog otnv kivnon tng
katoAloBaivouaoag palag kat (B) o aywyog sival mapAdAAnAog otnv oTEYPn Tou MPavoug Kal n edadikn

oAioBnon AapPavel xywpa kaBeta otov dfova tou.
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X=75
§ Zerest = 20
iZnueio O /
T Ly P
(a) aywyoc

""" snueio A’: kaumoAo
otolxeio ouvapuoyng

Ztoor = 0 X=-9 4T B0
BN b o IMEOE
T I ’ 7
Lo i\ Shueto A: kapriAo Erudaveia 2tabepo edagdog
OTOLYELD CUVAPOYNAC aotoxiog Loy ¢y Epl
x=0 «pnxn» katohicbnon
«Babeld» katoAicbnon
(B) Toun k&beta (vy) Znupeio A”: aAdayn otnv
otov afova SlevBuvon tou aywyou

:-:-:-:i RIS “~ T cutiypommos.

IxAna 17. Npadikn amnewkovion tou mpofAiuatog aywyol unmoBarl\OpevVoU og HETAKIVACELG AdYyw KaTtoAioBnong
napaAAnAa otov agova tou. (a) H yewpetpla Tou mpavoug kat ta SUo und e€€taon oevapla katoAioBnong, (B)
YewUeTpla ToU aywyou Kat (y) To KAUMUAO GTOLXELO CUVAPLOYNG.

Mo tnv HeALTN TNG MPWTNG TepimTwong uLoBetnBnke to mapadelypa Tou ZX. 17. XaAULBSWOG aywyog
(xaAuBag X65) Srapétpou D=36" kot mayxoug t=0.5" pe BaBog KAALYNG Heover=1.5 m Slaoyilel mpaveg
punkoug Ly=75 m kot uPpopetpikng dtadopdc moda-otéPng Ly=20 m. Mo tnv vAomoinon tg LETABOANG
oTov afova Tou aywyol XPNOoLUOmMolouvTal KaumuAa otolxeia cuvapuoyns. H amokplon tou aywyou
peAetatal mapapetplkd Bswpwvtag dUo cevdpla kotoAioBnong: (a) éva oxetikwg pnxd oevaplo
KatoAioBnong mou dev ennpedlel To otolxelo cuvappoyng otnv Bacn tou mpavoug kat (B) éva Babu
OEVAPLO KOTOALGBNONG Katd To omolo n KwnTtomoloUpevn edadiky Hala cUPMOPAcUPEL TO OTOLXELO

CUVOPUOYNAC.

Mia amoyn tou aplBuntkol mpocopolwpatoc tou eAeuBépou mediov mapouaoidletal oto IX.18a. To
otaBepd €dadog (umokeipevo tng endavelag oAicOnong £6a¢doc) MPOCOUOLWVETAL WE TTUKVI QUHOG UE

HETPO eAaoTikOTNTAC E2 = 17 MPa, y = 20 kN/m? kat akohouBsi kpttiplo actoxiog Mohr-Coulomb pe
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oupnepLdopd XaAdpwaong, yLa Tov TPooSLOPLOKO TG omolag UuTtoBETovTaL @p = 45°, @res = 37°, Y = (¢p -
res)/0.8 = 10°, y,= 0.01, y, = 0.03 and y = 0.07. H katoAloBaivovoa pala Bswpeital pia xahapn Gppog
amoteAOUUEVN amo amoBEcel; TponyoUpeVwY eneloodiwv KatoAioBnong. To ebikd Papog NG
AapBdvetat 17 kN/m? kot to pétpo ehaotikdtntag £ = 4.5 MPa. To uAikd tou KivoUpevou 8ddoug Sev
erudelkviel oupmnepldopd XaAdpwong Kal wg €k ToUTou, yla TV Meplypadr tng cUUnepLPopds Tou
AapBavetal ywvia teBRg @, = 34°, ywviag SlaoTtoAkotntag ¢ = 5° Kal SLaTUNTIKA Tapapuopdwaon
Slappong yy = 0.03. Metagd twv 6Vo mapeuBareTal pa Aemtr otpwon €6ddoug (Slemipavela) Ukpng
avtoxng kot dSuokappilag. To évavopa NG KatoAioBnong Sivetal TexvnTd PEWVOVTAG OTASLOKA TNV
avtoxn ™G Slemipavelag. XapaKTnELOTIKA OTLYULOTUTIA TNG apapopdwaong Tng oAloBaivouoag palog

oo To Evauopa Ewg tnv anobeon mapouvoialovral oto Zx. 18pB.

Amon TOU TOTLKOU TPOCOUOLWHATOC Oaywyou-katoAioBnong Sivetal oto Ix.18y. Ta cUvopa TtoUu
TipocopoLWHATOG Tormobetouvtal o andotacn d’=3D amd Tov aywyo. H cuvoplakn auth ouvonkn
TMPoEKUYE LETA amo oelpd avalloswv gvalobnoiag pe otoxo va Bpebel o katdAAnAog cupBLBocuoc
OVAUECO OTNV aKPIBELA TWV ATTOTEAECUATWY KOL OTNV AmodoTIKOTNTA TNG avaAluong. H mpocopoiwaon g
cupumnepldopd Tou aywyol TEPA TwV oplwv Tou 3-A MPOCOUOLWHATOC UAOTOLE(TAL HECW UBPLOIKWY

CUVOPWV QVTLOTOLYO LE QUTA TTOU avamtuxOnkav yla tnv nepimtwaon g dtappnéng.

3T0 IX. 19 amotumwvetal n amokplon Tou aywyoU UTIOBOAAOUEVOU OTO OXETLKWE «PNXO» OEVAPLO
KoToAioBnong. 2to IX. 19a mapoucldletol o mapapopdwuévog KavwaBog Tou aywyol pe LooUYelg
TAOEWV YLO. LETATOTILON TOU TOSa TNG KOTOAeBNoNG User =2 m. H e8adikr] petokivnon otnv Bacn tng
KaToAloBnong (Zx. 19B)avaivetal o€ pia TapdAAnAn Kot pio KABETN CUVICTWO O OTOV AoV TOU aywyou.
H napdAAnAn cuvictwoa pokaAel BALPN Tou aywyou, evw N KABETN TIPOC TA TAVW CUVIOTWOO EKTPETIEL
TOV aywyo amo tnv opXlkn tou B€on mpokaAwvrtag €vtovn KAUYn. TEAWKA O aywyog OOTOXEL ME

OXNMOTLOMO TOTIKOU AUYLoUOU MANnGiov tng B£€ong HéyLoTng LeTaKivnonG.
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(@) ¢
b, KatoAloBaivov €dadog: ¢ = 34°, ¢ = O E 4.5 MPa |

¢res
t, t

0

npoinapyxovoa enidpaveia
oAicbnong: ¢ =f(t)

Tll>w I
10 PEEEEH e
| | S
> T | aespo e&ad)oq d) =450, |
A A A A A A A A A A A AAAAAAA‘A‘A
130 m

t=0sec t=1sec

t=3sec t=4sec

uBpPLSLKA
olvopa

M

(v)

cold bend: R = 40xD
eAevdepn
z snupo’zveta

P ‘
{7 Sem|ddavela aywypo-

mi{gé' g6édpouc: £ =0.5

coldbend:R=
40xD

TIPOKAOOPLOUEVEG
UETAKWVAOELG U(t) N

g e

uBpLSLKA
ouvopa

IxAnua 18. (a) To mpooopoiwpa eAeuBépou mediou kat (B) oTyULOTUTIA TOU MOPAUOPPWUEVOU KAVVABOU HE
Loo0elc LETOKLVOEWV O XOPAKTNPLOTLKEC OTLYMEG. (V) To mpooopolwpa aAAnAentidpacng aywyou-eSadouc yla

ebadikn petakivnon napdAAnla otov déova tou aywyou
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450
Mises
(MPa)

TAOELC

Kpiown Siotopn :

Usoil

Nepoxn A

(a) (B)

IxAna 19. Aywyoc umoPaAAopevog oto «pnxd» oevdaplo katoAiobnong: (a) MNapapopdwpévos aywyog He
looUPeic TAoEWV (XPWHATIOMEVA KOKKLVAL TA TUAMATO UTO UEYAAN KAUTTIKA Katamovnon), (B) molotikn
AMOTUNWON TWV UNXAVIOUWY OIOKPLONG.
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210 Babu ocevdplo katoAioBnong (ZX. 20) ot pnxaviopol moapoAafng Twv eSaPKWY HETOKIVACEWY
TIOPOLLLEVOUV TIOLOTIKWC (SL0L LE TIPONYOUEVWG: Kal eSw 0 aywyoc Bploketat untd BAIP N Adyw TG Kivnong
ToU €84 doUC TTPOC TA KATAVTH EVW TOUTOXPOVWE KAUTITETAL AOYW TNE Kivhong Tou e6adouc mpog ta Avw.
H kappn autn mapolapPAavetal He ThV avamtuén KOUMTIKWY POMWY avtiBetng ¢popdg oto TUnua Tou
oywyou Tou Ppiloketal evidg Tou otabepol edddouc (meplox aykupwaong). ITo oevdplo TnG Pablag
KOaToAloBnong, n aykupwon UAOTOLE(TAL OTO KAUMUAO TUAMA TNG CUVAPUOYAG Kal  petadpaletal ot
onpavtikn BAIPN. Q¢ avapéveto, n mpokuntouca BAIPN OTO TUAKA TG CUVAPUOYNG KABLOTA TOV aywyo

LOLALTEPWC EUAAWTO OE TOTILKO AUYLOUO.

0 450 TG
 RaRRNRN | anoP® ™
z qT!OlQ &EOVU-Q
taoeis Mises -
(MPa)

TOTUKOG AUYLOMOG

déovag Hey£Buvon tng Neploxig A

IxAua 20. Amokplon aywyol oto «Babu» oevdplo katoAicbnong (mopdAAnAa otov Gfovd Tou):
napapopPwHUEVOC aywyog pe lool el Tdoswy yia edadikh petatomnion Usi =2 m.

H Omapén g ecwtepkng mieong €xeL SMAN emidpaocn). NMpwTtov, otabepormolel tnv Statopr) ou BplokeTal
UTIO HMEYAAN KOUTUAOTNTA emiPpadlvovtoc 1 OKOUO KoL OTTOTPEMOVING TOV OXNUOTIOUO TOTLKOU
AuylopoU. AeUTepov, HETABAANEL TNV KATOVOUN Kol KUplwg To péyeBog Twv mapapopdwoewv SakTuAiou
€p OTO £Minedo ¢ Slatoung. Ev mpokelpévw, Aoyw tng kapdng otn Stapnkn dtevBuvon, dnpoupyeitot
TA0N MPOC GUOTOAN (avATTUEN APVNTIKWYV E€p) OTO TUAMA TNC SLaTOUn G TTou BplokeTal uTtd edpeAkuopd, Kal
taon npog dtactohn (avamtuén BeTikwy ) o€ aUTO Ttou Bpioketat uTtd BALPN. H UTtapEn TNC EOWTEPLKNG

Tieong Telvel va MEWWOEL TIC APVNTIKEC TAPAUOPDWOELS VW TAUTOXpova aufdvel TIC OeTIKEC
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napapopdwaoelg Saktuliou. QoTdOoO0 yLa PLEYANEG TILEG TNG ECWTEPLKAG Tleong p N av€non Twv (BeTikwv)
napapopdwoewv SaktuAiou duvatatl va yivel KpLodn (€6 = Emax=3%). Eva TéTolo MopAdeLypa amoTeAEL
N TMEPLMTWON TOU aywyou TIoU TapoUoLaleTal oTo £X.21 —aywyog umo Tnv nieon urtoBarAopevog oTo pnxo

OEVAPLO KOTOALoBNONG.

&g £max
0.04 - 0.04 -
0.03 - 0.03 { - LY A— .
0.02 0.02 i
0.01 - 0.01 - i — &
| £,
0 0 *
0 90 180 270 360 0 1 Vet 3 4 5
0 : deg Uit m

(B) (v)

IxAMa 21. Aywyog Umo TV Tiieon oxedlaopol Tou UoBAAAETAL oTtnV «pnXA» KatoAloBnong katavoun tng (a)
afovikng mapapopdwong (ex) katd pAkog tou aywyou, (B) tng mapaudpdwong Saktuliov (g6) otnv Kplowin
Statopun kat (y) e€EAEN TNG HéEyLOTNG Mopapopdwong aoviknG Kol SOKTUALOU e TNV petatonion edadouc.
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(@) ‘Pnxf’ katoAicOnon
‘p =9 MPa’ : Actoxia Aoyw edperkuoTikiv ‘p = 4.5 MPa’ : Actoxiot Adyw ePEAKUCTIKWY
napapoppwoewv SaktuAiou afovikwv apapopbwoswv

+E,
0.04 -
8 \
0.02 - }"
-8)(
0 f=======g====-=-g--="77 Uige: M
-0.02 1 ‘p =0 MPa’ : TOTIKOG
AUYLOUOG AOYW KAUNG — p=0
+€, ==== p=4.5MPa
0.04 1 \ —— p=9MPa
M
-0.06 - J &x
-£,
(B) ‘BaBeld’ katoAicOnon
‘P =4.5-9 MPa’: Auylopog
c . .
0.0 - [ & TOLXWHATOG TIPOG T £§w
8 \
N
0.02 - M <—
0 - T T " Utoe: m
0.5 \‘ 1.5 2 25 3
‘P =0 MPa’ : AUYLOUOG TOLXWHLOTOG TTPOG
-0.02 4 ta péoa Adyw OAPNG + k&udng
+e, —— p=0
\ ==== p=4.5MPa
-0.04 4 N —— p=9MPa
M €<—
-0.06 - /

- g,

Ixnna 22. Ta neplbwpla achadeiag Tou aywyou UEXPL TNV aoToxia avaloywg TG E0WTEPLKAG Tieong (a) yia To
«pNXO» oevaplo katoAioBnong kat (B) yia to «Babu» oevaplo katoAicBnong.

Y10 XX. 22 cuvoiletal n cuumneptdopd Tou aywyou UTIORBAAAOUEVOU O LETAKIVAOELG AOYW KatoAioOnaong
napaAnAa otov Gfova tou. H yewpetpia tng katoAicbnong epdaviletal va Stadpapatilel kaBoploTiko
poAo otnv amdkplon Tou aywyoul. Itnv mepintwon tne Badidg katoAioBnong mou emnpedlel TO KATW

otolxeio ouvappoyng ta neplbwpla acdaleiag ehaylotonolovvral (Yo Toug aywyoug tou e€eTdotnkay
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UTO Tiieon n pelwon twv neplBwpiwv achadeiog eivat tng Tagng Tou 50%). EmutAéov, 1000 n mapoucia
000 KOl TO PEYEBOC TNG E0WTEPLKAG Tiieong emnpedlouv KATOAUTIKA TNV OmOKPLON Kal Ta Tepldwpla
aodpaleiag Tou aywyou. H Omapén tne nieong epdaviletal va kabuotepel j AKOUO KAl VO OTOTPETEL TNV
ekbnAwaon Auylopou (6mwce oto oevaplo pnxng katoAicbnong). Qotdoo, Ta amoteAéopata Seixyvouv mwg
N EUUEVAG AUTH cupnepldopd v akoAoUBEL LOVOTOVLKY) CUGXETLON LU TO LEYEBOC TNG Ttieong (Kat yLa ta

600 oevapla ta meplbwpla achadeiag sival peyaltepa yla aywyo pe p=4.5 MPa oe oxéon pe p=9 MPa).

| Zogest =
X =35 i Poi eest—
((1) ‘ B ':PomtO

Point B,

— ‘Baewa’ katoAiodnon

otaBepd £dadog

(®) -

(v) y'\I_'X

“UBpLSIKA” cuvopa

eninebo
oupuETPioG

BN
i l“;’.q"

O
AT

Y« X eninebo ouppetpiac

IxAua 23. (o) Toun kaBetn otov Afova Tou aywyou: YEWHETpLo Tpavoug kat KatoAioBnong. (B) E€etaletal
TIOPOUETPLKA N €KTOC erumédou éktacn d tng KatoAloBnong. (y) AEMTOUEPELEG TOU TPOCOUOLWUATOC
aAAnAenidpacng aywyou-edadoug.

2T OUVEXELX €EETATETAL N ATIOKPLON TOU QYWYOU yla UETOKIVAOELG AOyw KOToAloBnong kaBeta otov

afova tou aywyou. O dfovag tou aywyol Slamepvd to HECO Tou mpavolg (otnv B€on x=35 m) Kkat
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napdAnAa otnv otéPn auvtol (ZX. 23a). H Babewd katoAicOnon tng mponyoupevng Siepelivnong
Aappavetal wg mBavod cevaplo edadikng Kwvntomoinong. E¢etaletal mapapetpikd n enidpaon tng KTOG
emunédou £Ktaon TnG KatoAiobnong d otnv andkplon tou aywyou (ZX. 23B) péow SUo cevapiwv: (o) evog
oevapiou «Sleupupévne» katohioBnong pe mAdtog d=40 m kot (B) evog «otevoU» oevapiou Pe TTAATOG
d=20 m. Opolwg e TPONYOUUEVWC N OTIOKPLON TOU OYyWYOU LEAETATOL ULOBETWVTAC TNV TPOTELVOLEVN
peboboloyio 6U0 Pnuatwv (ZX. 23y). EkpetaAleudOpevol TNV OCUPUETpld TOU  TPOPRAAUOTOG
TIPOCOUOLWVETAL TO HLOO PNAKOG aywyol. Ta KABeta opla ota omoio emiBAAAOVTOL Ol HETAKLVIOELG

eAeuBépou nebiou TomobeToUvTaAL O amoéoTach 5D amno Tov aywyo.

! ;
1 L
Y ; o
7 R N S SR SR
Usoir . katoAoBaivov édadog otabepd édadog
I
nepLoxn } Meploxn A: } Neployn B: } Neploxn A’: } neploxn
ayKUPWonNG £vtovn kaudn agovikn évtaon €vtovn Kaugn aykLPwWong

IXAHa 24. MOoLOTIKN ATEIKOVION TWV UNXOVIOUWY ortdKpLlong urmoyeiou aywyol mou UTIOKELTAL 08 e8APLKEG
HETAKLVNOELG AOYyw KaTtoAioBnong kaBeta otov dfova tou.

H amodkplon tou aywyou otnv Kivnon tou e6adpous KABETA oToV AEOVA TOU QIMOTUTIWVETAL OXNLOTLKA OTO
ZX. 24. OL eSadLKEG LETAKLVNOELG AOYW TNG oAloBatvouoag Halag dnpoupyouV OXETLKN HeTAKivnon Tou
aKAOVNTOU AKpou Tou aywyol Tou PBploketal oto otabepo €dadog kal tou dfova cupuetplag. H
Sladopikn autn kivnon mapalapBavetal péow KAUPng Tou aywyou O L0 TIEPLOPLOKEVN LETABATLKN
{wvn otnv gyyuTnTo Tou TEPATOC TNG KatoAioBnong (n omoia onuewwvetal wg /). To UAKOG TNG
petaBatikng avtic Lwvng Kabopiletal amod thv oxeTikn duokapia aywyov-edadouc. Népav autng TG
{wvng, 1600 Ttpog to otaBepo £60P oG OGO KALTTPOC TO ECWTEPLKO TNG KATOALGONONC, N €vtoon Tou aywyou
ekduAileTal oe mpakTikwe edbeAkuoTiki e€attiag Tng T@ong yla avénon to uAkog tou. Mo va avamtuyOet
TANPWCE N mapandavw cupmnepipopd Ba mpénel To NUUTAATOC TNS KatoAicOnonc (d/2) va sival emapkwg
peyaAUTEPO Ao TO HAKOG TNC petafatikig Lwvng (/). Ooo to mAdTog tng KatoAloBaivouoag palog

Mikpaivel (mepimtwon katoAioBnong meploplopévng €ktaong), To Slabéoipo unkog 6ev emapkel va
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napaAdfel tn nmapapopdwpévn KoTAoTOoN TOU aywyol. EmumAéov, n pecaia Siatour) Tou oywyoul
UTIOXPEWTLKA Statnpel tnv KaBetotntd tng otnv dtevBuvon tng eSadikng Kivnong Adyw cuppetpiag. O
oUVOUOOUOG TwV SUO CUVOPLOKWY CUVONKWY CGUVETAYETAL TNV AVAITTUEN MEYAANG KOUTUAOTNTAG OTNY
peocaia Slatopr] —peyoAUTEPNG OO QUTHV TOU Ba avamtuoootav o MepmMTwon plag SLEVPUUEVNG
KOTOALoBNONG. TEAKWG, N HEYAAN KAUMUAOTNTO TIOU OVAMTUGOETAL 0TV Leaaia dtatopun odnyel otov

OXNUOTLOUO TOTILKOU AUYLOUOU.

210 ZX. 25 cuvoiletal n cuumnepldpopd Tou aywyoL UTIOBAAAOEVOU OE PLETOKLVOELG AOYw KaToAloBnong
KaBeta otov afova tou. Opolwg pe tnv mepimtwon tng edadikng kivnong mapadAAnia otov afova autou,
£T0L KAl oTNV opoloa MePIMTWon N YewUETpia Tng katoAioBnong kabopilel Tnv amodkplon Tou aywyou:
n £peAKUOTIKA aoToxia MoU cuvavtdtal otnV MepmTtwaon TN¢ SLEUPUPEVNG KATOALGONONG LETATPEMETAL
og OATTIKN (TOTkOg AUYLOUOG) KaBwG To MAATOC TG oAloBaivouoag Halag pelwvetal Spaoctikd. Kat edw
N Tapouacia TN ECWTEPLKAG Ttieong KaBopilel To pUNXAVIOUO aotoxiag tou xaAUBSwvou keAUdoug Kal

EMOUEVWG TNV eUTIAOELA TOU aywyou.

Yuvoyilovtag n avaluon aywywv évavtl katohiodnong Ba mpémnel va AapBdvel umodn oAa ta mbava
oevapla e5adIKAG LETOKIVNONC KATAANYOVTOC OTO TLo Kplolpo €€ autwy. EEloou onpavtikn eivot n HeA£tn
NG amokpLong otnv B€on Twv otolXelwv cuvappoyng. Ta KOUmUAG autd TuApota anodsikviovtal Ta
A€oV euaioBnta otolyeia Tou aywyou Kol ival AUTA Tou Kpivouv Tnv actoxia ) pn tou aywyou. TEAoG,
N mapoucia TG ECWTEPLKAC Tiieong epdaviotnke va Stadpapatilel onUAvTIKO pOAO 0TOV UTIOAOYLOUO TWV
neplbwpiwv acdadsiag: avadeixbnkav MepUMTwoelg mou n 6pdon tng amodelkvietal wdEAUn (T.x.
«pNXO» oevdplo KotoAloBnong mapdAAnAa otov dfova Tou aywyoU) evw O AANEC TIEPUTTWOELS N
mapoucia TEoNG MELWVEL ONUOVTIKA To Tieplbwplo TapalaPng edadlkwv HETAKWVACEWV  (TLYX.

«8leupupévor oevaplo KatoAioBnong kaBeta otov d¢ova Tou aywyou).
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Introduction

Excessive ground displacements may perhaps be characterized as the most astonishing cause of failure
related with civil engineering. Their consequences are unfortunately not a local property but rather
notoriously familiar all around the globe: from the most developed countries to the most secluded
regions. For the latter case, their effects are auspiciously beyond our interest. In all other scenarios,
excessive ground movements will only by fortune not result in the engineers’ main concern: losses. Their
sort, distribution and magnitude will define the scale of the disaster which may reach up to the most

appalling scenario of several human casualties.

Recognition of our inherent inability to control nature (especially when resources are limited) has led the
engineering community —driven by the earthquake engineering discipline— to pursue resilience (Bruneau
& Reinhorn, 2007; Chang & Shinozuka, 2004; O’Rourke, 2007; FEMA, 2009) as the most viable strategy to
minimize the cost of the inevitable disaster. Design for resilience is ramified in pre-event measures
(summarized in the concept of opting for structural robustness) and past-event actions (focusing on

technical and societal preparedness to recover functionality).

This concept appears indeed to be life-preserving in terms of community endurance but may perhaps be
inappropriate for the design or retrofitting of critical infrastructure utilities, such as pipelines. In these
cases excessive ground displacements may produce severe failures, while disruption of service for

recovery (if possible) will result in shattering loss of assets.

Unlike most of our civil infrastructure (whose lifespan exceeds 50-100 years or even more at a quite
reasonable cost and where effects of failure are usually contained), construction of power-related
infrastructure requires abundant resources — the lack of which certainly limits their robustness thereby
curtailing their life-expectancy (e.g. due to accumulation of deformation or fatigue). But even during their
limited lifetime, they may indeed fail as a result of natural phenomena such as earthquakes, slope
instability or large differential settlements provoking a plethora of cascading effects not only on the
interrelated components of such facilities (e.g. pumping stations, tanks) but also on the very endurance
of communities (lack of power supply to homes and industries, immediate effect on energy prices,

environmental consequences etc), let alone the human casualties.



Buried Pipelines subjected to Large Permanent Ground Displacements

In an attempt to address the above issues in the design and retrofitting of critical pipeline systems, the
present study presents a new method for the numerical simulation of the response of buried pipelines

under large permanent ground displacements.

Three are the main compelling reasons for such an attempt:

1. Traversing areas of intolerable slope displacements or active fault zones is often unavoidable,
especially when it comes to structures of considerable length such as pipelines. In case the unstable
area s a priori known, abandoning initial planning in order to avoid it isa commonly adopted solution,

which however may often question the financial survivability of the project.

2. The rapid expansion of today’s cities which is unavoidably pursued by the need to enlarge the size and
population of infrastructure. The growth of urbanized regions calls for increasing the dimensions of
infrastructure in order to satisfy the augmented needs for energy production and transmission, thus

challenging the capacities of conventional foundations.

3. The need to limit empiricism and conservatism in the design of pipelines and rather propose a more

rigorous analysis methodology that will ultimately form the basis of more economical design.

Although several incidents of pipeline failures of larger or smaller intensity have indeed been reported, it
is the cases of successful performance of such structures that have motivated the present research by
providing evidence to suggest that proper design may prove a very effective technique for hindering

failure.

It is in this context that, the present study has been oriented towards the investigation of the interplay
between the pipeline and the surrounding soil in order to identify the phenomena that govern the
pipeline’s response. Through an in-depth analysis of the problem mechanics, it is envisaged that a
practical methodology can be provided to enhance the existing knowledge regarding the design of

pipelines to sustain large ground displacements.



CHAPTER 1

Pipelines subjected to large ground deformations: the current state of

knowledge

1.1. Introduction

Based on the damage mechanism of buried pipelines, permanent ground deformations such as fault
deformation, landslide, liquefaction-induced soil movements and settlements constitute a substantial
threat to the structural integrity of buried pipelines (e.g. Jennings [1971], MaCaffrey and O’Rourke
[1983], Desmod et al. [1995], Nakata and Hasuda [1995], Takada et al. [1999], Youd et al. [2000], Liang
and Sun [2000], O’Rourke and Liu [2011], O’Rourke et al. [2014]). Therefore, the scientific community
has placed significant effort on the investigation of the performance of buried pipelines subjected to
permanent ground displacements. Many approaches were employed to enhance our knowledge about
the soil-pipeline interaction including numerical and physical modeling. In the ensuing, a brief review of
the research conducted on the fields of pipeline-fault and pipeline-landslide interaction is presented with

emphasis on the approach method.

1.2. Faults

The investigation of the pipeline response subjected to fault-induced displacements comprises mainly two
approaches analytical solutions, and numerical methods ranging from simplified analyses to sophisticated
3D numerical models. In addition, there is an abundancy of experimental studies aiming to provide the

physical evidence for the calibration verification of the analysis methods.

1.2.1. Analytical methods

Newmark and Hall [1975] were one of the first to develop simplified analysis methods for the fault

crossing problem. This method assumed the pipeline to be subjected to direct tension due to the fault
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motion and ignored lateral resistance of the soil. Hence, the analysis of the pipeline was performed by
assuming it to be a cable deforming in straight line. Kennedy et al. [1977 and 1983] revised the Newmark—
Hall method by incorporating (a) bending of the pipeline near the fault crossing point considering the soil
lateral forces and (b) pipe-soil friction nonlinearity. The pipe model of elastic beam was adopted by
Vougioukas et al. [1979] to account for the vertical and horizontal fault movements. Wang and Yeh [1985]
suggested modifications to the closed-form analytical model of the Kennedy et al. [1977]. As shown in
Fig.1.1, they proposed a localized large deflection beam model according to which the pipe near the fault
intersection is modeled as a constant curvature curved segment and the remaining small deflection pipe
as a semi-infinite beam on elastic foundation. The model used by Wang and Yeh included the bending
rigidity of the pipe, a shear force at the point of inflection of the curved pipe crossing the fault zone, and
a boundary condition related to semi-infinite beam on elastic foundation at some distance from the fault
zone. Chiou et al. [1994] realized that the hypothesis of a constant curvature at the fault zone is a
simplification that leads to overestimation of the stiffness of the buried pipe and underestimation of its
strain. Karamitros et al. [2007] maintained assumptions in existing analytical methodologies, but
introduced refinements to achieve a wider range of application. The pipeline was partitioned into four
segments (Fig.1.2). Two pipeline segments in the high curvature zone on both sides of the fault trace were
analyzed using elastic-beam theory with the objective of identifying the location of the most unfavorable
combination of axial and bending strains. The segments outside the high curvature zone were treated as
beams-on-elastic-foundation and the actual stress distribution on the pipe cross-section was considered
so as to account for the effect of curvature on axial strains and to determine the maximum strain. The
approach was later extended by Karamitros et al. [2011] to estimate maximum strains due to normal
faulting. Extending the analytical methodology proposed in Karamitros et al. (2007), Trifonov and Cherniy
[2010] presented a semi-analytical approach to analyze the mechanical behavior of buried pipelines,
which comprehensively considered the nonlinearities of material, large displacement and pipe/soil
interaction. In this work three modifications were made concerning (a) the lack of symmetry condition in
the intersection point (wide range of fault types), (b) the incorporation of axial force in the equations of
pipe motion in high curvature segments, in order to have a direct effect on bending stiffness and (c) the
contribution of the transverse displacement to the axial elongation. The aforementioned work has been
further extended by Trifonov and Cherniy [2012] in an attempt to refine the analytical model for inelastic
material behavior of the steel pipeline. Along with the longitudinal stresses and strains arising from
combined bending and tension due to fault displacements, additional hoop and axial stresses and strains

resulting from the internal pressure and temperature variation were taken into account within a two-
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dimensional elastoplastic model based on the plastic flow theory. The proposed model was validated
through comparison of the obtained solutions to the results of numerical simulations of the finite-element
beam-type and shell-type models in the finite-element software ANSYS for the case of strike-slip fault at
different crossing angles. Wang et al. [2011] proposed a refined strain analytical methodology, taking the
nonlinear characteristics of soil-pipeline interaction and pipe steel into account. Based on the elastic-
beam and beam-on-elastic-foundation theories, the position of pipe potential destruction and the strain
and deformation distributions along the pipeline were derived. Compared with existing analytical
methods and finite element analysis, the maximum axial strains on the pipe derived from the analytical
methodology are in good agreement with the finite element results at small and intermediate fault
movements and become gradually more conservative at large fault displacements. Zhang et al. [2016]
further modified the previous analytical models to account for the internal pressure and temperature
variation, improving the calculation accuracy by introducing (a) an elastoplastic beam theory to analyze
the bending moment and the bending strain and (b) a refined analysis of the axial force in the high-
curvature zone, considering the friction force, the lateral resistance of soils and the curvature of the

pipeline.

1.2.2. Numerical methods

The analytical approach remains a helpful tool during the preliminary design stage of a pipeline project.
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 non-
linearity, cross-section ovalization and complex soil behavior. To address the complexity of the pipeline-

soil interaction phenomenon a number of numerical methods were established.
Winkler-type models

To begin with, there are the Winkler-type numerical methods, where the soil is modeled with
independent translational springs in four directions (axial, lateral, vertical upward and vertical downward)
as schematically shown in Fig.1.3. The pipeline is generally meshed with beam-type finite elements that
can model the axial, shear and bending deformation and can provide stresses and strains at cross-section
integration points along the pipe. This numerical approach is also adopted by Standards and Regulations
such as Eurocode8, ALA and ASCE. Shakib and Zia-Tohidi [2004] examined the effect of various

parameters on the response of buried pipeline crossing the oblique-fault movements. The parameters
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they studied were the anchored length of pipeline, buried depth of pipe, frictional angle of soil-pipe
system, geometrical characteristics of pipe, fault displacement, crossing angle of pipe with the fault, and
the fault slope angle. A Winkler-based finite element model, which uses beam elements for the pipeline
and discrete nonlinear springs for the soil, has been adopted by Joshi et al [2011], to analyze buried
pipeline subjected to reverse fault motion. Results of their parametric study suggested that the pipeline’s
capacity to accommodate reverse fault offset can be increased significantly by choosing a near-parallel
orientation in plan with respect to the fault line. Further improvement in the response of the pipeline is
possible by adopting loose backfill, smooth and hard surface coating, and shallow burial depth in the fault
crossing region. Erami et al. [2014] utilized the beam Winkler-type model to investigate the applicability
of the pipe-soil interaction equations suggested by currently used pipeline seismic design codes to
segmented pipelines. They compared the results predicted by finite element analyses to those obtained
from full-scale experiments on a segmented ductile iron pipelines. Likewise, Melissianos et al. [2016] used
the simplified Winkler-based finite element model to evaluate a kind of flexible joint as an innovative
mitigating measure against the consequences of strike-slip faulting on pipelines. Despite the usefulness
of the beam Winkler-type models deriving from their simplicity, they come with a significant drawback:
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.

To study in a more rigorous way the pipe behavior at large deformations, and to realistically account for
the response of the pipe at its section plane, the shell Winkler-type model was introduced. Ariman et al.
[1987, 1992] used a shell model to investigate the tensile and bending behavior of pipelines subjected to
abrupt fault displacements. A series of parametric studies were carried out to understand the effect of
key variables such as the crossing of pipeline-fault intersection, burial depth, pipe diameter and soil
properties. Takada et al. [1998] introduced a simplified method for the maximum axial strain in steel
pipes, which are crossing active faults, considering the deformation of the pipe cross-section (Fig. 1.4). To
that end, a shell model of pipe was analyzed under the normal and reverse displacement. The shell model
was used for FEM analysis of fault-crossing pipe in order to consider the effect of local buckling and section
deformation. Subsequently, they enhanced their methodology by adopting a beam-shell hybrid model
(Fig. 1.5.b) to account for the response of the pipeline at large distance from the fault, and utilized it to
develop a simplified method for obtaining the maximum strain in pipeline crossing active faults
considering the section deformation of the pipe (Takada et al. [2001]). Liu et al [2004] proposed an
equivalent boundary for the shell FEM method to analyze the large deformation of buried pipeline under

fault movement that can be applied to the ends of shell model using nonlinear spring elements (Fig. 1.5c).
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Xie et al. [2011] studied the response of buried HDPE pipelines subjected to strike-slip faulting through
numerical analyses, where a hybrid beam-shell-type model was used for the pipe and springs were used
to simulate the soil. Their numerical predictions were compared with experimental data obtained from
small-scale split-box testing, as well as with results from large-scale tests. Gantes and Bouckovalas [2013]
used a Winkler-type model to study the effects of activation of faults induced by seismic activity on the
High Pressure Natural Gas Pipeline Komotini—Alexandroupolis—Kipi, in Northeastern Greece. The pipeline
was modeled with shell elements at the area of interest, while an appropriate nonlinear material law for
the pipeline steel and an elastic—perfectly plastic law for the soil springs was adopted. They also
investigated the appropriate pipeline length to be included in the model which proved to be of the order

of 2 km. However, the use of Winkler-type models
Continuum modelling

Notwithstanding the practical value of Winkler-type methodologies, the latter are as accurate as the
assumed p-y springs formulations, while they completely ignore any load transfer effects between the
adjacent soil springs. Many researchers have raised questions on the capability of the Winkler-type
models to realistically capture the pipeline response subjected to permanent ground displacements. For
example, Zhang et al. [2002] and Di Prisco et al. [2004] highlighted that assuming the soil springs to
behave independently is an oversimplification of the fact that the each displacement and rotation
component of the pipe depend on the complex, coupled relationship between all the load components
acting on it. Hence, they promoted the use of interaction diagrams similar to those for rigid foundations.
Cocchetti et al. [2008] tackled the problem of soil-pipe interaction along active faults following a
numerical displacement-based approach. The interaction was analyzed by means of lumped coupled

elastoplastic springs on elastic beam, whose failure locus was expressed as:
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where V1, Hs 4 N5 are the limit loads in V, H, N directions respectively and a, 8, y and 6 define the shape

of the elastic interaction domain. The 3D interaction domain (Fig. 1.6) was linearized piece-wise in a form
such that a linear complementarity problem can be formulated. In addition, studies undertaken by Konuk
et al. [2006] and Nobahar and Kenny [2007] in the arctic region particularly for ice scour problems
revealed some deficiencies with the use of the Winkler approach for modelling pipe-soil interaction. The

major deficiency concerns poor modelling of the realistic soil behavior for large deformation events. Their
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research also noted that the conservatisms in the Winkler model could be removed by using the
continuum approach for modelling the appropriate boundary value problem. Konuk et al. [2006] showed
that the use of Winkler models for pipe-soil interaction produced contradicting results, i.e. can sometimes
lead to a conservative design (which may result in substantial cover requirements) or sometimes predict
strains and displacements less than those predicted by the continuum models. The most efficient way to
account for the nonlinear response of the pipeline, the complex behavior of the soil and the interaction
phenomena between the two is to employ sophisticated continuum modelling, where the pipe is
discretized into shell finite elements and the surrounding soil into 3D solid elements. This approach may
increase modeling complexity, nonlinearity and computational effort, yet it is capable of rigorously
account for the coupled behavior of the loading components, for the formation of local instability
phenomena on the pipe (local buckling, ovalization etc.), as well as any nonlinear phenomena on the pipe-

soil interface (sliding, detachment) by using contact elements.

The initial attempts to employ the continuum model were presented in Kokavessis and Anagnostidis
[2006] where the use of contact elements is proposed for the coupling of pipeline with the surrounding
soil. Using the experimental results of Trautmann and O’Rourke [1985], Yimsiri et al. [2004] calibrated a
finite element model to investigate the soil-pipeline interactions in sand under lateral and upward
movements in a deep embedment condition. Phillips et al. [2004] presented a 3-dimensional finite
element parametric study of pipe-soil interaction under combined axial and lateral loading. Guo and Stolle
[2005] used a 2-dimensional continuum finite element methodology to investigate the pipe-soil
interaction associated with relative pipe movements in the lateral direction. Odina and Tan [2009]
discussed the application of continuum FE methods to model the fully coupled seabed-buried pipeline
interaction events subject to ground movements at active seismic faults. A three-dimensional (3D)
continuous soil representation was adopted by Vazouras et al. [2010, 2012] for the analysis of the strike-
slip fault-crossing problem (Fig. 1.7). The model took into account the elastoplastic behavior of soil, the
contact interaction between the soil and the pipe, large inelastic strains in the steel pipeline, and the
distortion of the pipeline cross section and local buckling formation. Recently, Vazouras et al. [2015]
analyzed the pipeline behavior of pipelines under the strike- slip fault using a refined finite element model
that combined the detailed numerical model with mathematical solutions. Cheong et al. [2011]
performed a series of 3-dimensional finite element analyses to investigate the interaction between soil
and pipeline in sand subjected to lateral ground displacements with emphasis on the peak force exerted
to a bended elbow-pipe. Both opening and closing modes of the elbow section for different initial pipe

bending angles were investigated. Seo et al. [2011] investigated the yield envelopes for axial-lateral
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oblique pipeline-soil interaction in cohesive soil with particular attention to the pipe oblique angle and
the pipe burial depth ratio on the basis of LS-DYNA/Explicit ALE formulation. Based on this approach, the
soil failure mechanisms were examined as a function of pipe oblique angle. Roy et al. [2014 and 2015]
investigated the pipeline-soil interaction for lateral loading using the Arbitrary Lagrangian-Eulerian (ALE)
method for plane-strain finite element modelling. Zhang et al. [2014] investigated the buckling behavior
of buried gas pipeline under strike-slip fault displacement using the finite element method. Emphasis was
placed on the effects of internal pressure, radius-thickness ratio and fault displacement on buckling mode
and axial strain of buried pipeline. Trifonov et al. [2014] performed 3D numerical analyses of a buried
steel pipeline crossing an active strike-slip fault with emphasis on the pipeline-soil interaction and
mathematical representation of the fault. Different soil properties were specified for the parts of the soil
volume representing the trench backfill and the native soil. The influence of the fault model on the
predicted stress-strain state of the pipeline was analyzed using two different types of fault representation
(Fig. 1.8). The first approach was based on the continuous representation of the fault; in the second
approach, two separate soil blocks interacting along the fault plane were introduced. The effect of the
fault representation on the stress-strain evolution and limit state initiation was not critical and did not
result in substantial differences in limit state predictions and critical fault offset estimates. Additionally,
the developed numerical model was compared to the analytical fault-crossing model of the papers by
Trifonov and Cherniy [2010, 2012]. In the case of a consistent choice of input parameters, a generally good
correspondence between the analytical and numerical models was established for small and moderate
fault offsets. Mokhtari and Alavi Nia [2015] used the continuum finite element method to investigate the
efficiency of FRP wraps as a means of reinforcement for buried steel pipelines subjected to strike-slip
faulting. Uckan [2015] performed 3D finite element analyses and proposed a simplified numerical model
for buried steel pipes crossing perpendicularly strike-slip faults. Naeini et al. [2015] analyzed the response
of buried HDPE pipelines subjected to normal faults by means of finite element analyses. The pipe edges
were assumed fixed in the longitudinal direction. By comparing the numerical predictions with the
experimental results obtained from geotechnical centrifuge tests of Ha et al. 2008, they observed a good
comparison for low fault offsets, although discrepancies of the order of 34% appeared for large fault
deformations. They also examined the effect of the pipeline burial depth, pipe diameter and thickness,
friction angle and density of the soil surrounding the pipe on the maximum bending strain as well as on
the bending strain distribution along the pipeline. Banushi [2015] performed 3D finite element analyses,
accounting for the pipe-soil system nonlinearity, to assess the seismic performance of a straight 36”

diameter X65 steel grade pipeline subjected to strike-slip faulting. More specifically, the pipe was
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modelled with four-node reduced integration shell elements (S4R), while the clayey soil, described by a
Mohr Coulomb failure criterion, was modelled using eight-node linear brick continuum elements with
reduced integration (C3D8R). The part of the soil-pipe system away from the fault was modeled as a single
equivalent axial spring, connected to the pipe shell elements through appropriate constraints. The force
displacement relationship of the equivalent spring was obtained analytically by subjecting the pipeline
statically to a uniform axial displacement. Zhang et al [2016] proposed a finite element model to analyze
the displacement and strain of the pipeline under strike-slip faults considering equivalent boundary
springs. The purpose of introducing equivalent boundary springs was to simulate the interaction of the
pipeline-soil more sufficiently, since the dimension of current models was far smaller than the actual one
of the interaction of the pipeline-soil. Subsequently, a closed-form solution was derived to obtain the

stiffness coefficient of equivalent boundary springs.

Other numerical methods have also been utilized to study the pipe—soil interaction. For example Calvetti
et al. [2004] used the distinct element method, while Karimian [2006], used the finite-difference method.
Most notably, Rahman et al. [2015] combined the discrete element (DEM) and the finite element method
(FEM) for use in the field of buried pipelines subjected to fault movement. The numerical model consisted
of elastic three-dimensional beam elements to represent the pipe and spherical granular particles with
diameter of 1.1 cm for the soil. The pipe had a diameter (D) of 150mm and a diameter-to-thickness ratio
(D/t) equal to 30. The examined faults included a pure strike-slip fault at a dip angle of 90° and a 60°
reverse fault, while the simulated pipe anchor length was equal to 30D. Emphasis was given on the force—
displacement relation between pipes and particles in the axial and vertical directions for fault movement.
The force response increased gradually with distance from the rupture point, confirming the critical points
near the fault line. In addition, the force revealed a strain softening behavior, since it initially increased

with relative displacement, and then entered a residual state after yielding of particles.

1.2.3. Physical modeling

The scientific community has placed significant effort on the understanding of pipeline-soil interaction for
the case of permanent ground deformation. To that end, extensive experimental research has been
performed by numerous researchers to quantify the soil-pipeline interaction effects due to the
displacement of a pipeline relative to its surrounding soil. Scientific attention was attracted by two major

topics: (a) the quantification of soil restrain against uniaxial movement of the pipe in order to realistically
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calibrate the p-y curves attributed to the uniaxial springs for the Winkler-type models, and (b) the
experimental investigation of the pipeline-soil interaction as a whole in order to present evidence of the
pipeline response subjected to permanent ground deformation and to be used as a benchmark for the

calibration and verification of existing analysis methods.
Uniaxial pipe displacement tests

Experimental research in the means of small scale, full scale and centrifuge tests was performed by
numerous researchers. To the author’s knowledge the first well-documented tests on buried pipes were
performed by Audibert and Nyman [1975, 1977] who investigated the soil restraint against vertical and
horizontal motion of steel pipes. During the next decades many researchers investigated the pipeline-soil
interaction due to lateral displacement of a pipe. Trautmann and O’Rourke [1985] performed a full-scale
experimental program to assess the response of buried pipes to lateral ground movements. They
investigated the effects of pipe depth, soil density, pipe diameter and pipe roughness using various
configurations of pipe diameter, burial depth and soil density for dry sands. They concluded that the force-
displacement relationship can be modeled by the rectangular hyperbola:

Yll
7 (0.17 + 0.83Y")

in which F”=(F/yHDL)/N} the normalized force and Y”=(Y/D)/(Yy/D) the normalized displacement. Values
for the factors N, (maximum dimensionless force) and Y;/D (and the corresponding dimensionless
displacement) can be selected using design plots such as the one shown in Fig. 1.9. Hsu [1993] extended
the work of Trautmann and O’Rourke [1985] performing an experimental series of 120 full-scale tests of
pipe lateral movement within dry sand. In addition to pipe diameter, sand density and burial depth they
also examined the effect of the relative velocity on the lateral soil restraint. The test results indicated that
the maximum soil restraints and the corresponding displacements exhibited the power law the power law
relationship with the pipe velocity. On the other hand, Turner [2004] investigated the influence of loading
rate on the soil-pipe interaction with moist sand backfill at three loading rates of 0.03, 0.3, and 25 mm/s
and found that the influence of loading rate is almost negligible. Calvetti et al. [2004] performed a series
of small-scale tests of lateral displacement of pipes buried in fully saturated sand. Karimian et al. [2006]
performed three full scale experiments to study the performance of buried pipelines subjected to
transverse ground movement. Steel pipes of different diameters were used to account for different
embedment ratios, placed within dry sand of relative density Dr = 70%. Almahakeri et al. [2012, 2013]

experimentally investigated the longitudinal bending when pulled laterally through dense sand of (a) steel

1"
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and (b) Glass-Fiber-Reinforced-Polymer composite pipes. Subsequently they conducted the simulation of
these experimental series using 3D finite element analysis (Almahakeri et al. [2016]). The mobilization of
lateral soil restraint on buried steel pipelines under different trench backfill conditions was investigated
by Wijewickreme et al. [2014] using full-scale soil-pipe interaction testing. In particular, they examined
the development of lateral soil loads on pipes buried in dense moist sand, crushed sand and gravel, and
crushed limestone. The results suggest that the peak normalized lateral soil restraint (Ngn) values
estimated based on state-of-practice guidelines are in good agreement with those measured from full-

scale testing.

Other researchers explored the performance of buried pipelines subjected to relative soil movements in
the axial direction through pullout tests. Capalletto et al. [1998] and Honegger [1999] performed a series
of field tests on pipes in cohesive and granular material. Paulin et al. [1998] conducted full-scale axial
pullout tests buried in sand and clay. Interestingly, they observed that the axial load on pipe in loose sand
is lower, and in dense sand is much higher than those predicted by the guidelines. This observation was
pointed out by other researchers as well. Scarpelli et al. [2003] performed a number of tests both in the
field at full scale and in the laboratory, to examine the axial pipe-soil interaction accounting for a variety
of soil materials. Anderson [2005] conducted a series of pullout tests performed on straight and branched
buried HDPE pipes in loose and dense sand. The results of these tests also indicated that the simplified
formula suggested by ASCE [1984], ALA [2001] and PRCI [2004] did not adequately predict the axial loads
on pipe. Wijewickreme et al. [2009] explored the performance of buried steel pipelines subjected to
relative soil movements in the axial direction using a full-scale pullout testing. Measured axial soil loads
from pullout testing of pipes buried in loose dry sand were comparable to those predicted using guidelines
commonly used in practice. The peak values of axial pullout resistance observed on pipes buried in dense
dry sand were several-fold higher than the predictions from guidelines. Smith and White [2014]
performed a large scale axial test on soft clay highlighting the effect of volumetric hardening on the soil
around the pipe: the resistance to axial movement of the pipe increases over time on soft clays due to the
repeated shearing during expansion and contraction; this shearing causes failure, positive excess pore
pressure and subsequent volumetric hardening leading to an increase in the undrained strength of the

surrounding clay.

Scientific attention was also attracted by the soil-pipeline interaction when the pipeline is subjected to
vertical displacement. Since a very important issue in the designing of pipelines is the potential upheaval

buckling due to axial expansion under high temperature of the containment, much effort was
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concentrated on exploring the upward soil restrain. . Researchers have explored the uplift soil restrain
both considering dry conditions accounting for onshore pipelines (e.g. Trautmann et al [1985], Bransby
et al. [2001], Chin et al. [2006], Cheuk et al [2008], Wang et al. [2012]) and saturated soils under drained
and undrained conditions (e.g. White et al. [2001], Palmer et al. [2003], Schupp et al. [2006], Bransby
and Ireland [2009], Jung et al. [2013], Williams et al. [2013], Wang et al. [2015]) accounting for offshore
pipelines. Finally, a few researchers have addressed experimentally the issue of vertical bearing capacity

of buried pipelines (e.g. Nagaoka [2007]).
Oblique displacement tests

Di Prisco et al. [2006] investigated the coupling effect among the different loading components in the V-
H-N space, based on both plain-strain experiments, finite element and distinct element analyses. They
observed a remarkable coupling existing between vertical and horizontal loading directions, while the
axial one was substantially independent of the others. Hsu et al. [2006] investigated the soil restraint to
oblique pipe movement ranging from an axial-longitudinal to a lateral-transversal direction. Model pipes
0.61 m long with diameters of 152.4, 228.6, and 304.8 mm were tested at shallow burial depth. Hodder
and Cassidy [2010] investigated experimentally the undrained behavior of a rigid pipe in clay soils when
subjected to combined vertical and horizontal loading. The testing was conducted within the University
of Western Australia’s geotechnical drum centrifuge, and it served the purpose of establishing the
parameters of a plasticity model for predicting the vertical and lateral behavior of pipelines in clay soils.
Daiyan et al. [2011] investigated experimentally and numerically the axial-lateral interaction of pipes with
dense sand. A series of centrifuge tests were conducted (Fig. 1.11), with a rigid pipeline displaced in the
horizontal plane in a cohesionless bed. The ultimate axial and lateral soil loading was found to be
dependent on the angle of attack for relative movement between the pipe and soil. Tian et al [2011] used
20 geotechnical centrifuge tests of a 1 m prototype diameter pipe in silty sand, collected from the seabed
on Australia’s North West Shelf as a benchmark to enhance a pipe-soil interaction model that describes
the load-displacement behavior of a pipe subjected to a combined vertical and horizontal loading.
O’Rourke et al. [2015] investigated the fundamental mechanics of soil-pipe interaction through normal
surface stresses measured with tactile pressure sensors during large-scale tests on HDPE pipes. Based on
this approach, they concluded that the maximum downward pipe force is only about one-third the
maximum force determined with conventional bearing capacity equations, as well as that neglecting the

coupled interaction between normal and frictional forces in the numerical modeling of soil-pipe
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interaction leads to unconservative results for axial strain. Monroy et al. [2015] examined the soil

restraint to oblique lateral movement corresponding to ground displacement imposed by a reverse fault.
Pipeline-fault interaction modeling

Yoshizaki et al. [2003] carried out large scale tests in which PGD effects were taken into account on steel
pipelines with elbows. A 100mm-diameter pipeline with 4.1mm wall thickness and internal pressure of
0.1MPa was embedded in soil at 0.9m depth and subjected to 1m of ground displacement simulating PGD.
It was composed of two straight pipes welded to a 90-degree elbow. Four experiments were conducted
at different water contents. The first attempt to use centrifuge modelling to determine pipe strains
induced by PGD was described by O’ Rourke et al [2005]. Two aluminum buried in dry sand pipes with
prototype diameters of 0.63 m and 0.95 m subjected to 0.6 and 2 m of full scale strike-slip fault offsets
were tested at the Rensselaer Geotechnical centrifuge facility. Choo et al [2007] tested HDPE pipes
subjected to tensile and compressive strike slip fault using centrifuge, exploring the idea of a remediation
technique using expanded polystyrene (EPS) geofoam blocks as low-density backfill. The pipe had an
outside diameter of 407.5mm and a wall thickness of 24mm in prototype scale. Three initial pipe—fault
angles (-63.5°, -85°, 60°) were considered, and for each angle, tests with and without remediation were
done in order to evaluate the effectiveness of remediation. Bransby et al. [2007] conducted a series of
centrifuge model tests to investigate the response of buried flexible, elastic, continuous pipelines running
perpendicular to the strike of reverse faults. The test results showed that significant pipeline bending
occurred as the fault-rupture propagated. Hogging and sagging moments were generated on either side
of the fault crossing and because different sections of the pipeline moved towards or away from the soil
surface, these were not anti-symmetric unlike that expected during strike-slip faulting. Ha et al. [2008a]
adopted the use of high-density polyethylene (HDPE) pipes to model the prototype pipe and conducted
centrifuge tests designed to investigate the differences in their behavior subjected to normal and strike-
slip faulting. By combing the data from strain gauges and tactile pressure sensors, transverse force—
deformation relations or p—y relations for the pipe were determined and compared with the relationships
suggested by the ASCE Guidelines (1984). It was found that for the case of strike-slip faulting the
experimental p-y relationship is generally compatible to the ASCE Guidelines suggested values. In
contrast, for the case of normal faulting the experimental p-y relationship is much softer than the ASCE
Guidelines suggested values. The same researchers (Ha et al. [2008b]) also explored the influence of pipe
— fault orientation on pipe behavior under strike slip faulting using HDPE pipes. The test results showed

that pipe axial strain was strongly influenced by the pipe-fault orientation angle, whereas the effect on
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pipe bending strain was minor. In the work of O’Rourke et al. [2008] and O’Rourke [2010] full-scale strike-
slip tests conducted in Cornell University for HDPE pipelines in the course of NEES-SG project were
described (Fig. 1.13). HDPE pipes of 400mm and 250mm diameter and 24mm wall thickness were tested.
All pipes were 12.2 m long and embedded in partially saturated sand. The pipelines were fixed at the two
ends of the test basin by electrofusion couplings that were thermally welded to the pipe. Eight specimens
were tested in tension strike-slip conditions and one in compression. Abdoun et al. [2009] conducted five
pairs of centrifuge tests designed to investigate the influence of various factors on the behavior of HDPE
pipes subjected to strike slip faulting at crossing angle of B=26.5° (Fig. 1.14); such factors are the fault
offset rate, soil moisture content, burial depth ratio, and pipe diameter. 1-g small scale experiments were
conducted in the Geotechnical Engineering Laboratory, University of Tokyo, where Sim et al. [2012]
imposed simultaneously dynamic loading and quasi-static strike-slip fault movement in order to record
the response of acrylic 20mm-diameter model pipes buried in dry sand. Rojhani et al. [2012] conducted
four centrifuge tests investigating the behavior of continuous buried steel pipelines that were subjected
to reverse faulting. They also investigated is the influence of factors such as faulting offset, burial depth,
and pipe diameter on the axial and bending strain of pipelines and on the ground soil failure and pipeline
deformation pattern. Moradi et al. [2013] experimentally investigated the behavior of continuous buried
steel pipelines subjected to normal faulting through centrifuge testing. The influence of factors such as
faulting offset, burial depth and pipe diameter on the axial and bending strains of pipes and on ground
soil failure and pipeline deformation patterns are also investigated. Jalali et al. [2016] conducted full-scale
experiments as well as finite element analyses of 4” and 6” buried steel gas pipelines under reverse
faulting. A large 8.5 x 1.7 x 2 m split-box test basin with a fault-dip angle equal to 61° were constructed to
test a number of 9 m long steel pipes (Fig. 1.15). The pipelines that were considered to have a burial depth

of 1 m, in well graded sand (SW), were subjected to an offset of 0.6 m along the faulting plane.

1.3. Landslides

In the past, the design of pipelines positioned in landslide susceptible locations was conducted based on
the distress caused by drag forces applied by the sliding soil on the pipeline, using simplified structural
models such as those in Fig. 1.16 (Georgiadis [1991]). Therefore, the most important consideration was

the assessment of the load exerted by the landslide on the pipeline. Studies into the impact force as slide
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material flows around a pipeline fall into two categories based broadly on a solid mechanics approach
where the loading is a function of primarily the soil shear strength and flow velocity (Marti [1976];
Schapery and Dunlap [1978]; Towhata and Al-Hussaini [1988]; Georgiadis [1991]) or a fluid mechanics
approach with more direct focus on the yield stress and viscosity of the flowing debris and resulting drag
coefficients (Pazwash and Robertson [1973]; Bruschi et al. [2006]). A review of work in this area and
results of recent sophisticated experiments and numerical analysis are reported by Zakeri [2009] and
Zakeri et al. [2008, 2009]. However, as the computational capability increased, the design of pipelines
subjected to landslide-induced actions followed a more integrated approach, accounting simultaneously
for the soil and the pipe response. Currently, two kinds of approaches are widely employed to analyze the
pipeline behavior subjecting to landslides, namely the finite element method (FEM) and the analytical

method.

1.3.1. Analytical Solutions

O’Rourke et al. [1995] and Liu and O’Rourke [1997] presented a simplified analytical approach to
estimate the peak axial strains developed on the pipeline subjected to longitudinal and transversal
permanent ground displacement respectively. Parker et al. [2008] developed a simple closed form
solution, modeling the pipe as an elastic cable, the landslide as a distributed load and the soil as a rigid-
plastic resistance, assuming a parabolic shape for the deformed pipeline. Randolph et al. [2010]
established a simple analytical model to evaluate the deformation response of pipelines when
encountering the landslide, initially for slides acting normal to the pipeline but later extended to general
conditions with the slide impacting the pipeline at some angle. Yuan et al. [2012a, 2012b] proposed an
analytical model to estimate the failure of surface and buried steel pipelines under the landslide, assuming
the axial force of pipelines as a constant (Fig. 1.17). An elastoplastic semi-analytical method was proposed
by Zhang et al. [2015] to deal with the plastic mechanical behavior of buried pipelines subjecting to
landslides based on the plane stress condition, considering the inner pressure and the temperature
variation. To verify the proposed model, they compared results from the proposed method with finite

element analyses.
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1.3.2. Finite Element modeling

As with other types of permanent ground displacement, the effect of landslide-induced actions on buried
pipelines is most usually addressed with simplified Winkler-type models. Though the computational
power has increased dramatically in the recent years, the simplified Winkler-type models are still
employed to describe the pipeline-soil interaction mainly due to their practicality. Gantes et al. [2008]
proposed a methodology for the evaluation of the effects of down-slope ground movements on buried
pipelines based on the finite element method: the pipe was modelled with shell or beam elements and
the soil with appropriate discrete springs in orthogonal directions. On the other hand, Cocchetti et al.
[2009a, 2009b] recognized the coupling among the different loading components and introduced the use
of macroelements to reproduce the pipeline-soil interaction that account for the interaction among the
vertical, horizontal and axial soil reactions. Zhu and Randolph [2010] established a numerical approach,
based on the finite-element method but using remeshing, to simulate large flow deformation of debris
from a landslide and to quantify the loads and displacements imposed on pipelines embedded in the
seabed. A simple two-dimensional elastic perfectly plastic soil model with plane strain conditions was
employed in this analysis. Liu et al. [2010] established a 3D finite element model of the pipeline and soil
to perform the failure analysis of natural gas buried X65 steel pipeline under deflection load. The pipeline
is assumed to be loaded in a parabolic deflection displacement along the axial direction. Zheng et al.
[2012] investigated the response of a buried X65 pipeline due to non-uniform deflection of landslide
process, using 3D finite element modelling. Both pipeline and the surrounding soil were modelled with
solid elements, with the behavior of the latter assumed linear elastic (Fig. 1.18). The pipeline was laid at
the toe of the landslide and a quartic polynomial displacement was applied on the soil of landslide field.
Investigating the effects of the surrounding soil, internal pressure, pipeline geometry and landslide width,
they found that the D/t ratio and the width of the landslide had greater effect on the limited deflection
displacement of the pipeline, compared with the internal pressure under normal operation. Jafarzadeh
et al. [2012] numerically analyzed the behavior of a 24” diameter buried pipeline, located in a cemented
slope and excited by dynamic loading of probable earthquakes in North Tehran area using 3D finite
elements. Han et al. [2012] investigated buried pipelines subjected to landslides representing the pipe-
soil interaction with two types of contact elements; elastoplastic axial, horizontal and vertical springs
according to ASCE guidelines were used for the region outside the landslide, while for the pipeline inside
the landslide, the pipe-soil interaction (PSI) was simulated with PSI elements, which have only 1-degree-
of-freedom of displacements on nodes. Yuan et al. [2014] provided two alternatives methods to analyze

pipeline behavior under the impact of landslides: the first was a refined analytical method that adopts a
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better assumption of tension at the sliding zone, while the second was a vector-form intrinsic finite
element method which can address asymmetric conditions and model the dynamic process. Chen et al.
[2014] conducted stress analyses of an X80 steel buried gas pipeline subjected to transverse and
longitudinal landslide thrust using one-dimensional finite element modeling. They concluded that the case
where the pipe longitudinally traverses a sliding mass is more detrimental in terms of stress concentration,
compared to the laterally traversing case. Wu et al. [2014] compared by means of 3D numerical analyses
the response of pipelines across the leading and the trailing edge of a landslide. An X70 steel pipe with
diameter of 1.016 m and internal pressure of 5 MPa was modelled in FLAC software. Fredj et al. [2015]
presented an application of the Smoothed-Particle-Hydrodynamics (SPH) method for the 3D continuum
modeling of a pipeline system subjected to large ground displacements. They validated their approach
against published experimental data of large-scale tests model, and subsequently used it to characterize
a slope movement geotechnical hazard and its rate of progress on the accumulation of strains on the
pipeline. Fredj et al. [2016] employed a discrete element method (DEM) to establish a three-dimensional
pipe-soil interaction model. The model was validated through comparison with medium-scale physical
pipe-soil interaction tests. Li et al. [2016] established a three-dimensional model for the prediction of

landslide hazards to gas pipeline using the strength reduction method for the landslide triggering.

1.3.3. Experimental Studies

Attempts to experimentally investigate the response of buried pipelines subjected to landslide-induced
actions have also been made. Kefang et al [2011] experimentally investigated the effect of a transverse
landslide on a 219 mm diameter buried pipeline by means of a full-scale landslide model. The landslide
was induced by front edge excavation and posterior edge water injection. The results showed that free-
face conditions of side-slope front edges and underground water were the key factors to affect pipeline
landslide stability. Feng et al. [2015] examined the response of a gas pipeline crossing a landslide by
conducting a large-scale field-test at Chengdu University of Technology (Fig. 1.20). The pipeline was 32 m
long, and each end reached at least 10 m outside the landslide boundary. The diameter was 325 mm and
the wall thickness was 8 mm. The pipeline, with normal internal pressure of 2.5 MPa, was buried at a
depth of 1.5 m in a ditch perpendicular to the slide direction. The test was divided into 6 stages: 1)
preliminary observation and measuring; 2) observation and measuring of the first excavation of the
retaining wall (1st excavation) to decrease the Safety Factor; 3) complete removal of the retaining wall

(2nd excavation) to create a free face for the potential landslide; 4) Infiltration of water in the back scarp
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to promote sliding; 5) excavation of the collapsed material (3rd excavation), which hindered the
development of the landslide; and 6) complete removal of the collapsed free face material (4th
excavation). It was found that the pipeline stresses change in close relation with the displacement of the
landslide, which can be described with an exponential function. The most critical stresses on the pipeline

were concentrated on both sides of the landslide border and in the central part of the landslide.
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Fig. 1.1. The proposed analysis model for buried pipeline subjected to large strike-slip fault movement
according to Wang and Yeh [1985]. The pipe near the fault intersection is modeled as a constant curvature
curved segment and the remaining small deflection pipe as a semi-infinite beam on elastic foundation.

[adapted from Wang and Yeh 1985]
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Fig. 3. Partitioning of the pipeline into four segments.

Fig. 1.2. Partitioning of the pipeline into four segments according to the proposed analytical method by
Karamitros et al. [2007]. Two pipeline segments in the high curvature zone on both sides of the fault trace
were analyzed using elastic-beam theory, while the segments outside the high curvature zone were treated
as beams-on-elastic-foundation. [adapted from Karargiztros et al. 2007]
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Fig. 1.3. Winkler-type numerical models: the soil is modeled with independent translational springs in the
three orthogonal directions, while the fault offset is modeled with the dislocation of the support of the
appropriate springs.
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Fig. 1.4. The shell Winkler-type model by Takada et al. [1998]. (a) The pipe is modeled with shell elements.
(b) Cross-section of the numerical model. (c) Simulation of pipeline intersection with a normal fault and (d)
with a reverse fault. [adapted from Takada et al. 1998]
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Fig. 1.5. Shell Winkler-type models for a fault-crossing pipeline: (a) Shell Winkler-type model with fixed
boundaries after Takada et al. [1998]. (b) Shell-beam hybrid Winkler-type model after Takada et al. [2001].
(c) Shell Winkler-type model with equivalent boundaries after Liu et al. [2004].
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Fig. 1.6. The interaction domain for the coupled elastoplastic springs adopted by Cocchetti at al.

[2008].[adapted from Cocchetti et al. 2008]

Fig. 1.7. Three-dimensional continuum modeling of the pipeline-strike slip fault interaction problem after
Vazouras et al. [2010]: (a) A segment of the pipelingeof total length of 60 m at the vicinity of the fault is
modeled. (b) Cross-section of the model and (c) the pipeline mesh. [adapted from Vazouras et al. 2010]
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Fig. 1.8. Numerical analysis of a buried steel pipeline crossing an active fault with emphasis on the
representation of the fault according to Trifonov et al [2014]: (a) continuous representation of the fault and
(b) simulation of the fault with two separate blocks. [adapted from Trifonov et al. 2014]
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Fig. 1.9. Plot of the maximum dimensionless horizontal reaction force N, versus H/D for pipeline design
after the experimental work of Trautmann and O’Rourke [1985]. [adapted from Trautmann and O’Rourke
1985]
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Fig. 1.10. Displacement vectors derived from one of the eight full-scale vertical pullout tests conducted by
Wang et al. [2015]. [adapted from Wang et al. 2015]
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Fig. 1.11. (a) Plan view and (b) elevation view of the test box used by Daiyan et al. [2011] to investigate the
soil restrain to oblique axial-lateral pipe displacementgadapted from Daiyan et al. 2011]
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Fig. 1.12. Pictures from the experimental work of Yoshizaki et al. [2003]: (a) the soil compartment used to
simulate the lateral soil displacement before the experiment and (b) after the experiment. (c) View of the
deformed pipe after the experiment. [adapted from Yoshizaki et al. 2003]
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Fig. 1.13. Picture of the large-scale lateral soil displacement tests conducted at the Cornell University by
O’Rourke et al. [2008]. [adapted from O’Rourke et al. 2008]
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Fig. 1.14. Centrifuge experiments of buried HDPE pipelines subjected to strike-slip fault conducted by
Abdoun et al. [2009]. (a) Plan view of the centrifuge model after offset. (b) Representative picture of a post-
test surface condition. [adapted from Abdoun et al. 2009]
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Fig. 1.15. Experimental study of the reverse faulting effects on buried pipelines conducted by Jalali et al.
[2016]. Sketch of the split-box test basin used in the experiments (a) front view, (b) side view before and (c)
after the fault offset. (d) Picture of the split-box during the experiment. [adapted from Jalali et al. 2016]
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Fig. 1.16. A representative simplified structural model used in the past for the design of buried pipelines
against landslide-induced actions based on the estimation of the drag forces induced by the landslide. [after
Georgiadis et al. 1991]
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Fig. 1.17. (a) Sketch of the analytical model used by Yuan et al. [2012a,b] to describe the response of
surface pipeline in deepwater under the impact of a landslide. (b) The pipeline is divided into four segments
according to different loading conditions. [after Yuan et al. 2012]
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Fig. 1.18. Finite element analysis of a pipeline subjected to landslide-induced actions by Zheng et al. [2012].
Sketch of the finite element model showing the geometric features: (a) 3D view and (b) plan view. (c) The
numerical model used in the analysis. [adapted from Zheng et al. 2012]

Fig. 1.19. Deformed mesh of the numerical model used for the simulation of a gas pipeline response
subjected to the Baishiping landslide, China by Wu etal. [2014]. [after Wu et al. 2014]
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Fig. 1.20. Large-scale field test of a buried pipeline subjected to landslide-induced actions conducted by
Feng et al. [2015] . (a) plan view of the landslide and pipeline model. (b) Geological cross section of the
landslide model. (c) Picture of the landslide and pipeline model after the experiment. [adapted from Feng et

al. 2015]
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Chapter 2

Numerical Simulation of a buried Pipeline subjected to dip-slip faulting

2.1. Problem statement

Buried pipelines often cross tectonically active areas and may cross active faults capable of producing
large earthquakes and large ground deformations. There are various examples of earthquakes that have
caused severe damage to buried pipelines, such as the earthquakes of San Fernando 1971, Managua 1972,
Haicheng 1975, Tang-shan 1976, Miyagiken-Oki 1978, Northridge 1994, Kobe 1995, Chi-Chi 1999, Kocaeli
1999 and more recently Chile 2010, Christchurch 2010-2011, and Japan 2011. Based on the observed
damage mechanisms of buried pipelines, seismic effects can be caused either by transient strain and
curvature due to traveling wave effects (Liang and Sun 2000), or permanent ground deformation due to
seismic faulting, landsliding, or liquefaction-induced lateral spreading [e.g. O’Rourke and Palmer (1996),
Uzarski end Arnold (2001)]. Among them, faulting-induced ground deformation can have the most severe
effects on buried pipelines. In fact, there are only a few cases of pipeline damage purely due to wave
propagation [Mexico City 1985, Michoacan earthquake, Pineda and Ordaz (2004)]. In contrast to shaking
— related effects which are dynamic and transient, faulting generates permanent quasi-static

deformations that may provoke significant damage.

An active fault can be seen as a discontinuity of the earth crust, along which relative displacement takes
place. Three main fault types can be distinguished depending on the movement of the dislocating block.
Strike-slip faults primarily exhibit horizontal movement, parallel to the strike of the fault (Fig. 2.1a). Strike-
slip faults can be further categorized as "right-lateral" (dextral) or "left-lateral" (sinistral) depending on
the direction of movement of the moving block. Dip slip faults are characterized by vertical displacement
along the dip of the fault, and are further categorized to normal (Fig. 2.1b) and reverse (Fig. 2.1c),
depending on the direction of movement of the hanging-wall. Normal faults are typically associated with
a downward movement of the hanging wall (i.e., the moving block) relative to the footwall (i.e., the
stationary block), mainly due to extension of the crust of the earth. Reverse faults are exactly the opposite:
the hanging wall moves upwards relative to the footwall due to compression. When the horizontal

component is dominant (i.e., when the fault dip is relatively low) the term thrust fault is usually applied.
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Finally, when a fault combines a dip-slip and a strike-slip component, it is described as an oblique-slip fault
(Fig. 2.1d). While most faults combine dip and strike slip, defining a fault as oblique requires both

components to be measurable and significant.

This study focuses on the response of a buried continuous steel pipeline subjected to dip-slip faulting
(normal and reverse fault). The primary goal is to develop a numerical analysis methodology that may
accurately describe the non-linear soil behavior, the structural pipeline response and the soil-pipeline

interaction.

2.2. Numerical methodology
2.2.1. Description of the numerical model

Pipelines are typically very elongated structures that may run for thousands of miles. Although an active
fault will induce displacements that are concentrated on the fault trace (near-field region), the fault-
induced effects may extend to a very large distance away from the fault (far-field). Hence, to realistically
simulate the response of an infinitely long continuous buried pipeline subjected to faulting a quite
extensive pipeline length should be accounted for. On the other hand, pipeline modeling simulation an
extremely fine discretization of the pipe section to capture strain-sensitive phenomena (such as local
buckling initiation or cross-section distortion). In order to meet the aforementioned requirements we

would end up with a massive and computationally demanding numerical model.

To overcome this obstacle a hybrid procedure is adopted that employs different numerical strategies in
the near and far-field. Namely, in the near-field, where the maximum stresses and strains are expected),
the problem is modeled in 3 dimensions in order to rigorously capture all the complex phenomena related
with soil-pipe interaction. Fig. 2.2 presents the elements of this near-field. A soil prism around the pipe is
considered modeled with 8-node continuum elements. The pipe is modeled with shell elements, with a
total of 48 elements around the circumference and a maximum length of de = 0.025 m. The contact
between the pipe and the soil is simulated with interface elements that allows separation of the pipe and

the surrounding soil, and accounts for interface friction through friction coefficient u.

At the far-field, the simulation reduces to “beam-on-spring” model as portrayed in Fig. 2.3). Here, the pipe

is simulated with beam elements (namely pipe elements that have one additional variable relating to hoop
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strain). The soil response is idealized by discrete non-linear soil springs acting on all three directions.
Uniaxial push tests are performed to derive the non-linear law of the discrete soil springs. In particular,
the subgrade reactions are calculated through a downwards push, the reaction to upward movement
through an uplift test, while the lateral and longitudinal reaction through transversal push test and a

pullout test respectively.

2.2.2. Soil constitutive model

A key aspect of the numerical methodology is the rigorous simulation of the soil behavior. In cases where
the soil failure is accompanied by a localization of shearing in discrete surfaces, it is necessary to
realistically account for the shearing behavior of the soil in a more accurate manner. A soil specimen
resists to shearing through the interlocking of its particles, and because of this interlocking it may display
increase (dilative behavior) or decrease (contractive behavior) of its volume. Soils with large void ratios at
large confinement stresses exhibit contractive behavior, since during shearing the void ratio decreases.
On the other hand, in case of small void ratios or small confinement stresses soil particles tend to spread

apart from each while sheared and the soil volume increases (Fig. 2.4).

Moreover, when dilative soil specimens are subjected to large deformations tend to exhibit a pronounced
post-peak softening behavior. In fact, several experimental and numerical studies have shown that this
post-peak soil behavior may be a decisive factor on fault rupture propagation and on its possible
emergence on the ground surface (Cole and Lade 1984; Lade et al. 1984). Scott and Schoustra (1974)
utilizing the FE method and an elastic—perfectly plastic constitutive soil model with Mohr—Coulomb failure
criterion, produced results contradicting both reality and experiments. Walters and Thomas (1982)
employed a more elaborate nonlinear incremental constitutive model with Drucker—Prager failure
criterion, non-associated flow rule, and strain softening to simulate reverse fault rupture propagation
through cohesionless soil. Comparing their analysis results with benchmark small-scale tests, they proved
that (laboratory) reality could only be reproduced with a non-associated flow rule and strain softening.
Bray (1990) and Bray et al. (1994a,b), utilizing a FE code with a hyperbolic nonlinear elastic constitutive
law, also achieved satisfactory agreement with experiments (Bray et al. 1993). Also successful were the
analyses performed by Roth et al. (1982), White et al. (1994), Nakai et al. (1995), Loukidis (1999), and
Erickson et al. (2001), all of which made use of the finite-difference (FD) method with an elastoplastic

constitutive model, Mohr—Coulomb failure criterion, and strain softening.
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To account for all the aforementioned shearing mechanisms, an elastoplastic Mohr—Coulomb constitutive

model with isotropic strain softening is utilized [Anastasopoulos et al., (2007)].

Strain softening is introduced by reducing the mobilized friction angle ¢mo» and the mobilized dilation

angle @mop With the increase of octahedral plastic shear strain

Op — @
Pp — z D = ygjct for 0 < ygct < Y?
Pmob = yf
(pres for ylo)ct 2 Y?
yp
Y| 1— =% for0 <vyh . <vyf
Ymop = Vs
Wres for ypee = V§

where @mop and ¢@rs = ultimate mobilized friction angle and its residual (or critical state) value; ¢, =

ultimate dilation angle; and y}f’ = plastic octahedral shear strain at which softening has been completed.

The constitutive model parameters are calibrated through direct shear test results; not only the shearing
of a specimen during a direct shear test is quite similar to the shearing of a soil element during most

permanent ground deformation cases, but it is also a very simple and easily done test.

The model is incorporated in the finite-element code ABAQUS through a user subroutine. Constitutive
model parameters are calibrated through the results of direct shear tests. Soil response can be divided in

four characteristic phases (Anastasopoulos et al. 2007):

(a) Quasi-elastic behavior: The soil deforms quasi-elastically (Jewell and Roth 1987), up to a horizontal

displacement 6.

(b) Plastic behavior: The soil enters the plastic region and dilates, reaching peak conditions at

horizontal displacement &x,.

(c) Softening behavior: Right after the peak, a single horizontal shear band develops (Jewell and Roth

1987; Gerolymos et al. 2007).

(d) Residual behavior: Softening is completed at horizontal displacement 6x; (6,/6«x = 0). Then,

deformation is accumulated along the developed shear band.
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Quasi-elastic behavior is modeled as linear elastic, with secant modulus GS linearly increasing with depth:

T
G ==
Yy

where 1, and y, = the shear stress and strain at first yield, directly measured from test data.

After peak conditions are reached, it is assumed that plastic shear deformation takes place within the
shear band, while the rest of the specimen remains elastic (Shibuya et al. 1997). Scale effects have been
shown to play a major role in shear localization problems (Stone and Muir Wood 1992; Muir Wood and
Stone 1994; Muir Wood 2002). Given the unavoidable shortcomings of the FE method, an approximate

simplified scaling method (Anastasopoulos et al. 2007) is employed.

The constitutive model capability to reproduce soil behavior has been extensively validated through: (a)
qualitative comparisons with numerous published experimental data (Horsfield 1977; Cole and Lade,
1984) and earlier case histories (Slemmons, 1957; Brune and Allen, 1967; Taylor et al., 1985); (b) semi-
guantitative comparisons with case histories from the 1999 earthquakes of Kocaeli and Turkey
(Anastasopoulos & Gazetas, 2007a,b; Faccioli et al., 2008); and (c) through quantitative blind predictions

of centrifuge model tests (Anastasopoulos et al., 2009).

2.2.3. Validation of the Numerical Methodology: uniaxial push-tests on buried pipes

A wealth of research documents may be found on the estimation of pipe-soil resistance to one-directional
loading. As early as 1977, Audibert & Nyman systematically investigated the restraint provided by soil,
against the horizontal displacement of steel pipes. Their findings were further complemented by the
experimental work of Trautmann and O’Rourke [1985], Hsu [1993], Calvetti et al. [2004], Turner [2004],
Hsu et al. [2006], Di Prisco et al. [2006], Karimian et al. [2006], Wijewickreme et al. [2014], covering a wide
range of pipe diameters and overburden ratios in both dry and partially saturated sand specimens.
Capalletto et al. [1998], Paulin et al. [1998], Honegger [1999], Anderson [2005] and Wijewickreme et al.
[2009] performed a series of field tests on pipes in cohesive and granular material to measure their pull-
out capacity (axial resistance) and compared the findings with the simplified formulas suggested by ASCE
[1984], ALA [2001] and PRCI [2004]. In all experiments the same interesting trend was observed: in dense
and dry materials the actual axial capacity of the pipeline was found to be significantly higher than the

one calculated when based on guidelines, while in loose materials the results were somehow closer.
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Since a very important issue in the design of pipelines is the potential upheaval buckling, much effort was
also placed on exploring the upward soil restraint (i.e upward p-y springs). Drained conditions have been
assumed in the works of Trautmann et al (1985), Bransby et al. (2001), Chin et al. (2006), Cheuk et al
(2008), while saturated soils under drained and undrained conditions were studied by White et al. (2001),
Palmer et al. (2003), Schupp et al. (2006), Bransby & Ireland (2009), Williams et al. (2013). Experimental

data on the (downward) bearing capacity of buried pipelines may be found on the work of Nagaoka (2007).

Four excellent experimental series have been selected to benchmark the adopted numerical algorithm. In
all tests, a pipe section buried within dry sand (of variable D,%) is pushed towards one single direction

until failure (defined as the full mobilization of bearing capacity mechanism).
Lateral Push-Tests

Trautmann & O’Rourke (1985) performed large-scale tank experiments investigating the pipeline behavior
under lateral movement. The steel pipe had a diameter of D = 102 mm, while the soil filling consisted of
Cornell Dry sand, at three different densities: 0, 45 and 80% corresponding to ¢, values of 31°, 36° 44°
respectively. The pipe embedment depth (H/D) was also varied parametrically taking values H/D =3.5,5.5
and 8.

Fig. 2.5 illustratively compares the experimental response with that predicted by the finite element model
(a snapshot of which is displayed in Fig. 2.5d). The Numerical parameters employed in the FE analyses are
listed in Table 1. It is clarified that the values of the assumed shear strain parameters (yy, Vo, Vres) have
been directly derived by direct shear tests of the respective sand specimens. For the estimation of the

dilation angle , the Bolton (1986) expression is followed, according to which

Y = ((pp — QPres)/0.8 (1)

Evidently, all three tests were replicated very satisfactorily. The numerical model captured efficiently all
attributes of the force-displacement response for all cases examined: maximum soil resistance, gradual
yielding of soil, and the softening behavior of the dense sand were successfully reproduced by the
numerical simulation. Some discrepancies are detected in the loose sand experiments at relatively large
displacements where the analysis slightly under-predicts the measured response. This may be attributed

to the densification of sand in front of the pipe, a phenomenon that cannot be captured by the FE analysis.
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Vertical Push Tests

Cheuk et al (2008) conducted a series of verftical pullout tests of pipe sections in two sand specimens:
fine loose sand (FL) (D = 30%) and fine dense sand (FD) (D, = 90%). The pipe model was of diameter D =
100 mm, length L = 75.5 mm, and in all four tests it was placed at embedment depth H/D = 3. Fig. 2.6
presents the measured response along with the FE predictions. Unfortunately no direct shear test was
available; as such the y values of the previous test series were assumed (Table 2.2). The comparison is
again satisfactory. The numerical methodology predicts correctly the maximum resisting force as well as
the post-peak decay. Yet, the numerical model underestimates the quasi-elastic stiffness of the system.
This could be attributed to three main factors or a combination thereof. First, the simulation of the pipe-
soil contact using interface elements unavoidably introduces a certain degree of elasticity in the system
that is absent in the natural problem. Second, the constitutive model assumes a linear elastic response
with a secant elastic modulus corresponding to the yield point (a rather large deformation), which
naturally underestimates the actual modulus. Finally, it is generally accepted that the experimental
simulation of a soil-structure system at extremely small displacements may rarely be flawless as it
encompasses unavoidable inaccuracies (for example a small inevitable slack in the machinery may conceal
the real force-displacement behavior). Yet, the numerical methodology proves capable of predicting the
maximum force, the displacement where this force occurs, as well as the degradation of the restraining

force as the pipe tends to emerge to the surface.
Push-Down Tests

Nagaoka [2007] conducted centrifuge tests of pipeline segments pushed into the soil until bearing
capacity was reached. The model pipe corresponds to a prototype pipe of diameter D = 0.4 m and length
L = 18.8 m placed within dry Fontainebleau sand of relative density D, = 60% at two embedment ratios,
H/D = 3.5 and H/D = 7. The agreement between the experimental and the numerical results is quite

satisfactory, both in terms of stiffness and maximum soil resistance (Fig. 2.7).
Pull-Out Tests

Wijewickreme et al. (2009) conducted a series of full-scale pullout tests of pipes placed within dry Fraser
River sand of relative density D, = 75% and 20%. All tests were performed on a sand-blasted steel pipe
segment with an outside diameter D =457 mm (18 in) and a 12.7 mm (0.5 in) wall thickness. The pipe was
placed at normalized burial depth H/D = 2.5 for dense sand specimens and H/D = 2.7 in loose sand tests.

Soil laboratory testing described in Karimian (2006) indicated a peak friction angle of approximately ¢, =
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45° and a constant volume friction angle of 33° for the dense sand, while the peak friction angle for the
loose sand was measured as @, = 39°. The interface friction angle between the sand-blasted steel and the
Fraser River sand was also measured, yielding an interface ¢, of 36° and 33° for the dense sand and loose
sand respectively, which drops to 31° at large strains for both materials. To account for this exact interface
response in the numerical modeling, an exponential decay law was assumed describing the softening
behavior of the interface strength. All numerical model parameters are listed in Table 3. A view of the
pull-out curve for both sand sediments is displayed in Fig. 2.8 which reveals an excellent comparison
between the analytical and the experimental behavior. Degradation of the interface strength appears to
be taking place at small displacement (of the order of 0.05 m); consequently, this is a behavior that should
be accounted for in the analysis of pipelines subjected to permanent ground displacements, where the

forces acting on the pipeline result in it being pulled (or pushed) axially.

2.2.4. Numerical Modelling of Pipeline: 4-point bending tests on pipe segments

The adopted methodology should accurately capture the structural response of a steel pipe. The scientific
community has put substantial effort on the experimental investigation of the bending response of pipes
with special interest in the development of critical strain limit criteria to prescribe failure [e.g Stephens et
al. (1991), Dorey et al. (2000), Zimmerman et al. (2004), Schaumann et al. (2005), Van Es et al. (2014)]. A
set of three experiments from the experimental series of Van Es et al. (2014) is selected herein as a
benchmark for our numerical simulations. The testing program consisted of 15 full scale four point
bending tests on spirally and longitudinally welded pipes. The steel tubes were of outer diameter
approximately D = 1070 mm and of D/t ratio ranging from D/t = 65 to D/t = 118. The steel grade varied
between grades X52, X60 and X70. Fig. 2.9a presents an overview of the test setup (adopted by van Es
(2014)). The tests monitored the applied load, the pipeline displacement and the average curvature over
the middle section. An overview of the setup of the three selected tests is presented in Table 4. The pipe
is modeled with shell elements of reduced integration with 48 elements around the circumference of the
pipe of longitudinal dimension dee = 25 mm. To avoid any divergence from the actual configuration, the
exact support set-up was mimicked in every detail: the pipe is restrained by two straps that are connected

to a beam which is free to rotate.
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The results of our numerical simulation are presented in Fig. 2.9b and Fig. 2.9c. Evidently the numerical
model replicates correctly (for all three tubes geometries) the experimentally measured bending response

of the pipeline all the way from the elastic region up to failure.

2.3. Numerical simulation of buried pipelines subjected to dip-slip faulting

The scope of this section is to recognize the basic mechanisms of a pipeline subjected to normal and
reverse faulting. As an illustrative example, let us consider an infinitely long pipeline of outer diameter D
= 40" (=1.016 m) and thickness t = 0.562” (=14.3 mm) covered by a soil layer of depth Hcover = 1.2 m (Fig.
2.10). The pipeline is embedded within dry sand material of small relative density and of low strength (¢
=30° and ¢ = 0°) —typical backfill conditions for pipeline trenches. It is crossed either by a normal or by a
reverse fault. In both cases the intersection angle between the pipe axis and the fault strike is 90°. The
normal fault has a dip angle of 60°, while the reverse fault has a dip angle of 30°. A first set of analyses is

performed assuming zero internal pressure (p = 0)

2.3.1. Failure modes

Buried pipelines have proved to be vulnerable to permanent ground-induced actions, and under strong
fault-induced displacements a buried steel pipeline is expected to develop severe deformation beyond
the elastic limit. To quantify the pipeline performance using “allowable stress” criteria would not be
appropriate. Rather, in such an adverse loading it is reasonable to only require from the pipeline to be
able to fulfill its main design requirement: safety against loss of containment. Therefore, the pipe
performance should be addressed in terms of limit (“failure”) states based on strain associated with a
failure that potentially leads to loss of containment. Failure states may be described in terms of: (a) tensile
strain that may cause the pipe wall to rupture, whether it originates from stretching or bending (Fig.
2.11a), (b) local buckling of the pipe wall due to excessive compression or bending (Fig. 2.11b) or (c)
excessive distortion of the cross-section due to bending, termed ovalization (Fig. 2.11c). To ensure safety

against these types of failure the following criteria are recognized:
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(a) The maximum tensile strain should be lower than a limit value. This limit value varies among the
current codes. According to the EN 1998—4 Eurocode provisions for seismic-fault-induced actions
on buried steel pipeline and by the seismic provisions of ASCE MOP 119 for buried water steel
pipelines, the maximum tensile strain should be limited to 3%. The ASME B31.8 for the design of
gas transmission and distribution piping systems permits a maximum strain of 2% regarding a
design for stress greater than yield. The EN 1993-4 for the design of steel pipelines also introduces
the concept of limiting tensile strain, a limit strain which is not a material property but a limitation
dependent on the deformation capacity of the pipe wall with its welds; the value 0.5% is
recommended. In the following analyses all these criteria are considered.

(b) Local buckling should be avoided. The buckled area is associated with significant strain
concentration which, in case of repeated loading, may lead to development of fatigue cracks
which will impose a serious threat to structural integrity of the pipeline (Dama et al (2007), Das et
al (2008)). Hence, compressive deformation should be limited to buckling initiation. In our case,
the buckling initiation is defined straight from the outcome.

(c) Excessive ovalization of the pipe section should be avoided. Following the Dutch specification

NEN 3650, the decrease of the pipe diameter should always be maintained below 15%.

2.3.2. Normal faulting: key mechanisms of deformation

Fig. 2.12 presents the deformation of the pipeline in the vicinity of the fault. Fig. 2.12a shows the
deformed pipeline with superimposed stress contours for fault displacement &5 = 2 m (scale factor = 3).
The pipeline bends in response to the differential vertical displacement of its two ends, acquiring a
characteristic double-curvature deformation. Signs of intensive distress are visible (red color) in the
immediate vicinity of the fault trace: on the top side of the pipe segment within the footwall and at the
bottom side of the pipe segment within the hanging wall. Fig. 2.12b plots the axial strain distribution along
the top and the bottom centerline. Clearly, the entire pipeline is under tension (since the pipeline is
stretched under the imposed fault elongation). Yet, near the fault trace, this stretching is combined with
a quite significant bending action that for this particular configuration affects a length of I, =70 m (lp,m =
45 m within the footwall and /,s = 25 m within the hanging wall). Under this combined action, tensile
straining is maximized at the top side of the pipe Beyond this length, the pipe appears to be stressed

exclusively due to stretching (the axial strains at the top and at the bottom of the section are equal).
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Based on this observation three regions of distinctively different behavior can be recognized and are
graphically depicted in Fig. 2.13a. A central region at the vicinity of the fault trace where the pipe is
stressed due to bending and stretching (region 1). Consider a section at the pipeline-fault intersection
point (point O) and for reasons of simplicity instead of the soil, the pipeline dislocates with respect to the
final position of the soil (after all the cause of distress is the relative movement between the pipeline and
the soil) as indicated in Fig. 2.13b. The pipe segment within the hanging wall is subjected to an upward
vertical dislocation &,5, an elongation 6x; and a rotation & (due to the continuity of the pipeline). The
shear force and bending moment caused by 6, and & are counterbalanced by the development of the
soil reactions p,;. Eventually, there comes a point where the shear force and bending moment are
practically 0 (point A). Likewise, the shear force and bending moment developed in the pipe segment
within the footwall due to the vertical deflection 6., and the rotation & is balanced by the subgrade
reactions and are effectively cancelled out at the point B. Since the subgrade reactions are much larger
than the reaction to upward movement, a small length is sufficient for the accommodation of the shear
force and bending moment within the stationary block. As a result, the curvature of the segment there is
larger, and in return the axial strains are larger. This justifies the location of the critical section, which in

the case of normal faults will invariably be located in the stationary block and close to the fault trace.

While the effect of bending is limited within the segment AB, the axial dislocation of the pipeline affects
a much larger area (noted as region Il and region Il in the two blocks of the fault, generating shear
tractions along the pipe-soil interface. Since the amplitude of these stresses is quite low, being controlled
by the typically small burial depth and the friction coefficient of the pipe-soil interface (which is of the

order of 0.5), quite a large length is required to balance the imposed axial dislocation.

The pipeline response within region | is summarized in Fig. 2.14. Fig. 2.14a presents the deformed pipe
with axial strain contours, for various magnitudes of fault offset &s.ur. Naturally, the axial straining along
the pipe increases with increased fault displacement. Ultimately, the entire section is yielding. At that
point a neck forms and the pipeline enters an unstable state in which any additional strain is localized in

this weakened zone.

Fig. 2.14b presents the evolution of maximum tensile strain along the pipe versus the imposed fault offset
Oaur. If the &xmax = 0.5% failure criterion of “limit plastic strain” is assumed, the pipeline would
accommodate a bzt = 1.5 m. Relaxing the criterion to gxmax = 2%, the pipeline margins drastically increase
to 8faur = 3.65 m, while the adoption of the &max = 3% criterion makes no difference (&sur = 3.7 m), since

the two latter criteria correspond both to strains associated with the formation of the neck.
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Fig. 2.15 summarizes the response of the pipeline segment under pure tension (region lll in particular). As
already explained, the axial component of the fault dislocation affects a much larger length than the
transversal one. This length is depicted in Fig. 2.15a where the axial strain distribution along the pipeline
is presented. The mobilized pipeline length increases linearly with the imposed fault displacement up to
the point of the neck formation. Observe the distribution right before (6fu: = 3.5 m) and after neck
formation (8w = 4 m); when the pipeline starts necking the additional stresses concentrate on the neck
while the rest of the pipeline remains unaffected. Fig. 2.15b presents the distribution of shear tractions
along the pipe-soil interface for the same fault displacement magnitudes. It is interesting to note that
indeed a very local phenomenon such as the abrupt displacement at the fault plane may affect a total
pipeline length up to 2000 m (1000 m on each side of the fault). Notice also that for small values of offset
the frictional capacity of the interface (= 8 kPa) is reached (and hence the pipe slipped) in only half of the
affected length; as the offset increases a larger and larger part of the total affected length has undergone
slippage, and the elastic reaction is limited to only about 20% of that length. Fig. 2.15c shows the evolution
of the axial force at point B, the boundary of the central 3D response segment (region 1). This axial force
(Ns) may be seen as the restraining force at the end of region I. In other words, focusing on the vicinity of
the fault while omitting the pipeline response at larger distance may lead to inaccurate simulation:
introducing a fixity at the boundaries of region | (Ns > =) would lead to an unrealistically unfavorable
behavior, while leaving the pipe free (Ns = 0) would lead to a severe underestimation of the developed

tensile strains.

2.3.3. Reverse faulting: key stressing mechanisms

In this section, the example pipeline is subjected to reverse faulting. For a fault offset &zue = 0.5 m Fig.
2.16 presents the deformed pipeline with the stress contours accompanied with the distribution of axial
strains along the top and bottom centerline. As with the normal fault, the pipeline bends to accommodate
the imposed vertical displacement. In this case, however, the axial component of the fault tends to
squeeze the pipeline, imposing significant compression. The critical section that tends to attract higher
compressive strains, lies within the moving block. As in the case of the normal fault, the mostly distressed
area (experiencing combined bending and compression) is concentrated within a limited zone around the

fault trace; Ip,m = 19 m within the hanging wall and /»s = 22 m within the footwall.

56



Chapter 2: Numerical Simulation of a Buried Pipeline subjected to dip-slip Faulting

Fig. 2.17 focuses on the near-field pipe response. Fig. 2.17a presents the deformed pipe with the axial
strain contours for four values of fault offset &xur (scale factor = 5). As &5ur increases, compressive strains
are starting to concentrate at the bottom side of the highly bended section until the pipe wall wrinkles.
For even larger displacements, wrinkling is evolved to buckling until the entire section is crushed under

the extremely high compressive strains.

The evolution of local buckling of the pipe wall is presented in more detail in Fig. 2.17b, where the
deformed pipe segment in the vicinity of the critical section is presented with superimposed axial strain
contours. The initially uniform distribution of strains transforms into a “wavy” distribution as the axial
strains increase and localize, thus creating the characteristic ripples. With further increase of the imposed
displacement, one of the ripples becomes dominant and concentrates any additional compressive strain
leading to the formation of a wrinkle and ultimately to the folding of the pipe wall. Fig. 2.17c shows the
distribution of axial strains at the compressive side of the segment, depicting the initiation of local
buckling. Notice that from & = 0.72 m onward, the strain distribution along most of the length freezes
and any additional compressive strain is accumulated in the dominant ripple. This pattern, indicates local

buckling initiation and denotes pipeline failure.

As would have been expected, the pipe, being a thin-walled structure, is quite vulnerable to the
compressive actions induced by the reverse faulting. Therefore, pipeline failure is accelerated and the
safety margins are substantially decreased compared to those for normal faulting; the formation of local
buckling causes the collapse of the pipeline strength, hinders the Fig. 2.18 summarizes the pipeline
response in the footwall along the far-field region. Similarly with the normal fault, the axial component of
fault displacement affects a much larger length than the lateral one. For this specific numerical example,
this length extends to 600 m from fault trace. The readers should observe the relief from axial strain (Fig.
2.18a) and the reversal of its direction on the pipe-soil interface (Fig. 2.18b) for fault offset of &ur =1 m.
This behavior is a clear indication that as the critical section snaps due to local buckling, the pipe regains
some of the imposed displacement, causing relief and development of negative skin friction. Fig. 2.18c
presents the force-displacement response at the boundary of the near field, depicting vividly the collapse

of the segment strength due to local buckling.
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2.3.4. Concluding remarks

The two examined examples revealed that the fault-induced displacements do affect a quite significant
length of a buried pipeline. For pipelines subjected to normal faulting, this length can reach up to 1000 m
from the fault-pipeline intersection, while for reverse faulting this length is about 600m Within this length
however, the pipeline is not stressed uniformly (Fig. 2.19). At the vicinity of the fault-trace (near-field) the
pipeline experiences intense bending (to accommodate the vertical fault offset), while it is also stretched
or compressed due to the axial component of the normal or reverse fault. Beyond this region (i.e. in the

‘far field’) the effect of bending is eliminated and the pipeline sustains pure stretching or compression.

Taking advantage of these different mechanisms, we apply a two-part numerical methodology that allows
the simulation of large pipeline lengths without seriously hindering the efficiency of the numerical model.
The near-field region is modeled in great detail employing with 3D non-linear FE algorithms. Thus, complex
phenomena such as the fault-rupture propagation, the non-linear pipe-section behavior and the interplay
between the pipe and the soil, maybe rigorously accounted for. Beyond this central 3D region the
simulation of the problem is simplified to essentialyl-dimentional. Here, the pipeline is modeled with
beam elements and soil reactions are simplistically represented by appropriate (non-linear) springs. By
employing these “hybrid boundaries” for the representation of the far-field, we may increase the length
of the simulation without excessively increasing the computational demand. In the following chapters, an
exhaustive investigation is conducted to calibrate and validate the numerical methodology for both the

“near-field” and the “far-field” response.
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estid ) IR B A o R
23 102 3.5 80 44 35 11.5 0.008
24 102 5.5 80 44 35 11.5 0.008
25 102 8.0 80 44 35 115 0.008
27 102 3.5 45 36 36 6 0.02
46 102 5.5 45 36 36 6 0.02
51 102 8.0 45 36 36 6 0.02
18 102 3.5 0 31 31 1 0.03
20 102 5.5 0 31 31 1 0.03
21 102 8.0 0 31 31 1 0.03

Table 2.1. Experimental configuration and properties of the sand for the transversal push experiments

of Trautmann and O’Rourke (1985).

A D D r ‘ppeak Pres "ppeak
Test id (m) WD (%)  (deg)  (deg)  (deg) Vv
FD 100 3.0 92 52 39 25 0.01
FL 100 3.0 30 39.9 39.9 9.9 0.03

Table 2.2. Experimental configuration and properties of the sand for the vertical upward pull
experiments of Cheuk et al (2008).
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. D D P ()] [1/] . .
Test id WO ) (dea) (de) (deg) veu O On"

(mm)
AB-3 457 2.5 75 45 35 15 0.01 36 31
AB-5 457 2.7 20 39 - 10 0.02 33 31

Table 2.3. Experimental configuration and properties of the sand for the longitudinal pullout experiments
of Wijewickreme et al. 2009

D t (0}
H y
Test id (mm) (mm) D/t Grade (MPa)
T1D9 1066 16.4 65.1 X70 550
T2D11 1067 9 118.3 X60 400
T11D7 1068 12.9 82.8 X52 350

Table 2.4. Experimental configuration and for the four-point bending tests of Van Es et al. 2014
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Fig. 2.1. Types of faults and terminology: (a) strike slip fault, (b) normal and (c) reverse fault, and (d) oblique
fault
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Pipe-Soil Contact
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2.5 m

< 5m
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on

(a) a 3D view of the FE configuration. (b) a vertical secti

Fig. 2.2. Numerical simulation of the ‘near-field’

(c) detail of the pipeline mesh.
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soil reactions :
nonlinear springs

i AV
~ \
@\ shell to beams :

. rigid connection
pipe :
beam elements

(a)

upward vertical reactions: uplift test

subgrade reactions: downward push

lateral reactions: transversal push test axial reactions: pullout test

(b)

Fig. 2.3. (a) The ‘far field’ simulation : the numerical model at distance from the fault trace: the pipe is
modeled with beam elements and the soil is replaced by appropriate non-linear springs. (b) Calibration of
soil spring through the uniaxial push-test of the pipe: deformed models with superimposed plastic strain
contours.
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Loose Sand:
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Fig. 2.4. Direct Shear Test on Loose (left) and Dense (right) sand specimens: the characteristic strains Yy Voo
v, are denoted.
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Fig. 2.5. Validation of the numerical methodology: Simulation of the lateral push experiments of
Trautmann & O’Rourke (1985) for sand density (a) Dr = 80%, (b) Dr = 45% and (c) Dr = 0%. (d) View of the
deformed numerical model (at the instant of & = 0.04 m of lateral displacement of the pipe) with
superimposed plastic strain contours (snapshot refers to : Dr = 80% and H/D = 3.5, D=0.102m).
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Fig. 2.6. Validation of the numerical methodology: Simulation of the upward pull experiments of Cheuk
et al (2008) : (a) View of the deformed numerical model (at the instant of U = 0.01 m of vertical
displacement of the pipe) with superimposed plastic strain contours (snapshot refers to fine dense
sand experiment); (b) the numerically predicted F-6 curves are plotted against the experimental data.

73



(a)

(b)
2500 -
F H/D=7
—— 2000 4 e o o *°
DL °
e ° o © °©
° o
1500 - o® S © H/D=3.5
° ©
O
10004 ®°/o
° o
500 {°,
0 L] L] L] L] 1
0 0.2 0.4 0.6 0.8 1
& (m)
® @ experiment —— analysis

Fig. 2.7. Simulation of the downward push experiments of Nagaoka (2008); (a) deformed mesh of the
model used with plastic strain contours, (b) comparison between the numerical prediction and the
experimental results
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Fig. 2.8. Simulation of the downward push experiments of Wijewickreme et al (2009); (a) the numerical
model used in the analyses, (b) comparison between the numerical prediction and the experimental results
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Fig. 2.9. Simulation of the four-point bending tests on steel pipe of Van Es et al. (2014): (a)experimental
setup, (b) deformed mesh of the numerical model with stress contours and (c) comparison between the
numerical prediction and the experimental results.
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(c)

Fig. 2.10. Problem Statement: an infinitely long pipeline [D=40", t=0.5", H_,,,=1.2 m], buried in loose dry
sand subjected (a) to normal fault and (b) to reverse fault.
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(b)

AD

dh
\/

(c)

Fig. 2.11. Prevailing modes of failure of a steel pipeline: (a) rupture due to excessive tensile strains, (b) local
buckling of the pipe wall due to excessive compressive strains, and (c) excessive distortion of the cross
section (ovalization) due to bending.

78



‘W g = "9 135440 1ney 40y BUII8IUSD WOII0G pue dol 3yl Suoje UOIINGLIISIP UIRJIS [BIXe (q) pue (§=40308)
9|e3s) SIN0U0I SssaJsls pasodwiiadns yum 3nej ays jo ANuIdIA 3yl 1e auladid syl Jo ysaw pawlojap (e) :3nej jewdou o3 paralgns aulRdid ‘gt ¢ "Si4

w: X
09 0s ov o€ 0t 0T 0 0T- ot- o¢- ov- 0S- 09- oL-
Co_mmmLQEOU L 1 1 1 1 1 1 1 1 1 1 1 1 NOO.OI
-0
uolisual L 2000 AQV
- ¥00°0
X3
- 9000
D
L 8000 ~
I
(edn)
SS941S SISINl
[ NEENNENEED |
0S¥ 0
(e)

22043 3nof



Region Il: Region I: Region lII:
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Fig. 2.13. Identification of the key mechanisms of a buried pipeline subjected to normal faulting: (a) the
three stressing regions; (b) pipeline stressing along the ‘near field’ and (c) at the ‘far field'.
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Fig. 2.14. Pipeline response at the “near field”: (a) deformed mesh of the pipe with axial strain contours for
various magnitudes of fault offset; (b) evolution of the maximum tensile strain along the pipe with the

increase of the fault offset. o1
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Fig. 2.15. Pipeline response in the ‘far field’: (a) axial strain distribution along the pipeline and (b)
distribution of shear stresses at the pipe-soil interface for various fault offsets; (c) evolution of the axial
force at point B (end boundary of the ‘near-field’ region) with fault offset.
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(a)

Initial phase: uniform distribution
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(b) (c)

Fig. 2.17. Pipeline subjected to reverse fault: “near-field” response. (a) Deformed mesh of the pipe with
axial strain contours for various magnitudes of fault offset (scale factor 5). (b) Deformed pipe segment in
the vicinity of the critical section (scale factor 1) wih axial strains depicting the evolution towards local
buckling; (c) axial strain distribution at the compressive side of the pipe in the vicinity of the critical section.
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Fig. 2.18. Pipeline subjected to reverse fault: “far-field” response. (a) Axial strain distribution along the
pipeline for various fault offset magnitudes. (b) Distribution of the shear stresses developed on the pipe-soil
interface for the same fault offset magnitudes; (c) evolution of the axial force at point B (end of the central
3D-response region) with increasing fault offset.
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Fig. 2.19. Buried pipeline subjected to (a) normal and (b) reverse faulting. Three regions of distinctively
different response may be recognized: a central region at the vicinity of the fault trace where the response
is three-dimensional (“near-field” response), and two regions beyond the central one, within the footwall
and within the hanging wall, where the pipe response is essentially one-dimensional (“far-field” response).
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Chapter 3
Near-field response: Experimental Simulation of a buried pipe

subjected to dip-slip faulting

3.1. Near-field response: an experimental investigation

This chapter studies the near-field response of a pipeline subjected to dip-slip faulting. Near the
rupture zone, the soil deforms to accommodate the bedrock offset which forms a steplike landform. The
pipeline on the other hand, resists the imposed displacement through its bending stiffness. Therefore, at
the vicinity of the fault plane the pipe is subjected to a combined axial (tensile in case of normal faults
and compressive in cases of reverse faults) and bending straining. Fig. 3.1 presents schematically the
deflection of a very long pipeline subjected to normal faulting. Beyond a narrow area in the vicinity of
the fault, the relatively flexible pipeline eventually complies with the deformed soil pattern. Thus, the
distress due to bending concentrates only in this limited length (denoted herein as /). It is in this length
that the pipe may develop excessive tensile strains (or compressive strains in case of a reverse fault) and
it may ultimately fail.

Hence, a numerical methodology aiming to simulate the pipeline response subjected to dip-slip
faulting should place emphasis on accurately accounting for all the complicated phenomena occurring in
this specific length. To this end, a series of experiments were conducted at the Laboratory of Soil
Mechanics of National Technical University of Athens serving a dual purpose: firstly, to shed light on this
near-field response of pipes subjected to dip-slip faulting, and secondly to provide a benchmark for the

validation of our numerical tools.

3.2. Experimental Setup and Procedure

Simulation of the ‘near-field’ response should replicate precisely all possible fault rupture—soil—
pipeline interaction phenomena, the inelastic response of materials (steel-soil), the rupture propagation
through the upper soil strata, the geometric nonlinearities between the pipeline and the surrounding
soil (i.e. sliding or loss of contact). To address these requirements, the experimental series was divided
in three stages (presented in detail in Fig. 3.2). In the first stage, the rupture propagation was studied

without the presence of a pipe, to focus on the nonlinear behavior of the soil during rupture
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propagation. In the second stage the pipe—soil interaction problem was investigated parametrically. The
reduced scale of the experiments introduced a number of scaling inconsistencies (refer to subsequent
paragraphs of this Chapter) that impeded the experimental simulation of an actual fault-pipeline
interaction problem. Thus we aimed for an experiment at least qualitatively similar to reality. To this
end, a number of pipes of various diameter and thickness were subjected to normal and reverse fault
movements to conclude with the most representative setup of an actual pipe—soil interaction problem.
In other words, we were looking for a set-up where the model pipe was bending (rather than rotating)
under the fault-induced displacements exhibiting the characteristic double-curvature deformation. The
response of the pipe was not recorded during the experiment but its residual deformation was scanned
after the end of the test using laser displacement transducers. Finally, in the third stage, the
experiments with the most representative setups were repeated in order to measure in detail the
pipeline staining using strain gauges along the pipeline length.

In this experimental series, no attempt was made to restrain the pipes axially. However, this choice
was made in view of simplicity since on the one hand, fixing the pipes at the footwall and hanging wall
boundaries would unacceptably affect the pipe behavior, while on the other hand adding an axial
restrain such as a spring at both ends would add to complexity of the numerical analyses (regarding the

restrain force, the connection between the spring and the pipe etc.).

The fault rupture box

This experimental series was conducted utilizing the Fault-Rupture Box of the NTUA Laboratory of
Soil Mechanics (Fig. 3.3). This custom built apparatus has been designed to simulate quasi-static fault
rupture propagation and Fault Rupture—Soil-Structure Interaction. It comprises a stationary and a
movable part, which can move downwards or upwards to simulate normal or reverse fault conditions.
The movable part is connected to a servo-mechanical screw-jack actuator, which can generate a
maximum stroke of 20 mm in both directions. The dip angle a can be adjusted from 45° to 90°. For this
experimental series, the dip angle was maintained at a=45°, which is a reasonable value for both normal
and reverse faults. The internal longitudinal dimension of the Fault Rupture Box is 2.65 m, its depth is

0.9 m, while the out-of-plane dimension is 0.9 m.

The soil material

Dry Longstone sand, an industrially produced fine and uniform quartz sand with dsp = 0.15 mm and

uniformity coefficient C, = deso/d10 = 1.42, are used in the experiments. The void ratios at the loosest and
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densest state have been measured as emax = 0.995 and emin = 0.614, and the specific weight of the solids
as Gs = 2.64. The respective gradation curve is shown in Fig. 3.4a.

Material and strength characteristics of the sand, as derived through a series of laboratory tests,
documented in Anastasopoulos et al., (2010). The soil samples are placed within the Fault Rupture Box
by dry pluviation with an electronically controlled sand raining system designed to produce soil samples
of controllable relative density D, (Fig. 3.4b). Two relative densities were selected for the purposes of

this experimental series, D, = 90 % and D, = 60 %.

The pipe models

The pipe models were selected from a range of commercially available pipes. Three pipe materials
were tested: (i) thick-walled steel pipes consisted of AISI Type 304 stainless steel, (ii) thick walled
aluminum pipes consisted of Aluminum 6036 and (iii) thin-walled steel pipes of stainless steel grade AlSI
Type 444. The pipe specimens were also subjected to uniaxial tension tests to confirm stiffness-strength

characteristics (Fig. 3.5).

Instrumentation

In order to record the pipe response within the soil, strains along the pipe were measured using 12
strain gauges. The strain gauges were 10 mm long, with resistance of 120 Q and were temperature
compensated (Fig. 3.6a). During the instrumented experiments they were placed at characteristic
locations along the crown of the pipe (as shown in Fig. 3.6b), apart from one experiment, where they
were placed in pairs, one on the crown and the other at the pipe invert. Each strain gauge was coated
with scotch tape to protect the gauges from being dragged along by the moving soil around the pipe.
The residual deformation of the pipe after the end of each experiment is scanned with laser
displacement transducers. Laser displacement transducers were also used to measure the permanent

ground deformation (Fig. 3.7). Finally, visual data were obtained using high definition cameras.

3.3. Presentation of the experimental results
Stage 1: Free field rupture propagation

Rupture propagation through the dense sand layers of relative density D, = 90% was explored for
normal and reverse fault types. Fig. 3.8 portrays snapshots of rupture propagation process for various

magnitudes of vertical base displacements ... Initially, the dislocation of the moving base provokes an
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almost vertically propagating rupture. However, as revealed in the next snapshots, this is nothing but a
localized secondary rupture attributed to the brittleness of the material that fails to accommodate the
deformation in a quasi-elastic manner in this specific area. This localized rupture unfortunately conceals
the main rupture until it finally emerges at the surface, for vertical bedrock dislocation &yert= 12 mm. By
increasing the imposed bedrock displacement to more than &..r = 20 mm we may observe the
development of a secondary antithetic rupture. This secondary rupture reaches the surface at &yt = 26
mm. As the bedrock displacement increases further, deformation accumulates along these two
ruptures, without any additional change on the rupture pattern. Between the primary and secondary

rupture a clear gravity graben is formed.

Snapshots for reverse faulting are presented in Fig. 3.9. Contrary to the normal fault loading, the soil
deposit exhibits a more ductile behavior, accommodating the dislocation at its base in a quasi-elastic
manner up to approximately éver = 15 mm. At this point a clear shear band is formed that eventually
reaches the surface at a bver = 25 mm. Of particular interest is the fact that the rupture bends
significantly towards the footwall as it propagates towards the surface. This should be attributed to
scale effects: as it will be shown later on in detail, as the overburden stresses tend to zero the effective
friction and dilation angle of the sand catapults. As a result, the bending of the rupture path that (for a
given dip angle at the soil base) is a function of the dilation angle (Anastasopoulos et al. 2008) becomes
more intense.

Experiments on a looser soil profile were also employed. This profile consists of Longstone sand
placed within the Fault Rupture Box at relative density of D,=60%. Results for the loose sand scenario
are portrayed in Fig. 3.10. In comparison with the denser soil profile the rupture emerges at the surface

for a significantly larger bedrock dislocation (approximately 8,e=35 mm).

Stage 2: Preliminary soil-pipeline tests

During these preliminary tests, various parameters were tested to select the configuration that
would produce the most useful results, i.e. results that are in qualitative consistency with how we
expect a real pipeline to respond when subjected to normal or reverse fault movement. Amidst the
parameters under investigation were the pipe diameter and material, the interface condition between
pipe and soil, and the burial depth within the fault rupture box.

The main conclusions drawn from this group of experiments can be summarized in the following.
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= To achieve similitude of the soil-pipeline interaction forces (i.e. same stiffness and strength
ratio between the experiment and the prototype), the pipe should be placed at “realistic”
cover depths. Consider the case where the model pipe is placed at a reduced (according to
the scale) depth (e.g. 1 to 2 times the diameter which is rather common for hydrocarbon
transportation pipelines). Since the experiments are performed in 1 g, the stiffness and
strength of the sand is drastically decreased with the decrease of the depth. To maintain the
same ratio of pipe to soil stiffness a decrease of the pipe stiffness analogous to the decrease
of the soil stiffness should be considered. Fig. 3.11a shows the inadequacy of the
configuration according to which metal pipes are placed at small depth). In that case, flexible
materials such as plastic should be adopted for the pipe, however, it was a basic
requirements for these experiments to be performed on metal pipes. Hence, depths larger
than 0.5 m were necessary to be realistic.

= The pipes of diameter 50 mm did not exhibit the desired response, mainly when subjected to
normal fault. The larger the pipe diameter, the larger length is needed for the pipe to be
effectively fixed within the hanging wall in order to bend rather than simply rotate. Because
of the limited fault rupture box dimensions, there is an upper bound to the pipe diameter
that can be used.

= The friction coefficient of the interface between the pipe and the soil did not appear to play
an important role on the pipe performance. The pipe length within the fault rupture box
proves to be too small for the shear stresses on the interface to produce a substantial axial
force.

= The more flexible aluminum pipe appears to be far more compliant to the imposed
displacement compared to the steel pipe; a favorable attribute that solved many problems

arising from the limited length of the box (Fig. 3.11b).

Stage 3: Fully instrumented (soil-pipeline) tests

In this set of experiments we have tested the most efficient setups (of Stage 2) fully recording the
pipe response. Eight (8) experiments were performed on steel and aluminum thick-walled pipes of
diameter D = 10 mm and thickness t = 1 mm, and on steel thin-walled pipes with D=35 mm and
thickness t = 0.5 mm. Among these, the results of the thick-walled aluminum pipe subjected to normal
and reverse fault and the results for the steel thin-walled pipe subjected to normal and reverse fault are

presented herein.
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Fig. 3.12 summarizes the results of the experiment #21. An aluminum pipe of diameter D = 10 mm
and thickness t = 1 mm was buried at depth z = 550 mm within dense sand of relative density D, = 90%,
and it was subjected to normal faulting. Fig. 3.12a shows a picture of the pipe after the completion of
the experiment and its removal from the rupture box. Although much of the elastic part of the
deformation was regained after the pipe was unearthed, the characteristic double curvature
deformation is still evident. Fig. 3.12b and Fig. 3.12c present the strain distribution along the crown of
the pipe as it was measured for various magnitudes of fault offset. Fig. 3.12b refers to vertical fault
offsets from h=5 mm to é.,.+=30 mm (showing results for all the fault offsets in between those two with
a step of 5 mm), while Fig. 3.12c refers to larger vertical fault offsets (from &vert =30 mm to &yer =100 mm
with a step of 10 mm). The pipe bends under the fault-induced displacements, acquiring the
characteristic double-curvature deflection. The top side of the maximum curvature point within the
hanging wall is under compression (negative axial strains), while the top side of the respective point
within the footwall is under tension (positive axial strains). Between those two points, the one within
the hanging wall is significantly more stressed. The length within which the pipe bends to accommodate
the differential displacement is about /, = 800 mm.

Fig. 3.13 presents the respective results for the experiment #22, where a similar aluminum pipe
buried in dense sand is subjected to reverse faulting. Fig. 3.13a shows the residual deformation of the
pipe after the completion of the test. Fig. 3.13b and Fig. 3.13c present the axial strains measured on the
crown of the pipe during the experiment for various magnitudes of fault displacement. Compared to
normal fault experiment, the strain distribution is reversed: the top side of the maximum curvature
point within the hanging wall is under tension while the respective point within the footwall is under
compression. As expected, the most distressed point is the one within the hanging wall, since it is
stressed by the reaction of the underlying soil (as opposed to the maximum curvature point within the
footwall that is stressed by the reaction of the overlying soil). The pipe is bended within a smaller length
(compared to the normal fault case) /[,=700 mm —an indication that its relative stiffness is reduced when
subjected to reverse faulting, leading to a more compliant response and to increased vulnerability.

Fig. 3.14 presents the pipe response during the experiment #23, where an aluminum pipe of D=10
mm and thickness t=1 mm was buried in medium dense sand of D,=60% and was subjected to reverse
fault. Fig. 3.14a presents a picture of the deformed pipe after the experiment, while Fig. 3.14b and Fig.
3.14c present the strain measurement along the pipe crown for various magnitudes of fault offset. It is

interesting to notice the increase of the pipe relative stiffness compared to the case where it is buried in
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dense sand, as it is expressed by the increase of the length where the pipe bends in order to
accommodate the vertical differential displacement (from /, = 700 mm to /, = 900 mm).

Pipes of smaller diameter were expected to achieve enhanced fixity conditions at the two ends of the
pipe (at least concerning the vertical displacement degree of freedom). Yet, such pipes inevitably come
with small D/t ratios that are not representative of real pipelines. In order to investigate the response of
pipes of larger D/t ratios steel pipes of diameter D = 35 mm and thickness t = 0.5 mm were selected. The
D/t ratio of the latter allows for the development of structural instability phenomena, with particular
emphasis on local buckling. Fig. 3.15 summarizes the response of the thin-walled pipe buried in dense
sand of D, = 90% and subjected to normal fault (experiment #25). As expected, the pipe hardly exhibits a
double curvature deformation, with the strains developing on the curvature point within the footwall
lying within the elastic range (observe Fig. 3.15b for the strains measurements at the crown).
Nonetheless, due to bending at maximum curvature point the pipe has buckled at the bottom
(compressive) side (Fig. 3.15a). Fig. 3.16 presents a summary of the response of the same pipe buried in
dense sand and subjected to reverse faulting. The pipe in this case appears to be much more compliant
to the imposed differential displacement than in the case of normal fault as it is depicted in Fig. 3.16a.
The two maximum curvature points are evident, with the pipe having buckled at the compressive side of
both points. Fig. 3.16b presents the axial strain distribution along the crown of the pipe for various
magnitudes of fault offset. It is interesting to observe that the effective pipe length /[, = 1500 mm,
normalized with the pipe diameter yields /,/D = 40, which is substantially smaller than the respective
normalized length of the aluminum pipe of diameter D = 10mm subjected to normal fault in the same
sand /,/D = 700mm/10mm = 70, despite the fact that the aluminum pipe is more flexible than the steel
pipe. This is an evidence that the length of the “near-field” response is affected by the D/t ratio, and in

fact, it decreases with the increase of the D/t ratio.

3.4. Numerical Simulation of the Laboratory Experiments

The presented experimental results are used herein to validate our numerical methodology
developed for the representation of the near-field response. Two representative experiments (from the
group of the fully instrumented experiments), are simulated: the thin-walled steel pipe subjected to
normal and reverse fault (experiments #25 and 26). The experiments are simulated at laboratory scale.

Details of the numerical model are presented in Fig. 3.17. The entire length and height of the soil

93



Buried Pipelines subjected to Large Permanent Ground Displacements

deposit is simulated, while in the transversal direction the boundaries are placed at distance 10 times
the diameter to avoid any boundary-related effects. The pipe is finely meshed with element size of de=1
mm along the critical regions.

In order to accurately capture the evolution of rupture propagation and the creation of the shear
band, a nonlinear constitutive model with Mohr-Coulomb failure criterion and strain softening
(described in detail in Chapter 3) is employed. The constitutive model parameters are calibrated to
replicate the behavior of Longstone sand during direct shear testing for various levels of vertical
effective stress o, varying from 15 to 300 kPa. Fig. 3.18a presents the results of these direct shear tests
and the comparison with the finite element prediction. The direct tests also revealed a strong
dependence of the mobilized friction and dilation angle on the effective stress level (Fig. 3.18b). The
measured peak and residual internal friction angle of the dense sand specimens were increasing as the
vertical effective stress decreased: for small stresses (0,<15 kPa) the mobilized friction angle goes well
above ¢=50°.

For small-scale experiments, where the depth of the soil deposit is low, the simulation of this
behavior is crucial. In our test series, the maximum soil depth was a mere 0.65 m. Considering a density
p = 1.6 kg/m3, the maximum initial vertical stress at the bottom of the rupture box is o, = 10.2 kPa.
Unfortunately, the exact properties of the sand at such small stresses could not be measured
experimentally with the available testing apparatus (the minimum possible vertical stress is o, = 15 kPa).
Therefore, the strength properties of the sand are extrapolated from the measured values assuming a

power function dependency as follows:

Ppear(0y) ~ 70.80, 13 (1)
Pres(0y) ~ 5450, 1 (2)

Presentation of the Results
The 3D finite element captures nicely the rupture propagation in the case of normal faulting
(experiment #25), as illustrated in Fig. 3.19. Fig. 3.19a presents a comparison of the rupture propagation
during the experiment with the numerical prediction. The bottom row shows the deformed mesh of the
numerical model with plastic strain contours depicting the rupture formation and propagation at
representative magnitudes of vertical offset h. On the top of each snapshot, a picture of the experiment
at the same fault offset is presented for comparison. The numerical methodology predicts quite
accurately all the mechanisms observed during the experiment: the practically vertical rupture for small

bedrock displacements (6vert < 10 mm), the appearance of the main rupture and its emergence to the
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surface at éver = 15 mm, and finally the generation of an antithetic rupture and the formation of the
graben for éverr = 25 mm. As demonstrated by Fig. 3.19b the numerical methodology also succeeds in
predicting the actual magnitude and spatial distribution of ground settlement.

The numerical simulation of the pipeline response is also quite successful. Fig. 3.20 compares the
numerically predicted pipe response with the measured response during the experiment. As depicted in
Fig. 3.20a the overall deformation pattern of the pipeline is nicely captured, while the numerical model
even predicts the exact location and shape of local buckling. The numerical strain distribution at the top
of the crest of the pipe is successfully compared to the measured strains in Fig. 3.20b (with the small
exception of the overprediction of the peak strain at §/D = 2). The good overall agreement verifies the
appropriateness of our numerical methodology to rigorously simulate the complex pipeline-soil
interaction under normal faulting.

The numerical results for the simulation of the reverse faulting (experiment #26) are presented in
Figs. 3.21-3.22. As previously, Fig. 3.21a portrays the numerically predicted rupture propagation, and
compares it with the experimental behavior. The replication of the experiment is fairly precise: the
rupture path is closely captured along with the magnitude of bedrock displacement that provokes fault
trace emergence in the ground surface. Fig. 3.21b shows the comparison of the displacement
distribution along the surface which further justifies for appropriateness of the numerical simulation.
Most importantly, the numerical methodology captures the distress of the pipe. Proof is presented in
Fig. 3.22a where the deformed pipe mesh is visually compared to the actual deformed pipe after the
experiment, and in Fig. 3.22b where the numerical axial strain distribution along the crown of the pipe is
compared to the strain measurements. Evidently, the numerical model predicts the location of the two
maximum curvature points, the formation of local buckling at these two points, and the overall strain

distribution along the entire pipe length.

3.5. Conclusions

A series of experiments were conducted using the Fault-Rupture Box of the Laboratory of Soil
Mechanics on pipes subjected to normal and reverse faulting. The main scope of these experiments was
to provide the necessary data for the validation of the numerical methodology proposed for the
description of the ‘near-field’ response of pipelines subjected to fault-induced displacements. Indeed

the numerical predictions compare very well to the experimental results for both normal and reverse
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fault. The evolution of fault rupture propagation as well as the pipeline distress are captured in great

detail.
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Fig. 3.1. Stressing of an infinitely long pipeline subjected to normal faulting. Near the fault plane the soil
acquires a step-like deformation, while the pipe resists to this deformation with its bending stiffness.
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exp fault type D, pipe material Dxt z
# (mm x mm) (mm)
free field rupture propagation tests
1 normal 90 % - - -
2 reverse 90 % - - -
3 reverse 60 % - - -
preliminary tests
4 normal 90 % AISI Type 304 stainless steel 50x 1.5 -100
5 normal 90 % AlSI Type 304 stainless steel 30x1 -100
6 normal 90 % Aluminum 6036 50x1.5 -100
7 normal 90 % AISI Type 304 stainless steel 50x 1.5 -550
8 normal 90 % AlSI Type 304 stainless steel 30x1 -550
9 normal 90 % Aluminum 6036 50x 1.5 -550
10 normal 90 % AISI Type 304 stainless steel 20x1 -300
11 normal 90 % AISI Type 304 stainless steel 20x1 -550
12 normal 90 % AISI Type 304 stainless steel 10x1 -550
13 normal 90 % AISI Type 304 stainless steel 10x1 -300
14 normal 90 % Aluminum 6036 22x1 -300
15 normal 90 % Aluminum 6036 22x1 -550
16 normal 90 % Aluminum 6036 10x1 -550
17 reverse 90 % AISI Type 304 stainless steel 10x1 -550
18 reverse 90 % Aluminum 6036 10x1 -550
fully instrumented tests
19 normal 90 % AISI Type 304 stainless steel 10x1 -550
20 reverse 90 % AlSI Type 304 stainless steel 10x1 -550
21 normal 90 % Aluminum 6036 10x1 -550
22 reverse 90 % Aluminum 6036 10x1 -550
23 reverse 60 % Aluminum 6036 10x1 -550
24 reverse 60 % Aluminum 6036 10x1 -550
25 normal 90 % AISI Type 444 stainless steel 35x0.5 -550
26 reverse 90 % AISI Type 444 stainless steel 35x0.5 -550

Fig. 3.2. Experimental pipe-faulting interaction investigation : Table of Experiments
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movable section

actuator stable section

Fig. 3.3. The Fault Rupture Box of the Laboratory of Soil Mechanics. This apparatus is used to simulate

guasi-static fault rupture propagation.
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Fig. 3.4. (a) The gradation curve of the Longstone sand used in the experiments. (b) The electronically
controlled sand raining system used to produce soil samples of controllable relative density.
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Fig. 3.5. Specimens from pipes were subjected to uniaxial tension tests in order to accurately measure the
stress—strain relation. (a) The stress—strain relation derived from uniaxial tensile tests. (b) View of the three
specimens after the tests.
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Fig. 3.6. (a) Close photo of one of the strain gauges used in this experimental series to measure strains
along the pipe. (b) In all cases but one, all the strain gauges were placed at characteristic locations along the
pipe crown.

Fig. 3.7. Measurement of permanent ground deformation: five laser displacement transducers are
implemented to scan the surface.
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Fig. 3.9. Snapshots of reverse fault rupture propagation through dense sand (D, = 90%).
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Fig. 3.10. Snapshots of reverse fault rupture propagation through medium dense sand (D, = 60%).
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1: steel 50x1.5
2 : steel 30x1
3:alum_50x1.5

aluminum_10x1

bS

steel _10x1

(b)

Fig. 3.11. Pictures from the preliminary test series : (a) Picture of the deformed pipes placed at depth equal
to 2 + 3 times the diameter. This configuration proves that the pipes should be placed at larger depths to
achieve realistic soil-pipeline interaction forces. (b) Picture of the preliminary test where the effect of the
pipe material is investigated (Aluminum 6036 pipe vs AlSI Type 304 stainless steel pipe).
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Fig. 3.12. (a) Residual deformation of the aluminum pipe subjected to normal fault of total vertical offset
150 mm. (b) Strain distribution along the crown of the aluminum pipe of diameter D = 10 mm and
thickness t = 1 mm embedded in sand of relative density D, = 90 % subjected to normal faulting for various

magnitudes of vertical fault offset.

107



ALUMINUM Fipe
ThErense

(a)

[« 1,=700 mm >

4 ‘Svert (mm)
3 . PN 5:30:5
. L
strain 2 I',A“
(x102) ’ oN
1 4 17 &
% 3PS\
0 0—0—0——0——‘!' b -AgmO- e e e - -~ — <
<L
\\*t. ©7 ’0‘
-1 - YO-S Y
W& »z///
iy \O-’/
o
'3 T T T T 1
0 500 1000 1500 2000 2500
Syert (MM)
30:100: 10
strain
(x1073)
o= === === <
S 2%
[\) ‘1%'
LY}
24
0 500 1000 1500 2000 2500
X:mm
(b)

Fig. 3.13. (a) Residual deformation of the aluminum pipe subjected to reverse fault of total vertical offset

6

vert

= 150 mm. (b) Strain distribution along the crown of the aluminum pipe of diameter D = 10 mm and

thickness t = 1 mm embedded in sand of relative density D, = 90 % subjected to reverse faulting for various

magnitudes of vertical fault offset.
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Fig. 3.14. (a) Residual deformation of the aluminum pipe embedded within sand of relative density D, = 60
% and subjected to normal fault of total vertical offset 6, = 100 mm. (b) Strain distribution along the
crown of the aluminum pipe of diameter D = 10 mm and thickness t = 1 mm embedded in sand of relative

density D, = 60 % and subjected to reverse faulting for various magnitudes of vertical fault offset.
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Fig. 3.15. (a) Residual deformation of the thin-walled steel pipe subjected to normal fault of total vertical
offset §,,,, = 150 mm. (b) Strain distribution along the crown of the steel pipe of diameter D = 35 mm and
thickness t = 0.5 mm embedded in sand of relativgodensity D, = 90 % subjected to reverse faulting for

various magnitudes of vertical fault offset.
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Fig. 3.16. (a) Residual deformation of the thin-walled steel pipe subjected to reverse fault of total vertical

offset &,

vert ~

150 mm. (b) Strain distribution along the crown of the steel pipe of diameter D = 35 mm and

thickness t = 0.5 mm embedded in sand of reIativEﬂdensity D, = 90 % subjected to reverse faulting for
various magnitudes of vertical fault offset.



€< 735mm ——mm>

Ilo mm

10xD

(b) (c)

Fig. 3.17. Details of the numerical model used to simulate the experiments #25 and #26. (a) 3D view of the
mesh of the model. (b) The mesh of the pipe at the critical regions. (c) Cross section of the model depicting
the dimensions of the model and the location of the pipe.
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Fig. 3.18. (a) Direct shear tests results of the Longstone sand at Dr=90% and numerical simulation of these
results. (b) The dependence of the peak and residual friction angle on the stress level.
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Fig. 3.19. Numerical Predictions are compared to Experimental Data for the case of a dense sand deposit
subjected to normal fault: (a) evolution of rupture propagation with increased levels of fault offset (b)
distribution of vertical ground surface offset.
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Fig. 3.20. Numerical reproduction of Experiment #25 : (a) The deformed pipe shape is compared with the
shape of the deformed pipe upon completion of the experiment. (b) Strain distribution along the pipe
crown
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Fig. 3.21. Numerical Predictions are compared to Experimental Data for the case of a dense sand deposit
subjected to reverse fault: (a) evolution of rupture propagation with increased levels of fault offset (b)
distribution of vertical ground surface offset.
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Fig. 3.22. Numerical reproduction of Experiment #26 : (a) The deformed pipe shape is compared with the
shape of the deformed pipe upon completion of the experiment. (b) Strain distribution along the pipe
crown
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Chapter 4
Far-field Response: Pull-out resistance of buried pipelines and insights into the

role of soil dilatancy

4.1 Introduction

The previous chapter outlined the pipeline response at the ‘near-field’ (i.e. at the vicinity of the rupturing
fault). Along the ‘near-field’ area the pipeline deforms to accommodate the oblique fault fracture. The
latter imposes normal and parallel (to the pipeline axis) deformations over a pipeline length (denoted as
AB in Fig. 4.1) causing significant bending stressing and axial stretching. The length of Segment AB (which
is expected to undertake this coupled bending-stretching loading) is relatively small, since the flexible
pipeline eventually complies with the step-like ground deformation pattern. Outside of the ‘near-field’
region, (i.e., termed herein as ‘far-field’), the pipeline experiences purely axial loading over an extended
length (segments A’A and BB’ of Fig. 4.1).

This far-field’ response introduces flexibility at the two ends of the ‘near-field’ segment influencing the
overall pipeline performance: the stiffer the axial pullout response, the larger the tensile strains at the
vicinity of the fault and the higher the possibility of pipeline fracture. In this Chapter, attention is drawn
to the truthful representation of the pipeline response in the “far-field. The Chapter starts by presenting
some new data on the pull-out resistance of buried pipelines into dilative soils followed by the description
and validation of a simplified numerical procedure to address the experimental findings. The Chapter

concludes with a discussion on the effect of this ‘far-field’ response on the overall pipeline performance.

4.2 Pull-out tests of buried pipelines on dilative sands: New Findings
Code provisions (e.g. ALA 2001, PRCI 2004, IITK-GSDMA 2007) recommend the representation of
soil-pipeline interaction under pull-out loading by means of discrete axial elastic-perfectly plastic soil

springs. The ultimate ‘pull-out’ resistance of the latter (for non-cohesive soils) is described by Eq. (1) :

1+Kq
2

Enax = mDHy tand (1)

where D is the pipe outside diameter, H the depth to pipe centerline, y the effective unit weight of the

soil, K, the coefficient of horizontal earth pressure “at rest” and 6 the interface angle of friction between
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the pipe and the soil. Evidently, the ultimate pull-out resistance is assumed to be controlled by the
magnitude of soil stresses acting on the pipeline at rest conditions (i.e. before the initiation of any pull-
out displacement). In a recent amendment of PRCI (2009), the “at rest” lateral earth pressure coefficient
K, of Eq. 1 is replaced by an effective coefficient of horizontal earth pressure coefficient Keswhich varies
from K, (for loose soils) to values as high as 2 (for dense dilative soils). Yet, no further
details/recommendations are provided on the calculation of this effective coefficient nor on its
dependency on the dilation angle of the soil.

Besides, scarce experimental evidence on pull-out tests of buried pipelines [Singhal (1980), Colton, J.

et al. (1982), Capalletto et al. (1998), Honegger (1999)] denote a rather interesting finding: the maximum
axial load of pipes embedded in dense sands may be significantly higher than that predicted by Eq. 1. The
same trend was also observed in the full-scale axial pullout tests of Paulin et al (1998) and the work of
Anderson (2005) on straight and branched buried HDPE pipes in loose and dense sand. The recent full-
scale pull-out experiments of Wijewickreme et al (2009) allowed the measuring of soil stresses during the
pull-out testing (Fig. 4.2a). Results from this last experimental work demonstrated that although the
measured axial soil resistance of a pipeline buried in loose sand was quite close to prediction of Eq.1, the
peak values of axial pullout resistance for pipes buried in dense sand was several-fold higher (Fig. 4.2b).
To provide some numbers, for an example test case of a pipeline with outer diameter D = 18", buried at
H = 1.15 m (depth to the pipe centerline) in a soil deposit of dense sand with ¢ = 45° and y = 16 kN/m?
,the experimental value of the peak pull-out resistance was measured at 26 kN/m, which is more than
double the code provision of Tmax = 12.43 KN/m for the exact same problem.
The authors attributed this discrepancy to the distribution of normal stresses around the pipe. Indeed,
experimental measurements suggest that during the pull-out, soil pressure increases substantially overly
exceeding the ‘at rest’ earth pressure (described by the coefficient K,). For the particular example an
‘effective’ pressure coefficient of Kegrequal to 1.8 has been measured.

The axial response of buried steel pipelines was also investigated in the framework of the European
Project GIPIPE (GIPIPE, 2015). Steel pipes of outer diameter D=8.625" were subjected to full-scale pullout
tests (Fig. 4.3a). The pipes were buried in dense sand at depth H=0.75 m (surface to pipe centerline). The
small-stress friction angle of the sandy deposit was measured at ¢ = 50°. As in the case of Wijewickreme
et al experiments, the measured pull-out resistance was Fnax = 11.5 kN/m, while the code provision
suggested a mere Fnox = 4.3 kN/m (Fig. 4.3b). In order to account for the increased pull-out resistance a

horizontal earth pressure coefficient of K = 2.3 should have been assumed.
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Chapter 4: Experimental and Numerical simulation of the “Far-Field” response

4.3 A Step-wise numerical procedure: Description & Validation

The aforementioned experiments suggest that the distribution of normal stresses acting on the pipe-
soil interface is considerably increased during pullout tests. A tentative explanation is portrayed in Fig.
4.4. As the pipe is pulled axially, the soil resists to the pipeline movement through shearing forming a thin
shear-zone around the pipe. In case of dilative soils, this shear-zone tends to expand radially. Yet, the
expansion is constrained by the pipe and the surrounding soil. This constrained dilatancy provokes
excessive normal stresses Ao, along the pipe periphery. The latter are responsible for increased values of

pull-out capacity evident in the experiments of dense sand.

To account for such small-strain effects in conventional FE modeling a simplified step-by-step numerical

methodology is introduced, which may be described by the flowchart of Fig. 4.5.

Step 1: Estimate the volumetric expansion (6z) of the shear zone

The formation of shear zone between the pipe and the surrounding soil during a pull-out experiment is
assumed to be mechanically analogous to the formation of a shear band during a direct shear test of a soil
element (Fig. 4.6). If so the vertical displacement é,psr measured during the direct shear test is assumed
to express the expected volumetric expansion at the pipe-soil interface (if it was not bounded by the

surrounding soil).

Step 2: Estimate the normal stresses o, on the pipe

A cavity expansion test is performed in which the nodes of the pipe section are assumed to displace
(radially) outwards by &,psr /2 and the average normal stress Op avertarger acting on the pipe perimeter is
calculated (Fig. 4.8). Clearly the calculated stresses would be controlled by the assumed (secant) shear
modulus of the soil —a complication resulting from the assumption of an elastoplastic M-C criterion. To
address this problem, an elastic cavity expansion analysis precedes so as to determine the average shear
strain y that develops within the width of the shear zone (Fig. 4.7a). The latter, following the Vardoulakis
and Graf (1985) suggestion?, is considered to be equal to 16 times the mean particle size dsp. Having

defined the average y, the secant shear modulus G (to be utilized in the actual cavity expansion analysis)

1 The width of the shear band is a point of friction among researchers. Roscoe (1970) and Bridgewater (1980)
argued that the shear band is 10 times the mean particle size dso, while the micro-scale particle image velocimetry
(P1V) observations of Delong et al. (2006) suggested that the thickness of shear band is approximately 5 - 7 particle
diameters
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is estimated following the shear modulus degradation curve proposed by Oztoprak and Bolton (2013) (Fig.

4.7b)
() =1/[1+ ()] @)

where G is the elastic (maximum) shear modulus, y is the shear strain, y. is the elastic threshold strain

beyond which the shear modulus falls below its maximum, y, is the characteristic reference shear strain

at which G/Go = 0.5, and a is the curvature parameter.

Step 3: Select an equivalent horizontal earth pressure coefficient K.quiv model that yields the target average
normal stress

The Kequiv should yield the average On avertarger along the pile periphery. This implies that, a 3D FE model
should be constructed (as that presented in Fig. 4.10) comprising the pipeline and the surrounding soil.
After that an initial static analysis is performed assuming that the ‘at rest’ earth pressure is equal to the
Kegquiv. Admittedly, by just assuming an increased Keqiv value we are not replicating the actual stress
distribution along the pipe circumference (Fig. 4.9), but we do manage to correctly capture the increased

magnitude of the average normal stress (which is eventually controlling the peak axial resistance of the

pipe).

Step 4: Perform a pullout test to calculate the non-linear force-displacement curve

To realistically simulate the interface condition between the steel pipe and the surrounding soil special-
purpose contact elements are introduced that allow the pipe to slide on the ground. In sand deposits, the
maximum mobilized shear resistance tmay at the pipe-soil interface is a function of the frictional coefficient
u and the normal stress (i.e, Tmax = U 0n). Yet, in dilative soils the friction coefficient pu is not constant: it
starts at a peak value ppeak = tand = tan(f*@pear), Where @pear is the peak friction angle of the surrounding
soil, and f is a coefficient that depends on the roughness of the pipe wall (f = 0.8 for rough steel) and as
the axial displacement increases it gradually drops to a residual value where

Ures = tan(f*res), where s is the residual friction angle of the soil. Normally the transition of p from peak

to residual conditions follows an exponential decay law as follows:

.“peak: 6x < cS‘x,peak
ﬂ(ax) = YHUres T (.upeak - .ures)e_l(sx_sx’peak)r 6x,peak < 6x < 6x,res (3)
Ures, 5x > 6x,res

122



Chapter 4: Experimental and Numerical simulation of the “Far-Field” response

To incorporate this non-constant p value in our FE analysis, a user-defined subroutine has been introduced
that correlates p to 64 according to Eq. 3.

Finally, in order to derive the non-linear force-displacement curve (F-6), a monotonically increasing axial
displacement 6 is applied at the one end of the pipe and the evolution of resistance (per unit length) with

displacement is recorded.

4.4 Validation of the proposed methodology

Application to the Wijewickreme et al (2009) experiments

The proposed 4-Step methodology is applied herein to numerically capture the pull-out resistance
measured by Wijewickreme et al (2009) experiments (Fig. 4.11). As evidenced by the direst shear test
results of Fig. 4.11a, the sandy deposit demonstrates a clearly dilative behavior: after attaining an initial
peak resistance (corresponding to a @peak = 45°), the soil specimen dilates until reaching a critical state
(corresponding to s = 36°) at which shear deformation continuous in the absence of any volumetric
change (i.e. 6,psrremains constant at 0.75 mm which corresponds to a dilation angle of ¢ = asin(dy/dx) =
15°). During the second step, the pipe is subjected to a radial displacement of §,psr. The latter produces
an average shear strain of Yavertarget = 0.39%, which for a secant shear modulus of 0.96 G,. (according to
Oztoprak & Bolton (2013) ) yields an average normal stress (around the pipe) of Onaver,target = 26.7 kPa . For
such an increased o, to develop, an equivalent horizontal earth pressure coefficient of Kequiv = 1.9 needs
to be assumed. This value of Kequiv is incorporated into a final analysis, in which the pile is monotonically
pulled-out from the sand deposit and the reaction F is recorded. A comparison between the
experimentally measured and the numerically predicted force-displacement curve is presented in Fig.

4.11d.Evidently the two curves compare extremely well.

Application to the GIPIPE full-scale experiments (2015)

The GIPIPE pull-out experiments are serving as a second benchmark problem for the proposed
methodology (Fig. 4.12). Similar to the previous case the direct shear test results present a peak friction
angle of @pear = 48°, a residual friction angle of @,.s = 35° and specimen height increase of 6,psr=0.75 mm.
By assuming a pipe diameter expansion of §,psr, an average shear strain of Vaver,targer = 0.82% is developed
corresponding to an average normal stress around the pipe of On aver targer = 20.6 kPa. Accordingly, for this

average soil stress to develop a Kequiv=2.4 is required. By assuming this value of K, in the Step 4 of the
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proposed methodology the force —displacement curve of Fig. 4.12d is attained which apparently

compares very nicely to the one measured during the actual experiment.

4.5. The effect of the dilation on the pipeline response

Up to this point we have demonstrated that:

(i) In dip-slip faulting the far-field response of a pipeline is practically uniaxial and therefore it may be
described by a pull-out force-displacement curve

(ii) The pull-out response of pipes embedded in dense or loose sand is very different. In dense sand the
constraint of the tendency of the soil to dilate generates an increased stress distribution, hence, increasing
the pull-out resistance of the system. Not dilatant loose sand does not experience this effect.

(iii) We have proposed and validated a procedure that incorporates direct shear results into a non-linear
3D FE analysis to estimate the pull-out performance of pipelines accounting for dilation.

In this paragraph we are answering the following question: “How important is the incorporation of
dilation phenomena to the pipeline performance under dip-slip faulting?”. For a qualitative answer, refer
to the plot of Fig. 4.13 which portrays the soil reaction to the axial movement of a 36” diameter pipe for
a dense sand of @peak = 40°. TWo cases are considered: the solid curve accounts for a dilation of ¢ = 10°
(following the previously described procedure) while the dashed line corresponds to the code suggestion
(where the dilatancy of soil is practically ignored). Apparently, the dilatant curve is the larger and hence
in far-field conditions the axial deformation of the pipeline is more restricted in dense soil. This restrain
generates axial stresses of higher amplitude along the entire pipeline length. Eventually these higher
stresses may result in pipeline failure at an earlier stage (i.e. at lower faulting displacement compared to
the case of a non-dilative soil). The following set of analyses aims to quantify the importance of such
dilation phenomena on the performance of a pipeline.

The numerical example (Fig. 4.14) refers to an infinitely long hydrocarbon transportation pipeline, with
outer diameter D = 36” and thickness t = 0.5”, buried at Heover = 1 m. The pipeline is assumed to cross an
active normal fault with a dip angle of 60° (perpendicularly to the pipeline axis). The properties of the
embedment vary parametrically to account for different soil conditions. In particular, three dry sands
profiles are considered with friction angle ¢ = 45°, ¢ = 40° and ¢ = 35° representing a very dense, a rather
dense and a quite loose formation. For each friction angle a broad range of dilation angles are assumed,

varying from ) = 0° to ¢ = 25°. Following the proposed step-wise procedure, the axial force-displacement
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response of the pipe is calculated for all the examined sand deposits (Figs 4.15-4.17). The latter is

prescribed into the nonlinear law of the axial springs of the far-field model.

Pipeline performance

As shown in Chapter 3, when a pipeline is crossed by a normal fault, excessive tensile strains are
expected to develop in the vicinity with the fault intersection. As the faulting displacement increases, so
do the tensile strains until an ultimate point is reached where pipe fracture is eminent. The definition of
that point is a matter of approach: according to EN 1993-4 for the design of steel pipelines ema = 0.5%,
while a less strict approach adopted by other codes such as the EN 1998-4 provisions for seismic-fault-
induced actions on buried steel pipeline defines pipeline tensile failure at €max = 3% .

Fig. 4.18 correlates the amplitude of critical faulting displacement (&) to the dilation angle () of the
sandy deposit. Observe that as the dilation angle increases the safety margins of the pipeline decrease
substantially. For example, in case of a dense sand deposit with friction angle ¢ = 45°, the normalized fault
displacement that is expected to provoke pipeline rupture decreases from &.+/D = 0.74 for a non-dilative
soil to 8.it/D = 0.6 for a dilation angle of ¢ = 25°. The same trend is also observed for the looser deposits.
In fact, if the pipeline is embedded in a non-dilative sand of ¢ = 40°, a normalized critical displacement of
b¢ri/D = 0.95 would have been required to provoke failure, while if the same deposit had a dilation angle
of = 20° the critical normalized displacement would have dropped to 0.77.

The negative impact of dilation on the pipeline safety margins is even more evident if the gmnax = 3%
failure criterion is adopted (Fig. 4.18b). In this scenario, for a non-dilative sand of friction angle ¢ = 35°,
the pipeline may safely accommodate up to 8../D = 3.44; this value drops sharply to é#/D = 2.55 when
a Y =15°is assumed.

A clear pattern is revealed: in normal faulting conditions, pipeline performs better in non-dilative rather
than dilative soils. Therefore, the tendency of sands towards dilation should be accounted for in the design

of a pipelines. Failing to do so could lead to an overestimation of the actual safety margins until failure.

4.6. Desigh Recommendations on the Kes

As previously stated, Code provisions have only recently recognized the dependence of pipeline pull-
out resistance on the dilative characteristics of the embedment soil. This is reflected in the amendment
of PRCI (2009), where the “at rest” lateral earth pressure coefficient K, of Eq. 1 is replaced by an effective

horizontal earth pressure coefficient K. Although the code suggest that the amplitude of Kegis expected
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to vary quite substantially from loose to dense soil profiles, no further recommendations are provided on
its calculation nor on its dependency on the dilation angle of soil.

To bridge this gap, we have performed a rather thorough parametric study for pipelines of varied

dimensions (D = 8” + 48”). and burial depths (Hcover ranges between 1 m which is the minimum cover for
pipelines transporting Liquid Petroleum Gas according to ASME B31.4-2002 to the most commonly
adopted solution of Heover = 1.5 m)2. The examined geometries are tested for a variety of soil scenarios (for
both dilative and non-dilative soils), and the effective lateral earth pressure coefficient Kess is calculated.
The soils under consideration are dry sands. Namely, three sands with ¢ = 45°, ¢ = 40° and ¢ = 35° are
considered and correlated to a variety of dilation angles (¢ = 5° + 25°) covering a range from heavily to
mildly dilative soils.
For every possible combination of soil, pipe and burial depth, the aforementioned step-wise procedure is
followed and the Kequiv is derived. Fig. 4.19, 5.21 and 4.23 present the properties of each soil under
consideration, as well as the results of the numerically performed direct shear tests. The estimated Kequiv
for all assumed geometries and soils is presented (in tabulated form) in Figs 4.20, 5.22 and 4.24.

A closer look on the collective results, reveals some interesting insights:
= As evidenced by 4.25a the cover depth Hcer does not seem to affect the magnitude of Kequiv (at least

for the cover depths encountered in common practice for hydrocarbon transportation pipelines).
= The diameter of the pipe does influence the developed stresses at the pipe periphery and accordingly

the attained Kequiv : the larger the pipe diameter the lower the Kequiv. An indicative example is presented
in Figure 4.25b, where two pipeline diameters are considered: a pipe of diameter D = 20” and another
of D=48". Both pipes are buried in a dense sand profile of ¢ = 45°at a depth of Heover = 1.5 m. Evidently,
for a given dilation angle ), larger normal stresses are developed around the smaller pipe. The latter

are associated with increased values of Keguiv.
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Figure 4.1. Structural behavior of an infinitely long pipeline subjected to normal faulting. Three regions can
be recognized based on the type of stressing of the pipe: a central region at the vicinity of the fault trace
where the pipe is stressed due to bending and stretching (segment AB), and two regions beyond the central
segment where the stressing of the pipe is practically exclusively due to stretching (segments A’A and BB’).
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Figure 5.2. The pullout test of Wijewickreme et al (2009): (a) photo of the experimental setup and (b) the
measured force-displacement curve.
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Figure 4.3. The pullout test of the GIPIPE project (20015): (a) photo of the experimental setup and (b) the
measured force-displacement curve.
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Figure 4.4. During axial movement of the pipe, the overall normal soil stresses on the pipe during pullout
increases substantially in comparison with the initial values. This increase is attributed to the constrained
dilation of the thin shear zone.
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direct shear test

increase in the specimen height 6z

estimation of the average shear strain y of the soil along the interface between
the pipe and the soil for the given 6z

A4

calculation of a secant Young’s modulus E,,
corresponding to the maximum shear strain y

calculation of the average normal stress a,,,, along the pipe section due to

the given dilation of the shear zone 6z

estimation of an equivalent Kequiv
normal stress o,

aver

to artificially achieve the increased average
along the pipe section

performance of a pull-out test applying K.,,;,
to calculate the soil reaction to axial pipe movement

Figure 4.5. Flowchart presenting the steps of the finite element methodology used to calculate the soil
reaction to axial pipe movement.
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Figure 4.6. Step 1: The expansion of the shear zone (if it was not bounded by the outer soil) is estimated
through direct shear testing. (a) A typical stress - displacement curve and (b) a vertical displacement -
horizontal displacement curve for a dilative soil.
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Figure 4.7. Step 2: Calculation of the appropriate (secant) shear modulus. (a) distribution of shear strains at
the soil for an increase in the pipe diameter by 6. (b) The shear modulus degradation curve proposed by
Oztoprak and Bolton (2013).
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Figure 4.8. Step 2: A radial expansion analysis is used to simulate the increased normal stresses around the
pipe during pullout. (b) The initial normal stresses distribution and (c) the increased stresses for radial
expansion equal to the vertical expansion of the direct shear test specimen.
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Figure 4.9. Step 3: An equivalent horizontal earth pressure coefficient K, is selected that yields the target
average normal stress O, aget ON the pipe. The goal is to replicate the magnitude of the average normal

stress not the actual stress distribution.
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Figure 4.10. Step 4: Numerical calculation of the actual force-displacement behavior of the pipe subjected
to axial relative displacement. (a) The deformed mesh of a typical model used for the pullout test. (b) A
typical force-displacement curve for a dilative soil compared to the respective curve of a non-dilative soil.
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Figure 4.11. Validation of the proposed procedure against the pullout experiment performed by
Wijewickreme et al (2009). (a) Direct shear tests of the sand used in the experiments, conducted at relative
density and overburden stress similar to the experiments (Karimian 2006). (b) Summary of the outcome of
each step of the procedure. (c) The geometry of the numerical model used to replicate the pullout test. (d)
Comparison between the measured during the 1g)i(periments and the numerically predicted force-
displacement curve.
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Figure 4.12. Validation of the proposed procedure against the pullout experiment performed in the
framework of the GIPIPE project (2015). (a) Direct shear tests of the sand used in the experiments,
conducted at relative density and overburden stress similar to the experiments. (b) Summary of the
outcome of each step of the procedure. (c) The geometry of the numerical model used to replicate the
pullout test. (d) Comparison between the measured%%ring the experiments and the numerically predicted
force-displacement curve.
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Figure 4.13. Soil reaction to axial movement of a 36” diameter pipe within a sandy soil deposit of ¢,,,, = 40°
ignoring and accounting for the effect of dilation.

Figure 4.14. In order to investigate the effect of the dilative behavior of the soil on the overall pipeline
performance an example is used: an infinitely long pipeline (D=36", t=0.5", H_, =1 m), buried in dry sand is
subjected to normal fault perpendicular to its axis (dip angle a=60°). A range of soil properties
(combinations of friction angle ¢, and dilation angle ##Pare considered.
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45 25 35 0.01 0.025 0.09 1.15 1.73
45 20 35 0.01 0.025 0.09 0.92 1.66
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Figure 4.15. Details for the soil for the case of friction angle ¢$=45°. (a) Table with the properties of the
sand, the vertical expansion during direct shear testing and the appropriate K, required to describe the
increase in the normal stresses acting on the pipe during axial pullout. (b) Soil reaction to axial relative
movement of the pipe for the various dilation angles under consideration.
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Figure 4.16. Details for the soil for the case of friction angle ¢$=40°. (a) Table with the properties of the

sand, the vertical expansion during direct shear testing and the appropriate K

equiv required to describe the

increase in the normal stresses acting on the pipe during axial pullout. (b) Soil reaction to axial relative
movement of the pipe for the various dilation angles under consideration.

142



@ "P Pres yyield ypeak Vres 6z,DST Kequiv
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Figure 4.17. Details for the soil for the case of friction angle ¢$=35°. (a) Table with the properties of the
sand, the vertical expansion during direct shear testing and the appropriate K, required to describe the
increase in the normal stresses acting on the pipe during axial pullout. (b) Soil reaction to axial relative
movement of the pipe for the various dilation angles under consideration.
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Figure 4.19. Results from the numerically conducted direct shear tests of the sand of friction angle ¢=450.
(a) Summarizing table with the direct shear tests results. (b) Normalized shear stress-displacement curve.
(c) Increase in the specimen height with horizontal displacement
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Figure 4.21. Results from the numerically conducted direct shear tests of the sand of friction angle ¢=40°.
(a) Summarizing table with the direct shear tests results. (b) Normalized shear stress-displacement curve.
(c) Increase in the specimen height with horizontal displacement

147



2 - 2
Kequiv 15 — Kequiv 1.5 /_-
1 1
05 D=8" 05 D =20"
0 T T T 1 0 T T T T 1
10 15 20 25 5 10 15 20 25
Y : deg Y :deg
2 2
Kequi o= K... _
quiv 1.5 / equiv 1.5
1 1
05 D =28" 05 D = 36"
0 T T T 1 O T T T T 1
10 15 20 25 5 10 15 20 25
Y : deg Y : deg
2 2
Kequiv 1.5 ] Kequiv 1.5 N
1 1
05 D =40" 05 D =44"
O T T T 1 0 T T T T 1
10 15 20 25 5 10 15 20 25
Y : deg Y : deg
2
Kequiv 1.5 A __
11 — Hypy=1.0m
05 | D =48" — Hower=1.2m
- HCOV&‘I’ = 1'5 m
0 T T T T 1
0 5 10 15 20 25
Y : deg

Figure 4.22. Charts with the appropriate K, to be used for the calculation of the maximum soil resistance
to axial relative movement of the pipe, when the surrounding soil is sand of friction angle ¢$=40°. Pipe
diameter from D=8" to 36”.
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Figure 4.23. Results from the numerically conducted direct shear tests of the sand of friction angle ¢=35°.
(a) Summarizing table with the direct shear tests results. (b) Normalized shear stress-displacement curve.
(c) Increase in the specimen height with horizontal displacement
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Figure 4.24. Charts with the appropriate K, to be used for the calculation of the maximum soil resistance
to axial relative movement of the pipe, when the surrounding soil is sand of friction angle ¢=35°. Pipe
diameter from D=8" to 36".
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Chapter 5

Pipeline performance under dip-slip faulting

5.1. Introduction

In the previous chapters a finite element methodology was conceived to realistically simulate the
response of buried continuous pipelines subjected to dip slip faulting. The methodology was based on the
distinctively different response of the pipe in the vicinity of the fault (“near-fault” response) and at large
distance from it (“far-field” response). The methodology was extensively validated against physical testing
for both the “near-fault” and the “far-field” response. Having gained confidence in the numerical
methodology, in this chapter we utilize it with the scope of (a) gaining an insight of the performance of a
variety of pipes commonly used for the transportation of hydrocarbons subjected to normal and reverse
faulting, and (b) to investigate the effect of some of the most influential factors of the problem. To this
end, a parametrical study is performed to pinpoint the effect of the soil strength and stiffness, the dip

angle of the fault and of the internal pressure on the pipeline response.

5.2. Performance of buried pipelines subjected to normal faulting

The effect of the soil strength

To begin with, the effect of the soil strength and stiffness on the pipeline response subjected to normal
faulting is examined using an illustrative example. An infinitely long continuous pipeline of diameter D =
40” and thickness t = 0.562" is considered. The pipeline is made of steel X65 (g, = 450 MPa) and it is buried
within the soil with a cover depth of Hever = 1.2 m (the depth of the pipe top centerline). Fig. 5.1
schematically presents the studied problem. The properties of the surrounding soil are parametrically
accounted for: four non-cohesive soils are selected to cover a range of soils from very loose to very dense
sand. The properties of the four sands are summarized in Table 5.1, where the results of hypothetical
direct shear tests of the four sands are also presented. Based on these results, the axial force-
displacement curves are calculated using the methodology presented in chapter 5. As shown in chapter
5, the accurate calculation of the axial soil restrain accounting for the effect of dilation is fundamental for
the realistic simulation of the “far-field” response. Fig. 5.2 presents the axial restrain curves for each of

the four sands.
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Fig. 5.3 summarizes the response of the pipeline when it is embedded in sand of ¢=40°. Fig. 5.3a
presents the axial strain evolution with the fault imposed displacement 6. at two characteristic points
at the top side of the critical pipe segment (denoted as point A and point B). As explained in Chapter 3,
the critical segment is the one at the vicinity of the fault-pipeline intersection within the footwall, since
this is where the combined bending moments and tensile stresses due to stretching maximize (at the point
of maximum curvature, which in this case is the point A). The axial strain evolution is accompanied by the
deformed mesh of the critical pipe segment with superimposed axial strain contours for representative
magnitudes of &xur. The pipeline responds elastically for fault offsets up to 0.5 m (highlighted as region I).
During this time, the strain distribution is uniform both at the top and at the bottom side of the pipe
segment. As the pipe enters the plastic regime, the strain accumulation ratio is increased (region Il). The
tensile strains tend to localize at point A (maximum curvature point). Ultimately there comes a point
where necking is formed starting in point B which lies closer to the pipe-fault intersection. The whole
section at point B is under yielding, resulting in drastic decrease in its stiffness; strains localize thus at this
specific section rendering the pipe susceptible to rupture due to abrupt increase of tensile strains (region
). The transition from plastic response to necking is of particular interest. Before the formation of the
neck, the increase in the maximum tensile strain is attributed to the combined stretching and bending.
Therefore, the maximum tensile strain is located at the point of maximum curvature. In contrast, after the
formation of the neck, the increase of strains is attributed to stretching, as advocated by the location of
the neck which is closer to the pipe-fault intersection where the axial strains due to stretching are higher.
As the prevailing loading mechanism shifts from the combined bending and stretching to exclusively
stretching, the point of maximum tensile strain is transferred from point A to B. During this translation of
the maximum strain point from A to B, the strain increase at point A comes to halt creating a temporary
plateau. Fig. 5.3b presents the distribution of the tensile strains at the top side of critical pipe segment
for the fault displacements shown in Fig. 5.3a.

Expectedly, the pipe response is qualitatively similar for the rest of the sands under consideration. Fig.
5.4a presents the maximum tensile strain evolution curve (the maximum of the two curves corresponding
to point A and point B shown in Fig. 5.3a) for the four sands under consideration. In all four cases the
elastic response is followed by an increase in the strain accumulation rate as the pipe is forced into its
plastic regime. In the ensuing the appearance of a plateau marks the onset of necking that ultimately leads
to an unstable condition. Though qualitatively similar, the effect of the relative stiffness between the pipe
and the soil appears to play a crucial role in the magnitude of the pipe distress. As reasonably expected,

the increase in the soil strength and stiffness leads to larger strain accumulation rate. The pipe is forced
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to more severe bending and stretching as the vertical and axial soil reactions increase with the increase
of the soil strength; the rate of strain accumulation increases with the increase of the soil strength, while
the maximum axial strain at the onset of necking also becomes larger. Fig. 5.4b presents the fault offsets
that correspond to the failure criteria adopted by the codes: maximum tensile strain of (a) &xmax = 0.5%,
(a) &xmax = 2% and (a) exmax = 3%. The decrease of the critical fault offset with the increase in the friction
angle vividly depicts the vulnerability of buried pipelines to stiff soils. However, there is another
interesting point we need to comment on. During necking, the axial stiffness of the pipeline tends to zero:
a small increase in the imposed displacement may result in an abrupt increase of the developed strain
(unstable state) that may lead to wall rupture. Consequently, the onset of necking is a state that should
be avoided during the design of pipelines subjected to normal fault-induced displacements. Considering
the three failure criteria, the & max = 3% criterion does not protect from the formation of necking in any of
the examined cases. The &, max = 2% failure criterion protects in cases of stiff soils where the development
of tensile strains due to bending and stretching is already substantial before the formation of necking.
However, it fails to help the designer to avoid the necking formation for more compliant soils. Finally, the
Exmax = 0.5% failure criterion results in allowable fault displacements smaller than those that lead to
necking, yet it proves quite conservative. Conclusively, the onset of necking should be also adopted as
failure state and should be avoided during the design. Apart from the classical maximum tensile strain

failure criteria, the designer should check for the formation of a neck.

The effect of the cover depth

In the analyses configuration examined in the previous, an additional parameter is added: the burial
depth. The 40” diameter pipe is buried in the four sands of varying strength and stiffness with varying
burial depth, which in this case is expressed by the depth of the cover between the top of the pipe and
the ground level (cover depth): (a) Heover = 1 M, (b) Heover = 1.2 m and (c) Heover = 1.5 m. For hydrocarbon
transportation pipelines these values are very common, since the smaller Heover = 1 m roughly corresponds
to the minimum cover depth allowed (36” according to U.S. Code of Federal Regulations Title 49 part 195),
and cover depths larger than Heover = 1.5 m are rarely encountered in practice since they would demand
deep excavations. As summarized in the table of Fig. 5.5a, the cover depths Hecover =1 m, 1.2 mand 1.5 m
yield H/D ratios of H/D = 1.48, 1.68 and 1.98 respectively. Fig. 5.5b, 5.5c and 5.5d summarize the critical
fault offsets as calculated with the &xmax = 0.5%, Exmax = 2% and €xmax = 3% respectively. As reasonably
expected, the increase of the depth of the cover leads to a decrease of the safety margins, since the larger

depths lead to larger confinement stresses. Since the soil profiles considered consist of non-cohesive
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materials, the increase in the confinement stresses results in an increase in the strength and stiffness of

the soil, and consequently in the decrease of the pipeline relative stiffness.

The effect of the dip angle

Back to the scenario of the 40” pipeline being buried at cover depth Hcover = 1.2 m. The surrounding soil
is the dry sand of friction angle ¢ = 40° considered before. In this chapter the active fault that intersects
with the pipeline is of unknown dip angle, hence the dip angle is parametrically accounted for. A wide
range of angles is considered, with a minimum dip angle of a = 15° (very mild inclination that is unrealistic
for a normal fault) and a maximum dip angle of a = 75°. Fig. 5.6 presents the performance of the pipeline
subjected to the faults of the various angles. In Fig. 5.6a the maximum tensile strain evolution is presented
for the six cases of dip angle examined. In all cases the pipe accumulates strain due to the combined action
of stretching and bending. Ultimately, the pipes fail due to necking. The fault with the mildest inclination
appears to have the most detrimental effect on the pipe: a fault displacement of &7 = 1.1 m is sufficient
to cause necking, while for the steeper fault rupture &sur = 3.7 m are needed to have the same result.
From the pipeline response with respect to the angle of the displacement two important conclusions can
be drawn. Fig. 5.6b presents the fault offset that leads to first yield (development of maximum tensile
strain &xmax = Eyieid = 0.225%) and to maximum tensile strain &xmax = 0.5% (the more strict failure criterion
met in the existing codes). The pipe appears to yield first when subjected to normal fault of dip angle a =
45°, while as the dip angle increases towards 90° or decreases towards 0°, a larger fault displacement is
required to cause yielding. The same goes for the €, max = 0.5% curve: it has a minimum at a = 45° while it
increases towards 90° and 0°. At 45°, the horizontal displacement 6x and the vertical displacement 6z are
of the same magnitude, while as the dip angle increases or decreases the difference between the
magnitude of x and 6z increases (large 6x and small 6z at small angles and large 6z and small éx at large
dip angles). Thus, the two curves shown in Fig. 5.6b illustrate a well-defined trend: the more intense the
conjunction of the horizontal displacement component (that imposes tension on the pipe) with the
vertical displacement component (that is responsible for the pipe bending), the more unfavorable the
pipe response gets. The second interesting finding from the results of the pipe response with respect to
the dip angle of the fault becomes apparent if we plot the strain evolution against the horizontal
component of the displacement éx (instead of the total displacement &suir) as shown in Fig. 5.6¢. As vividly
depicted in this figure, pipe failure (necking) occurs at practically the same magnitude of &x, signifying
that necking should be attributed almost exclusively to the development of excessive tensile forces rather

than the combined stretching and bending which is responsible for &, max until the onset of necking.
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The effect of the internal pressure

In general, transmission pipelines are rarely without internal pressure. The only periods that they will
remain without pressure is the construction stage and possible maintenance periods, which are but a
small fraction of the structure lifetime. In this part, the effect of the internal pressure on the pipe response
and on the resulting safety margins is examined. An example is used: the D = 40” pipe used in the previous
buried at Heover = 1.2 m within the dry sand of ¢ = 40° is subjected to a normal fault intersecting at 90°. In
this case the pipe is considered to operate at the maximum design pressure pmsx = 9 MPa calculated by
the expression:

Pmax = 0.72%(2 0, t/D)

Fig. 5.7 offers a direct comparison of the response of the pipe with and without internal pressure,
presenting the maximum tensile strain evolution with the increase in the fault displacement. Along with
the strain evolution, the deformed mesh of the critical pipe segment is also presented with superimposed
axial strain contours. The comparison between the non-pressurized and the pressurized pipe reveals a
number of distinctively different behaviors. Firstly, the pressurized pipe yields under smaller fault
displacement, namely &5 = 0.4 m compared to the respective 8w = 0.5 m for the non-pressurized pipe.
Secondly, when in its plastic regime, the pressurized pipe accumulates plastic strain at significantly larger
rate than the non-pressurized pipe. Thirdly, the maximum strain evolution curve for the pipe under
internal pressure exhibits a plateau; the critical pipe segment keeps on accommodating additional fault
offset (i.e. developing additional curvature) without increasing the maximum observed tensile strain &, max.
This response (which is reminiscent of the plastic hinging mechanism) is unique for the pressurized pipe.
Ultimately, as with the non-pressurized pipeline the increase in the axial force due to the horizontal
displacement of the fault becomes critical and leads to necking of a section closer to the pipe-fault
intersection.

The above unique characteristics of the pressurized pipe response should be attributed to the reduced
moment capacity due to the simultaneous action of the internal pressure. The initially straight pipe is
stressed due to the soil actions, as the soil deforms due to the rupturing fault. The soil action transversal
to the pipe axis causes the pipe to bend and ultimately to fail at the points of maximum curvature. For the
sake of simplicity, let’s assume that the imposed fault displacements of the same magnitude lead to the
development of approximately the same soil transversal actions on the pipe and therefore, practically the
same bending moment on the critical pipe segment for both the pressurized and the non-pressurized
pipes. Fig. 5.8a presents in qualitative terms the influence of the internal pressure on the moment —

curvature behavior of a straight pipe, according to the EN1993-4-3 Eurocode. For a straight pipe under
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pure bending moment without any other action, there is an initially elastic response up to the yield
moment capacity M,”=° where the first yielding occurs followed by a gradual stiffness degradation up to
the plastic moment capacity M,f=°, where the entire section experiences yielding. As vividly depicted in
this diagram, under the simultaneous action of the internal pressure the respective yield moment M,**°
and plastic moment capacity M,*° decreases. Under this decreased yield moment capacity M,** the
faster first yielding of the pressurized pipe is therefore to be expected.

Fig. 5.8a is also quite enlightening for the interpretation of the second distinctive behavior of the
pressurized pipe: the substantial increase in the plastic strain accumulation rate. Consider a bending
moment demand M larger than yield moment capacity of both the non-pressurized M,/ and the
pressurized pipe M,*°. This bending moment M leads to the development of a larger curvature (and
therefore strain) for the pressurized pipe. In fact, for every M larger than both yield moment capacities
the pressurized pipe is further into its plastic regime than the non-pressurized pipe and is associated with
a reduced stiffness. Hence, an increase AM of the same magnitude (which is attributed to an increase in
the fault displacement) causes a larger step of curvature and therefore strain Ag,max thus justifying the
increased plastic strain accumulation.

The reduced bending capacity of the pressurized pipe depicted in Fig. 5.8a is indirectly responsible for
the third unique characteristic, the quasi-plastic hinging response. The reduced value of the plastic
moment capacity M,*® combined with the increase in the plastic strain accumulation rate (due to
decrease in M,”*) lead to the exhaustion of the plastic moment capacity of the pressurized pipe at a
substantially smaller displacement than the non-pressurized pipe. As a result, when the plastic moment
capacity is reached, no rise in the maximum axial strain is observed, only a stress redistribution. This
redistribution of stress is depicted in Fig. 5.8b, where the axial strain distribution along the tensile side of
the critical segment is presented for various representative fault displacements. This wavy distribution
consists of three prominent spikes, where tensile strains localize. The maximum values of these spikes
initially increase with the increase of the fault displacement. For displacements larger than & = 1 m, the
maximum values barely increase. In contrast, the increase in the imposed displacement causes the
“widening” of the spike located at x = 4 m; the work of the additional displacement is dissipated by the
mobilization of a larger area — a stress redistribution. In contrast, this quasi-plastic-hinging response is not
observable in the non-pressurized pipe for two reasons: the plastic strain accumulation rate is smaller
while the plastic moment capacity is larger. Hence, the pipe fails due to necking first, before reaching the

plastic moment capacity.
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Arguably, the most characteristic feature of the pressurized pipe response (as depicted in Fig. 5.7) is
the differentiation of the strain distribution. The non-pressurized pipe develops a rather uniform axial
strain distribution, that when entering the plastic regime localizes around the maximum curvature point
(see Fig. 5.7a). In stark contrast, for the pressurized pipe the initially uniform strain distribution transforms
into a “wavy” distribution when the yield capacity is exceeded; there is not a single maximum point, rather
there are a number of maxima in the form of successive spikes along the tensile side of the critical pipe
segment (see Fig. 5.7b). This peculiar behavior should be attributed to second order phenomena. In
particular, as the pipe enters its plastic regime the developed curvature becomes considerable. As a result
of this bending, the length of the two outer fibers change, with the one under compression shrinking and
the one under tension stretching as schematically shown in Fig. 5.9a. At the same time, the internal
pressure p produces a theoretical upward force when integrated along the top (tensile) side and a
respective downward force when integrated along the bottom (compressive) side. For the initially straight
pipe these two forces cancel each other (they are of the same magnitude and of opposite sign). However,
as the curvature of the pipe segment increases, there is a divergence between the length of the tensile
and that of the compressive fiber. Now, the internal pressure integrated along the top side yields a larger
force than when integrated along the bottom side. Hence, due to change in the geometry, the curved pipe
“experiences” an internal pressure p’ acting only on the tensile side that tends to reduce its curvature.
Moreover, the magnitude of this parasitic pressure is proportional to the difference in the length of the
two opposite sides (i.e. the segment curvature). The existence of p’ is indicated by the fact that it tends
to straighten a number of sections along the curved segment. Fig. 5.9b shows the curved critical pipe
segment with axial strain contours with and without internal pressure (a scale factor of 20 has been

imposed). It is in these sections that the strain localizes yielding the characteristic wavy distribution.

Structural performance of buried pipelines subjected to normal faulting

In this part, the results already shown and described are enhanced to encompass pipes for various
geometries of particular interest. The loading case remains the intersection of the pipeline with an active
normal fault, with the fault strike normal to the pipeline axis (as graphically shown in Fig. 5.10a).
Maintaining a sense of realism, the cover depths that are accounted in this extended study are Heover = 1
m, 1.2m and 1.5 m (Fig. 5.10b). Since this study focuses on hydrocarbon transportation pipelines, the
results are expanded to account for pipes of medium large to large diameters (D = 28”, 36”, 40” and 48").

In order for the results to have a practical value, the closest commercially available thickness is selected
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for each pipe to yield a D/t ratio of about 70 which is very common in practice. Fig. 5.10c presents a table
with the geometrical characteristics of the four tubes considered in the analyses. Finally, the properties
of the soil is also parametrically accounted for, with the soil properties shown in Fig. 5.10d.

To begin with, Fig. 5.11 presents the results for the performance of the pipes assuming they operate
without pressure. Fig. 5.11a presents the maximum axial strain evolution considering a cover depth of
Hcover = 1 m, while Fig. 5.11b and Fig. 5.11c present the respective results for Heover = 1.2 and Heover = 1.5 m.
The evolution of the pipe distress (expressed through the maximum tensile strain) is correlated with the
fault displacement 6w normalized with the pipe diameter D. The pipes under consideration appear to
exhibit similar behavior in terms of normalized fault displacement &4u/D, provided that the cover depth
is the same and that the soil is of the same strength and stiffness. This normalization of the response of
the different pipes is depicted in the safety margins considering the three tensile failure criteria for the
pipes buried at cover depth Heover = 1 m (Fig. 5.12), Heover = 1.2 m (Fig. 5.13) and Heover = 1.5 m (Fig. 5.14).
In the same manner, the response of the pressurized pipes is presented in Fig. 5.15 to Fig. 5.18. In Fig.
5.15 the evolution of the maximum tensile strain is plotted against the imposed normalized fault
displacement &u/D. For all the pressurized pipes examined, the response of the pipe can be assorted in
the four regions explained in the previous: the initial mild strain accumulation (elastic response) is
followed by a significant increase in the axial strain development as the pipe enters its plastic regime; the
pipe exhausts its plastic bending moment capacity and the maximum tensile strain accumulation curve
forms a plateau. Ultimately, the prevailing stressing mechanism alters and the pipe fails due to excessive
stretching at the proximity of its intersection with the fault rupture. As with the non-pressurized pipes the
increase in the soil strength and stiffness has a detrimental effect on the pipe response. The same stands
for the increase in the cover depth. Aggregating the results by soil strength and stiffness (indicated by the
friction angle ¢) and by the cover depth Hcover reveals a remarkably similar behavior of the four pipes under
consideration in terms of normalized displacement &5u/D. This similitude in the performance of the pipes
is also portrayed in the safety margins considering the three tensile failure criteria. Fig. 5.16 summarizes
the critical fault displacement assuming each of the failure criteria for the pressurized pipes that are
buried at Heover = 1 m, while Fig. 5.17 and Fig. 5.18 present the respective results for Heover = 1.2 m and 1.5

m.
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5.3. Performance of buried pipelines subjected to reverse faulting

Following the same procedure as in the case of normal faulting, in this part the performance of buried
pipelines is examined subjected to reverse faulting. A set of the numerical analyses is performed
considering the same pipes as before, three cover depths (Heover =1 m, 1.2 m and 1.5 m) and the four non-
cohesive soil profiles used in the previous. This time the pipes are considered to cross a reverse fault
normal to their axes that is expected to produce displacements at dip angle a = 30°. The values of the
parameters used in this parametrical investigation are presented in Fig. 5.19. Finally, the effect of the
internal pressure is also accounted for considering two alternatives: (a) the pipes are under no internal
pressure and (b) the pipes operate at the maximum of their design pressure which is approximately pmax
=9 MPa for all pipes.

Fig. 5.20 presents the response of the non-pressurized pipes for all the soil profiles and cover depths
considered. The evolution of the maximum compressive strain along the pipe is shown with the increase
in the fault offset 6w Nnormalized with the diameter D. In all the examined cases, the pipes fail due to
local buckling: the combined action of compression and bending moment due to the horizontal and
vertical dislocation of the hanging wall results in the development of large compressive strains at the
maximum curvature point within the hanging wall. These strains lead the pipe to yielding, and
subsequently to the formation of local buckling due to the thin-walled nature of the pipes. During
buckling, an increase in the fault offset leads to an abrupt increase in the developed strains (unstable
condition). Despite the minor divergence in the metaplastic response (which should be attributed to the
minor differences in the D/t ratios of the pipes, but is of little interest anyway, since the pipeline is
considered to have failed), the response of the pipes of different diameter proves to be quite similar in
terms of normalized fault displacement 8s.ui/D, provided that the strength and stiffness of the soil as well
as the depth of the cover are the same. This similitude in the response of the pipes is further advocated
by Fig. 5.21 that summarizes the normalized critical fault displacement that causes the onset of local
buckling of the non-pressurized pipes.

Fig. 5.22 isolates from the ensemble of the results those that refer to the 40” diameter pipe. Thus,
three failures lines are plotted corresponding to the normalized critical fault offsets for different depths
of soil cover Heover. As with the normal fault, the increase of the cover depth leads to arise of the respective
overburden stresses and a subsequent increase in the soil strength and stiffness. Hence, the relative

stiffness of the pipe decreases reducing the fault offset it can safely accommodate.
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The effect of the dip angle

To investigate the effect of the dip angle of the reverse fault distressing the pipe, an example is used:
the 40” diameter is buried within the sand of ¢ = 30° at depth Hcover = 1.2 m. The angle of the dislocation
of the hanging wall is unspecified, and therefore the dip angle is parametrically considered in the analyses,
ranging from 15° to 75° (possibly unrealistic for a reverse fault). In all the examined cases the pipe buckles
locally due to the combination of compression and bending moment. Fig. 5.23a presents the fault
displacement that leads to first yielding of the pipe as well as the displacement that leads to the onset of
local buckling as a function of the dip angle of the fault. First let’s focus on the response up until yielding.
As with the normal fault, the displacement that causes first yielding minimizes when the dip angle is 45°,
while as the dip angle increases towards 90° or decreases towards 0° the required displacement to cause
yielding increases. Similarly with the effect of dip angle of the normal fault, the more intense the
conjunction of the horizontal displacement component (that imposes compression on the pipe) with the
vertical displacement component (that is responsible for the pipe bending), the more unfavorable the
pipe response gets. This behavior is not reflected on the fault displacement that leads to buckling. If this
behavior was also valid during the onset of local buckling we would expect a convex curve with a minimum
at a = 45°. Rather, the critical fault offsets are smaller than expected for dip angles less than 45° and larger
than expected for dip angles larger than 45°. The root of this shift in the response lies in the metaplastic
response of the pipe. The first yielding curve refers to fault offsets that by definition result to the same
axial strain (&x = &yie1s = 0.00225) for all dip angles. Yet, it appears that this is not the case for the buckling
curve. In particular, Fig. 5.23b shows the values of the compressive strain at the moment of buckling
initiation as a function of the dip angle of the normal fault. These values are extracted in a consistent
manner: the minimum axial strain at the compressive side of the critical section at the moment when the
axial strain distribution along the compressive side “freezes” and any additional strain localizes at the
dominant ripple that start dislocating outwards forming the characteristic bump of the local buckling. This
figure illustrates the dependence of the critical compressive strain on the fault dip angle. Hence, if we
consider the performance for a = 45° as a reference point, for smaller angles the local buckling will occur
“faster”, while for larger angles the onset of local buckling will be delayed. This behavior should be
accounted responsible for the small but noticeable deviation of the failure line from the expected.

At the bottom of this behavior lies the effect of the compressive force on the metaplastic response of
the pipe. Let’s consider a pipe segment that is under significant bending leading to the development of
significant compressive plastic strains at the bottom side. In the case of a thin-walled pipe, the pipe

segment will not be able to develop its fully plastic bending since there will be a point where the
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compressive wall will develop a tendency for transversal displacement (local buckling). If this pipe
segment is at the same time under compression, then the Poisson effect (the phenomenon in which a
material tends to expand in directions perpendicular to the direction of compression) will add to the
tendency for outward dislocation (Fig, 5.24a). The synergy of those two mechanisms deteriorate the
metaplastic deformation capacity of the pipe: the larger the compression is the smaller plastic strain the

pipe can develop before buckling locally.

The effect of the internal pressure

In the following, the effect of the internal pressure on the response of buried pipelines subjected to
reverse faulting is investigated. Fig. 5.25 presents the normalized critical fault offsets &sur/D that lead to
local buckling initiation for the pressurized pipes (poper = Pmax). The results refer to the four pipes under
consideration as well as the four soil profiles and the three cover depths. The analyses refer to reverse
faulting with a strike perpendicular to the pipe axis and with dip angle a = 30°.

Contrary to what we would intuitively expect, the presence of the internal pressure is not deterrent to
the formation of local buckling, while in fact has a detrimental impact on the pipeline performance. Fig.
5.26 compares the performance of the non-pressurized 40” pipe buried at Heover = 1.2 m with that of the
fully pressurized pipe for the four sandy profiles under consideration. The decrease in the safety margins
against local buckling with the increase of the pressure is substantial (of the order of 50%). Decrease of
the critical fault offset with internal pressure was also observed in pressurized pipes subjected to
compressive strike-slip faults by Vazouras et al. (2012). Although contrary to expectations that would call
for an increased stability of the cross section with the presence of internal pressure and therefore
increased resistance to local buckling, this behavior has a reasonable explanation. Let’s consider the non-
pressurized pipe at first: under the effect of the fault-induced compressive force, the critical pipe segment
tends to radially expand (Poisson effect). With the increase in this compressive force (and under the
simultaneous action of bending moment), the critical pipe segment will buckle locally exhibiting the
characteristic bump that in this case will have an outward direction: since local buckling is a bifurcation
phenomenon, the buckle will be in the most vulnerable direction. Fig. 5.27a presents the deformed pipe
segment for a non-pressurized pipe showing the outward buckle. The simultaneous action of the internal
pressure adds to the tendency for outward expansion, facilitating the formation of an outward buckle and
rendering the pipe more vulnerable to local buckling. Fig. 5.27b schematically presents strength
decreasing mechanisms. Macroscopically, the influence of the internal pressure is vividly depicted in the

interaction relation for the combination of axial force in terms of Ar (axial force A to axial tensile resistance
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Ay) and bending moment Mr (bending moment M to the plastic moment M,) for internal pressure p =0
and p =9 MPa (Fig. 5.27c). This relation introduced by Mohareb (2002) is based on the fully plastic capacity
of the pipe, and for the combination of axial force, bending moment and internal pressure takes the

following form:

T 1
3 2 7(Ar Zpr)
M, = |1—-p; *cos
4 1_3 5
\ zpr )

This relation is based on the fully plastic capacity of the pipe, and therefore it is used herein only
qualitatively to show the effect of internal pressure on the pipe capacity. As vividly depicted in the left
guadrant (space of combined compression and bending), the failure envelop shrinks spectacularly for p =
9 MPa, yielding combinations of compressive forces and bending moments substantially smaller than the
respective for p = 0. Notice that were the pipe section able to acquire its full plastic moment capacity, this
bending moment resistance would drop to 60% of the non-pressurized pipe even without any compressive
force. Although in our case the pipe will buckle before reaching its fully plastic moment capacity, the trend
of the diminished moment capacity still stands. In addition, the compression capacity also drastically
decreases. Since the imposed loading has a dominant compressive component, this degradation of the
compression capacity with the increase of the internal pressure also plays an important role. Fig. 5.27d
presents the increase in the axial force on the pipe with the increase in the fault displacement for the non-
pressurized and the pressurized pipe, vividly depicting the trend of substantially decreasing compression

capacity with the increase of the internal pressure.

5.4. Concluding remarks

In this chapter a substantial number of numerical analyses was performed considering buried pipelines
subjected to normal and reverse fault. A range of pipes commonly used in the hydrocarbon transmission
industry was selected. Four representative non-cohesive soil profiles were selected to account for the
change in the soil strength and stiffness. Three characteristic cover depths were accounted for. This
numerical study serves the purpose of gaining an insight on the performance of buried pipelines subjected
to normal and reverse faulting and to conclude with a realistic estimation of the safety margins that could
be used as a benchmark for more simplified analyses. The set of results illustrated that the response of

the pipes is qualitatively and quantitatively similar in terms of normalized fault offset &6fault/D provided
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they refer to the same soil profile and the same cover depth. Further examination of the results brought

to light some interesting findings:

The neck formation due to excessive stretching of a pipe subjected to normal faulting is correlated
with an abrupt increase in the tensile strain (unstable condition). There are cases where the
maximum tensile strain failure criteria fail to account for the neck formation. Hence, the designer
should consider pipe necking a separate failure criterion.

The presence of internal pressure differentiates significantly the behavior of a pipeline subjected
to normal faulting. The yield moment capacity as well as the plastic moment capacity decrease.
As a result a smaller fault displacement is needed to cause first yielding, while the plastic strain
accumulation rate increases significantly. A pipe under significant internal pressure will reach its
plastic moment capacity before necking exhibiting a plastic hinging similar response. Finally, the
axial strains along the tensile side of critical pipe segment acquire a wavy distribution due to
second order effects.

The effect of the internal pressure on a pipeline subjected to reverse faulting is also unfavorable:
it reduces both the compression and bending capacity of the pipe.

The synergy of bending moment and axial force appears to affect the metaplastic deformation
capability of the pipe. With the increase of the compressive axial force the pipe was found to be
less capable to deform within its plastic regime: local buckling occurred at smaller compressive

axial strain.
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® Pres ¢ 6xyield 5xpeak O res 6, P
(deg) (deg) (deg) (mm) (mm) (mm) (mm)  (Mg/m’)
45 35 15 0.5 1.25 4.5 0.70 1.8
40 32 10 0.85 1.75 5.0 0.46 1.7
35 30 5 1.15 2.0 5.5 0.24 1.6
30 30 0 1.5 - - - 1.5

Table 5.1. Properties of the sand materials considered in the parametric study.
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Fig. 5.1. The studied problem: a continuous pipeline [D=40", t=0.562", steel X65], buried at H 1.2 m,

cover
crosses perpendicularly an active normal fault of dip slip a=60°. The response of the pipeline is examined

with respect to the properties of the soil.
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Fig. 5.2. Axial force-displacement curves accounting for the effect of dilation for the sands considered in the

parametric study. 169
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Fig. 5.3. Pipeline response subjected to normal faulting: 40” pipe buried at H,,,,=1.2 m within sand of
@=40°. (a) Evolution of axial strains at two characteristic points on the top side of the critical pipe segment,
accompanied with the deformed mesh of the critical pipe segment with superimposed axial strain contours.
(b) Axial strain distribution at the top of the critical pipe segment for various characteristic fault offsets.
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Fig. 5.4. Response of the 40” pipeline subjected to normal faulting for the four soils under consideration: (a)
evolution of the maximum axial strain along the pipe with the increase of the fault displacement; (b) critical
fault displacement correlated with the soil strength (all three failure criteria are considered).
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Fig. 5.6. The effect of the fault dip angle. The 40” pipeline is buried at cover depth H_,,,, = 1.2 m within sand
of @=40° and it is subjected to normal fault of dip angle ranging from a=15° to g=75°. Evolution of
maximum axial strain with the increase of fault displacement magnitude &fault. (b) fault displacement that
causes first yield and the development of g, ..=05% as a function of the dip angle. (c) Evolution of
maximum axial strain with the increase of the horizontal component of the fault displacement 6x.
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Fig. 5.7. The effect of internal pressure on the pipeline response subjected to normal faulting: 40” pipe
buried at H,,,.,=1.2 m within sand of ¢=40°. Evolution of maximum axial strain on the top side of the critical

pipe segment with the increase of the fault displacement, accompanied with the deformed mesh of the
critical pipe segment with superimposed axial strain contours. (b) p =0 and (b) p =9 MPa.
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Fig. 5.8. (a) The moment — curvature diagram of a straight pipe according to the EN 1993-4-3 Eurocode,
exhibiting the effect of various actions on the pipe. (b) Axial strain distribution at the top of the critical pipe
segment for various characteristic fault offsets.
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Fig. 5.9. (a) Due to change in the geometry (2" order effects) a parasitic pressure p’ is generated that tends
to reduce the pipe segment curvature. (b) This parasitic pressure manifests itself through “straightening” a
number of sections along the curved segment, causing strain localization and yielding the characteristic
“wavy” strain distribution.
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Fig. 5.10. Parametrical investigation of pipelines subjected to normal faulting. (a) The pipeline crosses
perpendicularly a normal fault of dip angle a = 60°. (b) The cover depths considered in the study. (c) The
geometrical characteristics of the tubes under consideration. (d) The properties of the soil profiles under

consideration.
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Fig. 5.19. Parametrical investigation of pipelines subjected to reverse faulting. (a) The pipeline crosses
perpendicularly a reverse fault of dip angle a = 30°. (b) The cover depths considered in the study. (c) The
geometrical characteristics of the tubes under consideration. (d) The properties of the soil profiles under
consideration.
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Fig. 5.23. The effect of the fault dip angle. The 40” pipeline is buried at cover depth H_,,., = 1.2 m within
sand of @=30° and it is subjected to reverse fault of dip angle ranging from a=15° to a=75°. (a) Fault
displacement that causes first yield and buckling initiation as a function of the dip angle. (b) Minimum axial
strain at the moment of buckling initiation as a function of the dip angle.
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(b)

Fig. 5.24. (a) The expansion of the pipe cross-section due to compression and the transversal dislocation of
the pipe wall due to buckling are two competitive mechanisms: (b) the combination of these two
mechanisms result in deterioration of the pipe metaplastic deformation capacity leading to decrease of the
critical compressive strain (strain associated with local buckling initiation).
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Chapter 6

Buried Pipelines subjected to landslide-induced actions

6.1. Introduction

Among the various types of permanent ground displacement, the effects of landslide occurrence on a
pipeline concentrates the interest from a designer’s point of view. Not only because of the higher
frequency of occurrence compared to other types of permanent ground deformation that almost take
place exclusively during a seismic event of significant intensity (fault rupture, lateral spreading), but also
because of the typically very long pipelines (e.g. hundreds of miles for hydrocarbon transmission
pipelines) that unavoidably cross many precarious slopes in their route. Determining the behavior of
pipelines subjected to landsliding is a great challenge and remains a matter requiring further research.
The current state of practice addresses the pipeline-landslide interaction in a rather simplifying manner.
As with any Permanent Ground Deformation (PGD) problem, a Winkler-type beam-on-spring
methodology is assumed. The soil is often idealized by non-linear discrete soil springs (acting in the axial,
lateral, upward, downward direction), while the landslide movement is represented as a set of
displacements applied to the free- nodes of the respective springs [Jibson & Keefer (1993); Gantes et al.
(2008)]. Notwithstanding the practical value of Winkler-type methodologies, the latter are as accurate as
the assumed p-y springs formulations, while they completely ignore any load transfer effects between the
adjacent soil springs. For design purposes, the elastic perfectly plastic (p-y) formulations suggested by ALA
(2001) and PRCI (2004) are commonly adopted, although recent research findings are questioning their
appropriateness. Phillips et al. (2004), Yimsiri et al. (2004), Guo (2005), Hsu et al. (2006), Cocchetti et al.
(2009), Daiyan et al. (2009, 2010) and Pike & Kenny (2011) systematically estimated (both numerically and
experimentally) the oblique pipeline-soil capacity (i.e. under axial-lateral and lateral-vertical
displacement) and concluded that the bearing mechanisms under combined loading are strongly coupled;
as such it may be inaccurate to replace soil by independent uniaxial p-y springs.

In this chapter, an original Finite element methodology is introduced that allows the study of the
coupled landslide-pipeline problem in a rigorous manner. The proposed methodology realistically
accounts for the soil behavior (the complex movement of the dislocating soil, the coupling of oblique
loading), for the nonlinear response of the pipeline and especially of any possible fitting components

(including any instability phenomena such as buckling), and for any interaction phenomena between the
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pipe and the soil. The proposed finite element methodology is utilized to predict the response of a pipeline
subjected to landslide-induced actions considering two representative cases: (i) the axis of the pipeline is
parallel to the soil movement and (ii) the pipeline is perpendicular to the soil movement. Scope of this
study is to enhance our understanding on the mechanics governing the soil-landslide interplay, highlight
the potential failure modes of the pipeline and provide evidence on the importance of the detailing (i.e.
location and geometry of fitting components (elbows and bends)) on the actual capacity of the pipeline-

soil system.

6.2. Analysis methodology

Landslide simulation requires modeling of soil of the order of several hundred meters while on the
other hand the pipe diameter is of the order of 1-2 meters. In order to model all possible structural
instability phenomena (e.g. local bucking, excessive ovalization of the pipe section etc.), an extremely fine
mesh discretization is required. Hence, preserving the same mesh requirements to the surrounding soil
would have shaped an enormous mesh of millions of finite elements that is computationally unattractive.
To overcome this obstacle, an original two-step procedure is introduced and schematically described in

Fig. 6.1 for the case of pipeline axis parallel to the soil movement.

The “global” model

III

In the first step, a “global” model is employed to simulate the evolution of soil movement during the
landslide event. The output of this first-step is a set of displacement vectors to be assigned as boundary
conditions at the respective soil nodes of the subsequent step. Here, the pipeline presence is tactically
ignored — a reasonable assumption for landslides geometries with an out-of-plane dimension significantly
larger than the pipeline diameter. Evidently, in this global model the mesh requirements are manageable
while a relatively coarse mesh (as that of Fig. 6.1a) is considered appropriate to model the evolution of

the landslide movement.

The “local” model

In the second step, an extremely fine “local” model is introduced comprising the pipeline and portion
of the surrounding soil. Here, the landslide action is introduced as 3-d displacement vectors (calculated
by the “Global” model) assigned at the bottom and lateral nodes of the local model. [To handle the

incompatibility between the coarse mesh of the Global model and the fine mesh of the local model, a
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simple mathematical mapping formulation has been developed]. The pipeline distress is later estimated

as a function of the soil-movement amplitude.

6.3. Pipeline axis normal to the slope crest

As an illustrative example, in this part we numerically investigate the structural performance of a
buried steel pipeline subjected to a rotationally evolving landslide. A sketch of the problem under
consideration is presented in Fig. 6.2. A typical hydrocarbon transportation pipeline crosses a slope prone
to failure. The pipeline axis is straight in plan view and crosses perpendicularly the slope crest. It is
manufactured of grade X65 steel (o, = 450 MPa), has an outer diameter of D = 36 in, thickness t = 12.7
mm. A soil layer of H=1.5 m is enclosed between the pipe crown and the ground surface (Fig. 6.2b). To
accommodate the change in direction, cold bending elbow segments are introduced whose radius is R =
40D (where D is the pipe diameter) (Fig. 6.2c). The slope is initially in precarious static equilibrium: a soil
mass termed “unstable” soil is considered hazardous for sliding along a potential sliding surface, termed
“weak zone”. The rest of the slope consists of healthier soil that is not prone to sliding, termed “stable”
soil. Failure being imminent: at any external triggering the unstable soil will slide along the weak zone
evolving in the form of a rotational landslide. Two landslide scenarios are considered (Fig. 6.3) assuming
to distinct “weak zones”. According to the first scenario, only a part of the slope mobilizes and therefore
called “shallow” landslide scenario. The slope fails at the vicinity of the slope crest (point O) and the sliding
surface propagates up to 15 m from the slope foot (point B;). A second scenario is also considered where
the entire slope fails, termed “deep” landslide scenario. The sliding surface extends from point O all the

way to 9 m beyond the slope foot (point B;).

6.3.1. Description of the numerical model

The structural performance of the pipeline subjected to the example landslide scenarios is explored
using the aforementioned analysis methodology. In Fig. 6.4a a view of the Global model of Step 1 (of the
decoupled methodology presented) is presented for the shallow landslide scenario. The stable soil (below
the weak zone) is modeled as dense sand, with Young’s modulus E; = 17 MPa and y = 20 kN/m? that follows
the M-C criterion with stain-softening behavior. For the definition of the latter the following material
properties are assumed: @, = 45°, Qres = 37°, Y = (Qp - Pres)/0.8 = 10°, y,= 0.01, y, = 0.03 and yres = 0.07.

On the other hand, the soil on top of the weak zone (i.e. the sliding mass) is considered as loose sand,

consisting of deposits from a previous landslide event. The loose sand has a unit weight y = 17 kN/m? and
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Young’s modulus equal to E = 4.5 MPa. The loose material does not exhibit softening behavior and as such,
a peak friction angle of ¢ = 34°, a dilation angle of ¢ = 5° and a y, = 0.03 are assumed. For the simulation
of the weak zone, a row of elements of reduced stiffness and strength (E, = 3 MPa and ¢, = 30°) is
considered.

The landslide is artificially triggered by progressively reducing the strength of these elements during
the analysis step time. Note that all results stem from static analyses and hence any time reporting (t=1,2,3
etc) hereafter refers to analysis step count and not to actual time units. Fig. 6.4b presents snapshots of
the deformed mesh with superimposed displacement contours of the free field problem highlighting the
onset (t = 1), the evolution (t=2), and the deposition (t=4) of the landslide. Note that as the sliding mass
runs downslope it keeps accelerating under the effect of gravity, while the displacements increase
exponentially.

To predict the pipeline response to the imposed landslide-induced actions the local model is employed,
presented in Fig. 6.5. The pipe is modeled with four-noded reduced integration shell elements, using a
total of 48 elements along its circumference, with a longitudinal dimension limited down to dre = 2.5 cm
within the regions of maximum distress. The realistic simulation of the interface condition between the
steel pipe and the surrounding soil calls for the use of special-purpose contact elements. The latter allow
the pipe to slide on the ground, while the maximum mobilized shear resistance tmax is a function of the
frictional coefficient u. In this study u has been considered equal to 0.5. As with the fault-induced
displacements, the far-field response of the pipeline should be realistically accounted for. In the same
manner as before, the far-field response is simulated with “hybrid” boundaries, with the soil reactions
being simulated with nonlinear springs, while the pipeline in the respective area with beam elements. The
spring properties are appropriately calibrated through uniaxial push tests.

A soil layer of thickness d’ is assumed to be enclosed between the pipe periphery and the location of
the prescribed soil movements. Understandably, the thickness of this local soil (d’), should be small
enough to facilitate computational efficiency, but large enough to ensure that the soil-pipe interaction is

|”

appropriately captured. To estimate this optimum thickness, a simple “test-model” is introduced (Fig.
6.6). The test model comprises two segments, a stable and a moving part. The stable part mimics the
pipeline segment that is anchored within the soil, while the moving part represents the area of the pipe
(close to the landslide toe) that is forced to move outwards (i.e. in the z direction). In this illustrative test
model, the axial soil displacement (uy) is tactically ignored, since it is irrelevant to the estimation of the

minimum allowable thickness d’. Therefore only vertical soil displacements in the z direction are

prescribed along the bottom side of the moving part (leaving the top boundary free to move). To assess
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the minimum required dimension d’, two alternative configurations are comparatively tested: an
‘adequately small’ local model ‘3D Model’ where d’ = 3D, and a rigorous model ‘10D Model’ (but
computationally not as efficient), where d’ = 10D. The two alternative local models are compared in terms
of ground deformations along the pipe-axis and bending distress (monitored by the maximum axial stain
recorded along the pipe). Evidently, the two models respond quite closely. The 3D model tends to over-
predict the pile distress by 15% compared to the accurate 10D model; a reasonable compromise between
accuracy in results and computational efficiency (Fig. 6.7). This finding justifies the adoption of a small
and efficient local model, where d’=3D. This local model will be used in the next section for the parametric
study.

Inevitably, under the extreme displacements caused by a landslide, a buried steel pipeline is expected
to develop severe deformation. Considering the adversity of the loading, it is reasonable to only expect of
the pipeline to satisfy its fundamental requirement: safety against leakage. Therefore, rupture of the pipe
wall should be avoided, whether caused by excessive tension or collapse of the cross section due to
compression or bending. To assess the pipeline performance the following failure criteria are identified:

(a) The maximum tensile strain should be lower than a limit value of ema = 3% to avoid rupture due to
tension. This value is an upper bound adopted by the EN 1998—4 provisions for seismic-fault-induced
actions on buried steel pipeline and by the seismic provisions of ASCE MOP 119 for buried water steel
pipelines

(b) Local buckling should be avoided. The buckled area is associated with significant strain
concentration which, in case of repeated loading, may lead to development of fatigue cracks which will
impose a serious threat to structural integrity of the pipeline (Dama et al (2007), Das et al (2008)).

(c) Excessive ovalization of the pipe section should be avoided. Following the Dutch specification NEN

3650, the decrease of the pipe diameter should always be maintained below 15%.

6.3.2. Pipeline behavior subjected to soil movement parallel to its axis: understanding the
mechanics

Shallow landslide scenario

A first set of results is presented in Fig. 6.8 corresponding to the pipeline experiencing the shallow
landslide scenario. The deformed mesh of the pipeline is presented in Fig. 6.8a with superimposed stress
contours (a scale factor of 5 has been applied to render the results more comprehensible). Results are
presented for the instant when the soil at the vicinity of the landslide toe (point B;) is displaced by Usoi =

2 m; a quite severe landslide event has occurred. It is evident that the pipe is extensively deformed under
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the soil actions originated from the rotational movement of the sliding mass. The latter may be analyzed
in two components: an axial and a normal to the pipe axis displacement (Fig. 6.8b). The axial component
tends to drag the pipeline downslope, inducing tension near the landslide crown and compression near
the landslide toe. Yet, the axial forces transmitted onto the pipeline are bounded by the low strength of
the pipe-soil interface (described by a friction coefficient u = 0.5) and as such the axial distress of the pipe
appears not to be critical for the pipeline safety. On the contrary, the normal component of the soil
movement causes significant stressing on the pipe. Near the landslide crown (area A’) the (perpendicular
to the pipe axis) relative soil displacement is negative (i.e. drags the pipe downwards), while close to the
toe of the landslide, the soil moves upwards (us2. >0) carrying the pipe along. Since the pipeline is not free
to follow the soil movement but is rather fixed at the crest and at the toe within the stable ground, it
unavoidably bends; bending is positive at Region A’ and negative at Region A. Moreover, since the
subgrade pressure is much greater than that produced by the overlying soil (i.e. the downward soil
reactions are much higher than the upward reactions), the pipeline is more distressed near the toe of the
landslide in Area A. Although signs of yielding (depicted in red color) are visible near the crest of the slope
(in the anchoring region beyond the slope crest and in region A’), the pipeline appears to have failed near
the landslide toe (region A). In fact, the pipeline appears to have buckled under the extreme bending due
to subgrade reactions. Fig. 6.9 focuses on the stressing of the pipe segment at the vicinity of the critical
section (highlighted in Fig. 6.9a). The initially uniformly distributed compressive strains (Fig. 6.9b) at the
bottom side of the segment have localized in two distinctive points (ripples) with the increase of the
imposed bending. For further increase, one of the two ripples becomes dominant, concentrates any
additional stresses and ultimately transforms into the distinctive pipe wall folding of the local buckling.
The distribution of the compressive strains at the bottom side of this pipe segment is presented in Fig.
6.9c¢, vividly depicting the localization of strains and the formation of local buckling. For Useii = 1.6 m the
appearance of the two ripples is evident (two maxima in the strain distribution), while for Uss; = 1.75 m
the buckling of the pipe wall is evident (further increase in the imposed displacement is concentrated on
the two maxima points while the rest of the strain distribution remains constant). Failure of the pipeline

is considered the when the ripples that will form the local buckling are clearly formed, for Useii= 1.6 m.

Deep landslide scenario
In the previously examined landslide scenario, the weak zone was assumed to cross the pipe at its
straight part - in an area that lies at some distance from the bottom bend. This section investigates the

pipe response when a more extended landslide scenario, termed “deep landslide scenario”, is triggered
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(Fig. 6.3, blue line). In this scenario, the entire slope fails. The landslide crown remains at point O, but the
sliding plane emerges at the ground surface at the left side of the slope tow (point B; at x=-9 m).

A view of the deformed pipeline for the two landslide scenarios under consideration is presented in
Fig. 6.10. The loading mechanisms in the deep scenario (Fig. 6.10a) and in the shallow scenario (Fig. 6.10b)
are similar: the pipe is being dragged downwards at the landslide crown area while it is pushed upwards
at the toe area, with the pipe segment near the landslide toe experiencing the most severe stressing.
However, there is one substantial difference. While in the shallow scenario the pipe wall collapses inwards
due to excessive bending, in the deep scenario, buckling is manifested through crushing of a whole section
(for both buckled points) indicating a simultaneous substantial compressive force. The reason behind this
behavior lies in the geometry of the ‘anchoring’ area within the stable part of the slope. As depicted in
Fig. 6.10a, when subjected to the shallow landslide scenario the area of maximum distress (maximum
deflection point) is preceded by an area that lies in the stable soil and experiences a counterbalancing
bending moment. The length of this area is what is commonly termed effective “fixity length”. For the
shallow scenario, the “fixity” is implemented within the straight part of the pipe, which is not the case for
the deep scenario. Here, the point of maximum deflection moves closer to the elbow element (Fig. 6.10b).
Inevitably, the pipe segment that will react to that bending is the elbow itself. Due to its concave
geometry, the elbow does not only bend but also is significantly compressed, since the drag force of the
soil translates into a significant axial force in the rotated axis of the bend. The combination of bending
and significant compression leads to local buckling (in the form of a whole section being crushed) at the
wall of the elbow element within the anchoring region (instead of only at the maximum deflection region).

The evolution of local buckling at the elbow section is graphically depicted in Fig. 6.11. Fig. 6.11a
portrays the critical pipe segment before and after buckling. Fig. 6.11b plots the progressive growth of
axial strains as a function of landslide movement. Note that for soil displacement of the order of Ui =
1.10 m, any additional strain is concentrated on the two peaks, leaving the rest of the compressive side

unaffected. This is the moment when the pipe is considered to have failed.

6.3.3. The effect of the internal pressure

A pipeline will be without internal pressure only during construction and possible maintenance. For
the vast majority of its lifetime the pipeline will operate under internal pressure. Ignoring the
simultaneous action of the internal pressure may be acceptable for a preliminary analysis or when the
scope is to identify the basic response mechanisms. However, to assess the performance of the pipeline

and estimate the safety margins against a possible landslide occurrence, the analysis should also account
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for the effect of the internal pressure. The pipeline under consideration is designed for a maximum
operating pressure pmex = 9 MPa based on the formula:
Pmax = 0.72%[(20, t)/D]

In the following, the effect of this pressure on the pipeline performance is investigated.

Fig. 6.12 presents as comparison of the pipeline response subjected to the shallow landslide scenario
between the non-pressurized and the pressurized pipeline, focusing on the pipe segment around the
critical section. The deformed pipe segment is presented for various magnitudes of soil displacement,
superimposed with axial strain contours. In both cases the pipe bends as it is forced to dislocate upwards
by the moving soil. This bending manifests through tensile axial strains at the top side of the pipe and
through compressive strains at the bottom side. In contrast with the non-pressurized pipe however, the
pressurized pipe appears to be able to accommodate very large displacements without the occurrence of
local buckling. In this case, the internal pressure has a stabilizing effect on the tendency of the pipe wall
to collapse inwards. Yet, the presence of the internal pressure affects the pipe in another way: the pipe
wall is pushed outwards increasing the hoop strains. It proves that for the pressurized pipe, apart from
the axial (longitudinal) strains, the increase in curvature results in a significant increase in the hoop strains.
In fact, the latter prove to increase at a larger rate than the axial strains. Fig. 6.13a presents the deformed
pipe segment around the critical section for soil displacement Us,i = 3 m, this time with contours of hoop
strain. It appears that although the axial strains at the same moment (see Fig. 12) are within limits (i.e. no
buckling occurrence and tensile strains < 3%), the developed tensile hoop strains have lead the pipeline
to failure. Fig. 6.13b presents the distribution of hoop strains around the critical section for various
magnitudes of soil displacement. Notice that the maximum tensile strains are encountered at the bottom
side of the pipe that is under compressive longitudinal strains. As depicted in Fig. 6.13c where the
evolution of the maximum tensile hoop strains is correlated with the imposed soil displacement, the
pipeline fails at Ucnir = 2.6 m; a significant increase in the safety margins compared to the non-pressurized
pipeline (Ugit = 1.10 m).

The internal pressure has a similar effect on the pipeline subjected to the deep landslide scenario. This
effect is depicted in Fig. 6.14 and Fig. 6.15. Fig. 6.14 presents the evolution of the axial (longitudinal)
strains at the bottom elbow. Again, the presence of the internal pressure has opposes the tendency for
local buckling. Notice that for Us.; = 1.5 m the pressurized pipe has not buckled contrary to the one without
pressure. As with shallow landslide scenario, the internal pressure causes a significant increase in the hoop

strains with the increase in the curvature (Fig. 6.15). The maximum tensile hoop strains are encountered
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again at the side that is under compressive axial strains (top side of the pipe). Ultimately, the tensile hoop

strains exceed the limit of emax = 3% at Uit = 1.25 m.

6.4. Pipeline axis parallel to the slope crest

In the present section, the pipeline is placed parallel to the slope crest, and therefore, a potential
mobilization of the soil mass will occur perpendicular to the pipe. As an illustrative example, the same
pipe as before is selected (steel X65, D =36", t = 0.5”, Pdesign =9 MPa, Hover = 1.5 m). The axis of the straight
pipeline is parallel to the slope crest and it is located at the middle of the slope (x = 35) as depicted in Fig.
6.16a. The deep landslide scenario is selected as a possible scenario of soil mobilization. As opposed to
the case where the pipe axis is normal to the slope crest, in this case the out-of-plane shape and extent
of the landslide is of great interest. To this end, two landslide scenarios are considered. It is assumed that
the 2D section depicted in Fig. 6.16a corresponds to the middle cross section of the landslide. According
to the first landslide scenario the sliding surface extends to 20 m from the middle section at both sides.
With a total width of d = 40 m (graphically depicted in Fig. 6.16b) this scenarios represents an extensive
landslide termed “broad” landslide scenario. A second scenario is considered where the total width of the
sliding mass d = 20 m, representing a more limited soil mobilization termed “narrow” landslide scenario.

The scale inconsistency problem still remains, therefore the decoupled methodology is also applied
here. Fig. 6.17 schematically presents the two steps of the methodology, the analysis in the global level
and subsequently the focus on the pipeline-landslide interaction in local level. Fig. 6.18 presents details
of the numerical model used to simulate the pipeline-landslide interaction. Taking advantage of the
problem symmetry, half of the landslide and the pipe are modeled. The near-field 3D model extends to a
total length Lt = 50 m from the plane of symmetry (the middle section of the landslide). Beyond the 3D
model, hybrid boundaries are used to account for the far-field response of the pipe. In this case, the

boundaries of the soil prism extend to 5D in the direction of the soil movement.

6.4.1. The effect of the landslide extent to the pipeline response

Broad landslide scenario

Fig. 6.19 presents results assuming that the broad landslide scenario has occurred. In Fig. 6.19a the 3D
deformed mesh of the near-field model is presented with displacement contours for soil displacement at
the boundaries of the soil prism of the magnitude of Usoi = 2 m. Subjected to this substantial displacement

the pipe is significantly stressed as depicted in Fig. 6.19b where the deformed pipe is presented with stress
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contours. The pipe bends to accommodate the differential lateral displacement, receiving the
characteristic double curvature deformation pattern. Consequently, strain concentration is observed at
the points of maximum curvature, as it is shown in Fig. 6.19¢ where the axial strain distribution along the
two normal to the soil movement direction generators. Three regions of distinctive behavior can be
recognized. A region at a distance from the end of the landslide where the pipe is practically fixed within
the stable soil and therefore, is practically unaffected by the displacing soil. A second region can be
recognized where the pipe practically complies with the imposed displacement and the pipe distress can
be summarized in the axial stressing due to stretching. Finally, between these two regions, there lies a
third one where the pipe accommodates the imposed differential displacement through bending. This is
the region of maximum stressing and ultimately failure. The fundamentals of the pipe response are
schematically presented in Fig. 6.20. The length of the region A (pointed in the figure as /lp, while the
component of /, that lies within the stable soil is pointed as /s and the respective that lies within the
moving soil as I,m) is a characteristic of the pipe-soil interaction. In other words, no matter how larger the
width of the sliding mass d would be, the length where the pipe responds through bending would be the
same. Consulting Fig. 6.19c, /, can be estimated about 30 m, while /s and I, » are approximately 15 m
each.

Fig. 6.21 summarizes the response of region A assuming that the pipe is without pressure. As the pipe
segment bends due to the differential lateral displacement at its ends, the cross section of the pipe
distorts (ovalization). This distortion is more intense at the points of maximum curvature. Ultimately, the
pipe diameter decreases more than the allowed f = AD/D = 15%, and the pipeline is considered to have

failed at Usois = 3.55 m.

Limited landslide scenario

It is mentioned in the previous that the length /, within which the pipe responds through bending is a
characteristic of the pipe-soil interaction, and therefore, no matter how larger the width of the sliding
mass would be, this length would remain the same. Consequently, no major divergence in the pipe
performance is expected. What about the case where the landslide becomes narrower? In particular, the
previous discussion showed that a certain distance /,» within the moving soil is needed for the pipe to
accommodate the differential displacement at the two ends. What would be the effect on the pipe
response if the width of the sliding mass was less than the required? To answer this question a second
landslide scenario is assumed termed “narrow” landslide scenario, according to which the sliding mass

extends to d/2 = 10 m from the middle section (a length that is smaller than the I, = 15 m).
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A comparison of the pipe behavior subjected to the two landslide scenarios is presented in Fig. 6.22.
For the “broad” scenario (Fig. 6.22a) and for the “narrow” scenario (Fig. 6.22b) the deformed pipe is
presented with superimposed stress contours as well as the distribution of axial strains along the two
most stressed generators for soil displacement Uso,ii = 1 m. As expected, when subjected to the “narrow”
landslide scenario, the available length is not enough for the pipe to receive the deformation pattern
indicated by its relative stiffness. Moreover, the middle cross section is forced to retain perpendicularity
with the soil movement direction due to symmetry. The combination of the two results in a development
of curvature at the middle section larger than that of the maximum curvature points according to the
“broad” scenario. Consequently, for the same soil displacement the developed axial strains are larger in
for the “narrow” scenario compared to the “broad” scenario.

Ultimately, the strains localization at the middle cross section leads to local buckling of the compressive
side of the pipe. Fig. 6.23 presents the evolution of local buckling at the critical section. As depicted in the
deformed mesh of the pipe with superimposed axial strain contours, the initially uniform distribution of
compressive strains, transforms into a wavy distribution as the strains increase, resulting finally in the
characteristic wall folding of the local buckling. The onset of buckling can be monitored by the evolution
of maximum compressive axial strain with the increase of the imposed displacement (Fig. 6.23b). As

attested by the abrupt increase in the strain accumulation rate, buckling occurs at Useiy = 1. 35 m.

6.4.2. The effect of the internal pressure

Having identified the principals of pipeline response subjected to soil movement normal to its axis, in
this section the effect of the internal pressure is investigated, assuming that the pipe operates under the
pressure for which it is designed for (p =9 MPa). Fig. 6.24 summarizes the performance of the pressurized
pipeline experiencing the “broad” landslide scenario. Fig. 6.24a presents the axial strains developed along
the pipe for soil displacement Ui = 2 m. Although, the developed axial strains are significant, no tensile
failure is observed (&xmax < 3%) nor local buckling is visible (despite the large compressive strains &xmin = -
0.035). At the same time however, the pipe proves to be significantly distressed at the cross section plane,
since the hoop strains developed exceed the limit tensile strain emax = 3 % (Fig. 6.24b). Once again, the
increase in the section curvature results in significant increase in the hoop strains, with the maximum
hoop strain located at the side where compressive axial strains develop (Fig. 6.24c presents the
distribution of hoop strains around the critical cross section). Fig. 6.25 quantifies the safety margins of the

pressurized pipeline subjected to the “broad” landslide by correlating the evolution of maximum tensile
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hoop strain with the increase in the soil displacement. The developed hoop strain meets the failure
criterion of €max = 3% at Uson = 1.35 m.

Similar is the effect of the internal pressure when the pipe experiences the “narrow” landslide
scenario. Although the presence of the internal pressure seems to delay the manifestation of local
buckling (observe in Fig. 6.26a that for U = 1.5 m there is no evidence of local buckling), the developed
hoop strain for the dame soil movement (Fig. 6.26b) leads the pipeline to failure. In particular, as attested

in Fig. 6.27 the developed tensile hoop strain leads the pipe to failure for soil displacement Uso = 1.05 m.

6.5. Design insights

Admittedly, the previous discussion is non-exhaustive and examines but a few possible scenarios of
pipeline-landslide interaction. Yet, a few conclusions can be drawn regarding the fundamental response
mechanisms that can be universally applied and should be taken into account at the design.

From the investigated cases, it becomes apparent that the shape, the geometry and the extent of the
mobilized soil mass is a crucial factor affecting the pipeline response. The example of the pipeline with
axis parallel to the slope crest subjected to the “broad” and the “narrow” landslide scenario is quite
representative. The decrease in the extent of the landslide results in altering the pipeline response
mechanisms and in the drastic decrease of the safety margins. Fig. 6.28 compares the performance of the
pressurized pipeline subjected to these two landslide scenarios. When the “broad” scenario is activated
the pipeline will be able to accommodate 1.35 m of displacement before failure due to excessive tensile
hoop strains. Yet, designing the pipeline based on this scenario would prove unsafe. If the “narrow”
landslide scenario activates, the pipe would rupture at earlier stage (Uit = 1.05). Conclusively, the exact
geometry and shape of the mobilized soil mass and the distribution and direction of the soil displacement
may be decisive in assessing the pipeline vulnerability. Thus, all possible landslide geometries should be
considered before concluding on the worst-case scenario regarding the pipeline design.

An equally important element in the design of pipelines against landslide induced actions is the
presence of elbows. These fitting components prove to be the most vulnerable parts of the pipeline, and
in cases of landslides that affect them, they will determine whether the pipe endures or fails. The elbow
at the slope foot is particularly susceptible to the combination of bending and compression. A pipeline
crossing perpendicularly the slope crest is an illustrative example of such a behavior (Fig. 6.29). If the
“shallow” landslide scenario mobilizes the bottom elbow remains practically intact and the pipeline will

be able to accommodate soil displacements of the order of 2.6 m (considering internal pressure p = 9
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MPa). However, if the mobilized soil mass affects the bottom elbow (as with the “deep” landslide
scenario), the pipeline safety margins are halved (Ui = 1.25 m). It becomes apparent that special
attention should be paid to the design of the bends, while the pipeline analysis should account for possible
landslide scenarios that affect them.

The examined cases also highlight the significant effect of the internal pressure on the pipeline
performance. Taking into account the simultaneous action of the internal pressure, the calculated safety
margins substantially change. On the one hand, the internal pressure has a stabilizing effect on the cross
section distortion (counterbalancing the inward collapse of the pipe wall when under extreme bending or
eliminating the tendency of the cross section to ovalize). On the other hand, it provokes severe hoop
strains with the increase of the section curvature. Hence, the internal pressure can prove favorable or
detrimental. Representative example of favorable effect of the internal pressure is the case where a
pipeline with axis normal to the slope crest experiences the “shallow” landslide scenario (Fig. 6.30a).
Ignoring the presence of the internal pressure the pipeline safety margins would be of the order of Uit =
1.6 m, with the pipeline failing due to local buckling, while accounting for the simultaneous action of
internal pressure the pipeline does not buckle, but rather fail due to excessive tensile hoop strains at Uit
= 2.6 m. In stark contrast, the effect of the internal pressure proves highly detrimental in the case of a
pipeline parallel to the slope crest experiencing the “broad” landslide scenario (Fig. 6.30b). The non-
pressurized pipeline can accommodate a spectacular Uqi+ = 3.55 m before failing due to excessive
ovalization. Yet, the same pipeline operating under the design pressure can only accommodate a mere
1.35 m of soil displacement before failing due to excessive tensile hoop strains. Conclusively, it is evident
the pipeline analysis should account for the simultaneous action of the internal pressure for which it is
designed. Moreover, the analysis method should provide accurate modeling of the nonlinear response of
the pipe cross-section accounting for possible cross-section distortion and the increase in hoop strains
with the increase in the curvature.

In this chapter, only the cases of pipelines parallel and normal to the slope crest were considered.
These two cases are but the two extremes among numerous possible pipeline-slope crest intersection
angles. The pipeline may cross a slope at any given angle between 0o (parallel to slope crest) and 900
(normal to slope crest). Yet, for all the possible intersections angles, the pipeline response is expected to
be a combination of the two extreme cases examined herein. Therefore, for any intersection angle the
sliding soil displacement can be analyzed in:

(a) A normalto the pipe component that will induce bending at the plane of the slope (lateral), similar

to that of a pipeline parallel to the slope crest (see Fig. 6.20).
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(b) A parallel to the pipeline axis component that will induce tension near the landslide crest and
compression near the landslide toe
(c) A normal to the pipeline axis that will induce bending at the vertical plane (downward or even
upward in case of a rotational slide), similar to that of a pipeline perpendicular to the slope crest
(see Fig. 6.8).
The pipeline response is expected to consist of the spatial combination of the above three components.
Of course, if the landslide affects any of the elbows, the induced bending of these element is expected to

play a vital role in the pipeline performance, particularly the “closing” of the bottom bend.

References

American Lifelines Alliance. Guidelines for the design of buried steel pipes, ASCE, New York (2001)

American Society of Civil Engineers. Buried flexible steel pipe; design and structural analysis. In: Whidden
WR, editor. ASCE manual of practice, MOP; 2009. p. 119.

Cocchetti, G., Prisco, C., Galli, A., and Nova, R. (2009). “Soil-pipeline interaction along unstable slopes: a
coupled three-dimensional approach. Part 1: Theoretical formulation”, Can. Geotech. J., 46:1289-1304.

Comite Europeen de Normalisation. Eurocode 8, part 4: silos, tanks and pipelines, CEN EN1998-4. Brussels,
Belgium; 2006.

Daiyan, N., Kenny, S., Phillips, R., and Popescu, R. (2009). “Parametric study of lateral-vertical pipeline/soil
interaction in clay, 1st Int./1st Eng. Mechanics and Materials Specialty Conf., St. John's, NL, Canada.
Daiyan, N., Kenny, S., Phillips, R., and Popescu, R. (2010). “Numerical investigation of oblique pipeline/soil

interaction in sand”, 8th Int. Pipeline Conf., Calgary, Alberta, Canada.

Dama E, Karamanos SA, Gresnigt AM. Failure of locally buckled pipelines. Journal of Pressure Vessel
Technology, ASME 2007; 129(2):272-9.

Das S, Cheng JIR, Murray DW, Nazemi N. Effect of monotonic and cyclic bending deformations on NPS12
wrinkled steel pipeline. Journal of Structural Engineering, ASCE 2008;134(12):1810-7.

Gantes, C.J., Bouckovalas, G.D., and Koumousis, V.K., "Slope Failure Verification of Buried Steel Pipelines",
10th International Conference on Applications of Advanced Technologies in Transportation, Athens,
Greece, May 27- 31, 2008.

Guo, P. (2005). “Numerical modeling of pipe-soil interaction under oblique loading.” J. of Geotech. and

Geoenviron. Eng., ASCE, 131(2): 260-268.

208



Chapter 6: Buried Pipelines subjected to Landslide-induced actions

Hsu T.W., Chen Y.J., and Hung W.C. (2006) “Soil resistant to oblique movement of buried pipes in dense
sand.” Journal of Transportation Engineering, 132(2), 175-181.

Jibson, R.W. and Keefer, D.K., (1993), “Analysis of the Seismic Origin of Landslides: Examples from the
New Madrid Seismic Zone,” Geological Society of America Bulletin, April, Vol. 105, pp. 521-536.

Nederlands Normalisatie-Instituut. Requirements for pipeline systems, NEN 3650, part-1: general, and
part-2: steel pipelines; 2006.

Phillips, R., Nobahar, A., and Zhou, J. (2004). Combined axial and lateral pipe-soil interaction relationship,
5th Int. Pipeline Conf., Calgary, Alberta, Canada.

Pike, K., Seo, D., and Kenny, S. (2011). “Continuum modelling of ice gouge events: Observations and
assessment”, Arctic Technology Conf., Houston, TX, USA.

PRCI, (2004), “Guidelines for the Seismic Design and Assessment of Natural Gas and Liquid Hydrocarbon
Pipelines, Pipeline Design, Construction and Operations”, Edited by Honegger, D. G., and Nyman D. J.,
Technical Committee of Pipeline Research Council International (PRCI) Inc, October 2004

Yimsiri, S., Soga, K., Yoshizaki, K., Dasari, G.R., and O'Rourke, T.D. (2004). “Lateral and upward soil-pipeline
interactions in sand for deep embedment conditions”, J. of Geotech. and Geoenviron. Eng., ASCE,

130(8): 830-842.

209



Buried Pipelines subjected to Large Permanent Ground Displacements

210



Figures
of Chapter 6

211
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The LOCAL model
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Figure 6.1. Outline of the proposed 2-step numerical methodology: the vectors of soil movement ugk
estimated by the analysis of the GLOBAL Model are assumed at the bottom, and lateral boundaries of the
LOCAL model to estimate the induced pipeline distress.
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Figure 6.2. The studied example: pipeline axis normal to the slope crest. (a) 3D sketch slope and the
pipeline; (b) view of a typical cross-section; (c) geometry of the fitting element at Point A (i.e. at the
slope crest).
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Figure 6.3. The two landslide scenarios that are considered in the analysis.
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Figure 6.8. Pipeline subjected to the “shallow” landslide scenario: (a) Deformed pipeline with
superimposed Mises stresses (red sections experience most intense bending); (b) schematic illustration of
the key stressing mechanisms along the pipe axis.

219



Initial phase: uniform bending

-0.002 0.002
EX
(a) Strain localization 0,010 0.003
z [ RRNNRRED
I—' ex
X
Buckled pipe
-0.271 0.012
EX
x=555m
x=50.5m
|
X:m
505 515 525 535 545 555
O 1 1 1 1 J
€
(b) X
Ugyy=155m — U,;=1.60m
Ugyy=165m — U,;=170m
Uy,y=175m  — U,;=1.80m

Figure 6.9. Pipeline subjected to the “shallow” landslide scenario: (a) contours of axial strain along the
critical region of the pipeline depicting buckling evolution; (b) evolution of axial strain on the compressive
side of the critical region.
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Figure 6.11. Pipeline subjected to the “deep” landslide scenario: (a) Contours of axial strain along the
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Figure 6.12. Pipeline performance with and without internal pressure subjected to the “shallow” landslide
scenario: evolution of axial strain at the pipe segment at the vicinity the critical region.
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Figure 6.13. Pipeline performance with internal pressure subjected to the “shallow” landslide scenario: (a)
hoop strains at the pipe at the vicinity of the critical section, (b) hoop strain distribution at the critical
section, and (c) evolution of maximum hoop strain with the increase of the imposed soil displacement.
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Figure 6.14. Pipeline performance with and without internal pressure subjected to the “deep” landslide
scenario: evolution of axial strain at the pipe segment at the vicinity the critical region (bottom elbow).
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Figure 6.15. Pipeline performance with internal pressure subjected to the “deep” landslide scenario: (a)
hoop strains at the pipe at the vicinity of the critical section, (b) hoop strain distribution at the critical
section, and (c) evolution of maximum hoop strain with the increase of the imposed soil displacement.
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Figure 6.16. The studied example: pipeline axis parallel to the slope crest. (b) The middle section of the
considered landslide geometry highlighting the location of the pipeline. (c) The width of the sliding soil
mass d is parametrically considered resulting in two landslide scenarios: one with d = 20 m termed “broad”
landslide scenario and one with d = 10 m, termed “narrow” landslide scenario.

227



The GLOBAL model

The LOCAL model

Figure 6.17. Outline of the proposed 2-step numerical methodology for the case of the pipeline parallel to
the slope crest: the vectors of soil movement ug estimated by the analysis of the GLOBAL Model are
assumed at the bottom, and lateral boundaries of the LOCAL model to estimate the induced pipeline
distress.
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Figure 6.18. Details of the local Model : (a) view of the mesh of the soil prism and of the pipeline (b) the
cross-section of the analyzed system, (c) a closer view of a typical pipe segment.
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Figure 6.19. Pipeline subjected to the “broad” landslide scenario: (@) Deformed mesh of the pipeline and of
the soil prism around it with superimposed displacement contours for 2 m of soil displacement. (b)
Deformed mesh of the pipeline with Mises stresses (red sections experience most intense bending) at the
same displacement; (c) Distribution of axial strains2%ong the two most stressed generators at the same
displacement.
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Figure 6.20. Pipeline subjected to landslide actions normal to its axis: schematic illustration of the key
stressing mechanisms along the pipe axis.
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Figure 6.21. Pipeline subjected to the “broad” landslide scenario: (a) Deformed mesh of the pipeline within
the region of intense bending; (b) Distortion of, the cross-section for various magnitudes of soil
displacement; (c) Evolution of the ovalization factor f with the increase of soil displacement.
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Figure 6.22. Pipeline subjected (a) to the “broad” and (b) to the “narrow” landslide scenario: deformed
pipeline and axial strain distribution along the two most stressed generators at the instant of U, = 1 m.
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Figure 6.23. Pipeline subjected to the “narrow” landslide scenario: (a) Contours of axial strain along the
critical region of the pipeline depicting buckling evolution. (b) Evolution of minimum axial strain on the
compressive side of the critical region with the increase of the imposed soil displacement.
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Figure 6.24. Pipeline performance with internal pressure subjected to the “broad” landslide scenario: (a)
Deformed pipeline with superimposed axial strains at the instant of U, ; = 2 m; (b) hoop strain distribution
at the critical section at the same instant; (c) Distribution of hoop strains at the critical section for various
magnitudes of soil displacement.
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Figure 6.25. Pipeline performance with internal pressure subjected to the “broad” landslide scenario:
evolution of the maximum hoop strain with the increase of the imposed soil displacement.
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Figure 6.26. Pipeline performance with internal pressure subjected to the “narrow” landslide scenario: (a)
Deformed pipeline with superimposed axial strains at the instant of U,,; = 1.5 m; (b) hoop strain distribution
at the critical section at the same instant; (c) Distribution of hoop strains at the critical section for various
magnitudes of soil displacement.
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Figure 6.27. Pipeline performance with internal pressure subjected to the “narrow” landslide scenario:
evolution of the maximum hoop strain with the increase of the imposed soil displacement.
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Figure 6.28. The effect of the landslide extent on the performance of the pipeline: evolution of maximum
hoop strain with the increase of the imposed soil displacement for the pressurized pipeline subjected to the
“broad” and the “narrow” landslide scenarios.

“deep” landslide scenario
0.06 -

7
0.05 A
£.h, max (.04 - “shallow” landslide
scenario

0.03 e £=3%
0.02 -
0.01 - 7 5

0 T T T T T 1

0 0.5 1 1.5 2 2.5 3
U = 105 m USOiI 'm

crit

Figure 6.29. The effect of the elbows on the performance of the pipeline: evolution of maximum hoop
strain with the increase of the imposed soil displacement for the pressurized pipeline subjected to the
“shallow” and the “deep” landslide scenarios.
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Figure 6.30. The effect of the internal pressure on the performance of the pipeline: (a) favorable effect on
the performance of the pipeline normal to the slope crest subjected to the “shallow” landslide scenario; (b)
detrimental effect on the performance of the pipeline parallel to the slope crest subjected to “broad”
landslide scenario.
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Chapter 7

Design Considerations

7.1 Problem statement

In the framework of this doctoral thesis a rigorous numerical methodology was proposed, validated and
employed to describe the response of buried steel pipelines subjected to large ground deformations (be
it the normal/reverse seismic faulting or landslides). Instead of a closure, in this last chapter, we aim to
conduct a forward comparison between our FE methodogy and current state-of-practice procedures for

characteristic example test cases.

The State-of-Practice

The current practice decomposes the pipe-soil interaction problem into an equivalent ‘beam on springs’
model, in which soil reactions are accounted as individual uniaxial non-linear springs acting in all principal
directions (axial, lateral, upwards, downwards). The ground deformation pattern is applied to the bottom
nodes of the springs and the resulting strains along the pipeline are calculated. To assure the structural
integrity of the pipe, the calculated strains should remain within prescribed limits. Understandably, the
efficiency of this numerical procedure greatly lies upon the robust estimation the soil springs reactions as
well as the ground deformation pattern at the pipeline axis. For the former case the American Lifelines
Alliance (ALA, 2001) and some recent code directives (PRCI 2004, [ITK-GSDMA 2007,) are prescribing the

use of semi-empirical widely accepted elastic-perfectly plastic formulas as follows:

= Axial soil springs

1+K0
> tand and

Tu=mDac+nDHy

A (displacement at Ty) = 3 — 5 mm for sands or A= 8— 10 mm for clays

= Vertical uplift springs
Qu=NeycD+NgyHDand

Aq (displacement at Q, ) = 0.01H-0.02 =H < 0.1 D for sands or Aq, = 0.1 H-0.2 H < 0.2D for clays

= Vertical Bearing Soil Springs
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Buried Pipelines subjected to Large Permanent Ground Displacements

Qi=Nc.cD+NqyHD+N,yD?/2

Aqq (displacement at Qq ) = 0.1D for granular soils and Aqq =0.2 D for cohesive soils

= Lateral soil springs

Pi=NncD+NgpnyHD

Ap (displacement for Py) =0.04 (H+D/2)<0.1D-0.15D

where ¢ the internal friction angle of the soil; c the soil cohesion; H the depth to pipe centerline; D the

pipe diameter

For the latter case, that of ground deformation pattern, no particular direction is described. In case of
seismic faults, the most straightforward procedure would be to assume a step-line pattern (with offset
equal to the fault offset displacement). While for a strike-slip fault that would be absolutely precise, this
is not the case for normal or reverse faults propagating within compliant soils. Here87, the rupture path
is not a simple extension of the plane of the fault in the base rock: phenomena such as “diffraction” and
“bifurcation” substantially alter the propagation path and the offset pattern/magnitude. Therefore,
before applying the simplified ‘beam on springs’ procedures an initial free-field fault propagation analysis
(i.e. without the pipeline) should be conducted in order to estimate the actual dislocation pattern in the
pipeline location. Whilst, this fault propagation analysis is not code material — it requires implementation
of strain softening models into FE algorithms — ignoring it would imply extremely unfavorable conditions
for the pipeline and ultimately a quite conservative design. To lift this point of friction in the comparisons
of the next paragraphs, all ‘beam-on-springs’ models are preceded by a free-field fault propagation

analysis.

Two different level of comparison have been conceptualized; in all of them the rigorous FE methodology

is compared to a specific ‘beam-on-springs’ model with the following attributes:

(a) Type A Comparison: the non-linear springs are derived by FE push tests. With this class of tests,
we are comparing two models (the rigorous 3D FE model and a Winkler type model) that are perfectly
equivalent in terms of soil reactions, in order to isolate phenomena associated with spring to spring
interaction etc.

(b) Type B Comparison: All non-linear springs follow API (2001) recommendations. This class of tests

is a forward comparison between the current state of practice and the proposed methodology.
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7.2 Buried pipeline subjected to normal faulting

Pipeline with zero internal pressure

The problem under consideration is schematically presented in Fig. 7.1. The steel pipeline (steel grade
X65) has an outer diameter of D=40" and thickness t=0.562" and it is buried within a layer of loose dry
sand of friction angle ¢=30° at depth Hcoer=1.2 m. The pipeline crosses an active normal fault with a strike

perpendicular to the pipe and dip angle a=60°. The bedrock lies at depth 15 m.

Implementation of the Rigorous FE Methodolgy

Firstly, the response of the pipe is studied using the rigorous 3D continuum methodology. The near-field
response of the pipe is analyzed in 3D, while the far-field response is simulated using 1D elements,
following the recommendations of Chapters 4 and 5. The deformed mesh of the 3D model is presented in
Fig. 7.2a corresponding to a fault offset of dsur=4 m. The deformed mesh of the soil is displayed with
superimposed displacement contours; the step-like deformation at the base turns to a far smoother
distribution at the surface, while the tendency of the pipe to emerge from the soil is evident as the sand
flows around it. The deformed mesh of the pipe with superimposed axial strain contours for the same
fault offset is also portrayed. The pipe takes the characteristic double-curvature shape to accommodate
the vertical differential displacement of its two ends. As the pipe is forced further within its plastic regime,
the concentration of strains at the maximum curvature point within the stable soil prevails. Ultimately,
there comes a fault displacement (i.e., 8mur = 2.5 m) that causes an entire section to yield; from that point
on any additional strain is concentrated within this section resulting an abrupt increase in the developed

strains until the formation of a clear neck (Fig. 7.2b).

Type A Comparison

In the ‘beam-on-springs’ approach the pipeline is simulated with beam elements (in particular, pipe
elements that account for the hoop stress across the cross-section) while discrete nonlinear springs are
used to simulate the soil reaction in each orthogonal direction (Fig. 7.3a). The imposed ground
deformation is materialized by dislocating the appropriate support nodes of the springs. As mentioned
previously, to render the results of the two methods comparable, the support nodes of the springs are
dislocated in the exact same manner to those of the full 3D model (as shown in Fig. 7.3b) to correctly

capture the propagation of rupture within the assumed soil layer.

Following the definitions of the preceding paragraph, in the Type A Comparison, the force-displacement

response of the soil springs is calibrated through numerical uniaxial push tests in each principal direction

243



Buried Pipelines subjected to Large Permanent Ground Displacements

the results of which are shown in Fig. 7.4. The results of the simplified analysis are summarized in Fig. 7.5.
In Fig. 7.5a the axial strain distribution along the top and bottom centerline is presented for three
representative fault offsets. As expected, the pipeline response is indeed in qualitative agreement with
the full 3D model. As previously, the maximum tensile strain is initially located in the maximum curvature
point within the stable soil, while as the imposed dislocation increases the maximum straining is
transferred to a neighboring section (close to pipe-fault intersection) experiencing excessive stretching

(Fig. 7.5b).

Fig. 7.6 compares the response of the pipeline predicted by the rigorous 3D analysis and by the simplified
Winkler-type analysis in terms of maximum tensile strain developed along the top and bottom centerline.
Evidently, within the elastic range (up to &sur=0.7 m), the maximum tensile strains predicted by both
models are practically the same. However, as the imposed dislocation increases, the simplified model
appears to overestimate the maximum tensile strain developed along the top centerline, while it
successfully predicts the maximum strain along the bottom centerline. At this point, the maximum strain
of the top centerline is located in the maximum curvature point, and it is attributed to pipeline bending
because of the underlying soil reactions. A possible overestimation of the bearing soil reaction (assumed
in the Winkler Model) would explain this slight strain overestimation. This observation, whilst not easy to
explain, is the main point of criticism for the use of Winkler-type models: by representing soil reactions
with discrete springs, the transfer of loads between adjacent springs and the interaction between the
various loading components cannot be properly accounted. Building upon this statement, recent findings
have highlighted a strong coupling between the vertical and horizontal loading (e.g. Di Prisco et al. 2006,
Cocchetti et al. 2008, Hodder and Cassidy 2010, Tian et al. 2011) which cannot be ignored. In our particular
case, the soil at the vicinity of the fault is in active mode which greatly reduces its bearing capacity. Similar
trends have been reported in the experimental study of Ha et al. 2008, where the measured peak
resistance of the underlying soil where found to be much lower, about 1/8 of the theoretical value

proposed by ASCE.

For increased level of fault dislocation, the two models tend to converge predicting the ultimate tensile
failure of the pipeline at a &5ui=3.6 m (still though the simplified model forecasts failure at a slightly earlier
stage). Here, the differences are attributed to an overestimation of the magnitude of axial soil restrain.
Clearly, the Winkler-model ignores the decrease of axial capacity caused by the formation of gaps

between the subsiding soil and the reacting pipe.
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Overall the Type A Comparison is rather satisfactory: the Winkler-model successfully predicts the
response at relatively small displacements as well as the ultimate tensile failure of the pipeline. Some

minor differences do exist that result in a slightly conservative (and thus safer) design.

Pipeline with non-zero internal pressure

The analyses are repeated considering that the pipe operates under internal pressure pope=9 MPa. Fig.
7.7 summarizes the response of the pipe predicted by the sophisticated 3D analysis and the simplified
Winkler-type model. Contrary to the p=0 case, the trends are reversed with the simplified model
underestimating the maximum tensile strain developed in the top centerline of the pipe. This behavior
exposes the main drawback of representing non-solid structures (such as pipes) with beam elements.
According to beam theory, sections of a beam are not allowed to deform in their own plane; yet this
criterion cannot not hold true for non-solid cross-sections experiencing intense straining. In this case the
response of the structure in the plane of its cross-section is non-negligible resulting in a much softer
behavior that cannot be represented by beam theory. As a result, (assuming a failure criterion of & max=2%
) the simplified model predicts pipeline failure at 8zuw=3 m while the rigorous 3D model predicts failure at
a much lower fault offset of 6ur=2 m. In Figure 7.8 we are attempting to further elucidate the deficiencies
of beam theory by comparing the axial strain distribution along the top and bottom centerline of the pipe
predicted by the two models. At relatively small fault offsets up to 6sur=1 m the comparison is quite close.
As the fault offset increases, the axial strain distribution (of the 3D pipeline) starts following a wavy
pattern (result of strain localization at a number of neighboring sections). Initially there is one dominant
spike (in the sense that stains are peaking at a specific section), but as imposed displacement increases
the straining on the pipeline is redistributed and more spikes are “mobilized”. This very behavior indicates
that this particular pipe segment has reached its ultimate capacity and any further displacement will be
accommodated in a ductile manner. Clearly, these highly non-linear phenomena may not be correctly
captured by means of beam elements. Hence, the simplified models overestimate the bending resistance

of pipe (at large deformations) and predict smaller strains resulting ultimately in an unsafe design.

Type B Comparison

In this class of tests the rigorous 3D methodology is compared to the current design practice. As such a

new Winkler-type model is constructed employing the code-specified (by ALA, 2001) nonlinear springs of
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the introductory paragraph. Before commenting on the pipeline response, in Fig. 7.9a we are first
comparing the predictions of the two methodologies in terms of soil reactions to uniaxial displacements.
Evidently, the ALA 2001 analytical expressions slightly underestimate the bearing and uplift soil resistance,
while there is a rather satisfactory agreement in terms of axial soil resistance. Moreover, the bearing and

axial response is notably stiffer according to ALA2001 formulas.

The pipeline response (portrayed by means of evolution of maximum tensile strain at the top and bottom
centerline) is displayed in Fig 7.9(b). For this example test case, the 3D model predicts failure at a &pur=3.7
m (i.e., instant at which the axial strain reaches the limit value of &xma=2 %), while the simplified ALA
2001 model assess a critical fault offset of &sur=2.7 m; a quite conservative prediction. Needless to say,
that the inaccurate estimation of the bearing spring stiffness combined with the overall deficiencies of
the Winkler-type models (discussed previously) are responsible for substantially overestimating the

actual pipeline straining resulting in a very conservative (and thus expensive) design.

Pipeline buried into dilative Soil

The same infinitely long steel pipeline (D=40", t=0.562", Hcover=1.2 m) is buried now within a layer of
relatively dense sand of friction angle ¢=40° and dilation angle ¢/=10° and as previously is subjected to a
normal fault of dip angle a=60°. A comparison of the soil reactions (ALA formulations against FE
calculations) is offered in Fig. 7.10a. In this case, and although the bearing and uplift response are
adequately approximated by the ALA, the axial soil reaction is severely underestimated. This very
underestimation is attributed to sand dilation; a phenomenon that is totally ignored by code provisions.
As thoroughly discussed in Chapter 5, the soil surrounding the pipeline resists to the axial pipe movement
through shearing, forming a thin shear-zone around the pipe. In case of dilative soils, this shear-zone tends
to expand radially but is constrained by the pipe and the surrounding soil. This constrained dilatancy
provokes additional normal stressing along the pipe periphery andleads to increased pull-out capacity.
This behavior is accounted for in the 3D model while it is totally ignored by the ALA 2001 provisions. The
outcome is depicted in Fig. 7.10b where the maximum tensile strain along the bottom and top centerline
of the pipe is presented considering both methodologies. As the 3D model takes into account this
increased axial soil restraint, it predicts failure (in terms of necking formation) at an earlier stage than the
simplified model (2m instead of 2.5 m). Yet, even this overestimation is overshadowed by the overall

conservatism of the simplified model rendering the the predictions of the ALA simplified model still on
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the safe side: according to ALA pipeline failure is expected at a fault offset of dsur=1.5 m, while the 3D FE

model suggests a Ofur=2 m.

7.3 Buried pipeline subjected to reverse faulting

The exact same pipeline examined previously (D=40", t=0.562", Hcover=1.2 m) is now subjected to reverse
faulting (Fig. 7.11). The pipe is buried within loose sand (¢=30°) and it crosses an active fault with a dip
slip of a=45° at the bedrock level (zpedrock=-15 m). Fig. 7.12 presents the deformed mesh of the 3D model:
the soil is shown with displacement contours for fault offset 6sur=1 m while the pipe is portrayed with
superimposed stress contours for the same offset depicting the stress concentration around the buckled

area.

The results of the proposed 3D Methodology are compared to the Winkler type Models (Type A and B) in
Fig. 7.13a. It is observed that within the elastic range the results of the three models are practically
identical. As the fault offset increases the 3D model calculations start to deviate substantially from the
predictions of the simplified models, while the latter two continue to compare quite well. Finally, at
6aur=0.8 m (corredponding to £.=-0.0035) the pipeline enters an unstable state (a finite increase in the
imposed displacement results in a massive increase in the developed strain), known as local buckling.
Evidently, the beam elements of the simplified approach may not directly simulate the onset of local
buckling. Instead the designer should correlate the ability of the section to undergo plastic deformation
to the developed curvature (expressed by the developed compressive strain). This correlation is made
through the limit strain & (critical buckling strain). A number of researchers have experimentally
investigated the plastic deformation capacity of cylindrical shells [e.g. Jirsa et al. (1972), Reddy (1979),
Tugcu and Schroeder (1979), Gresnigt, (1986), Kyriakides and Shaw (1987), Fowler (1990), Kyriakides & Ju
(1991), Van Foeken and Gresnigt (2001), Zimmerman et al. (2004), Schaumann et al. (2005), Van Es et al.
(2014)], and several relationships have been published for the estimation of the this critical buckling strain
&.. Here we are using the experimentally derived formulas by Gresnigt 1986 that has been also adopted

by the CSA 2662, which correlate the critical buckling strain to the pipeline hoop stress (on) as follows:

e, =05 (g) — 0.0025 + 3000 (%)2 (7.1)
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where oh depends on the level of internal pressure p:

P2 <04
2t 2toy
ap = (72)

.~ pD
0.4-O'y, le > 04

By applying Eq. 7.1 to our test case, the pipe is expected to exhaust its capacity at £.=-0.0045 (i.e. at larger
strain compared to the 3D model prediction). A possible explanation of this difference is the inefficiency
of Eq. 7.1 (or any other similar equation in the literature) to accurately describe the buckling response of
pipelines subjected to combined bending and axial loading. As explained in Chapter 6, the metaplastic
deformation capacity of a circular section was found to depend on the axial force acting on the section:
the presence of compressive force may render the pipe section more vulnerable to local buckling (i.e.
decrease the critical compressive strain &;) due to the tendency of the section for outward expansion.
Overall, the simplified procedures tend to overpredict the maximum allowable fault displacement.

Namely, a &suir=1 m compared to a 65u=0.8 m predicted by the 3D FE model.

Pipeline with non-zero internal pressure

Contrary to the non-pressurized pipe, when assuming a pipeline operating at internal pressure p=pmax =9
MPa the 3D model predictions and the simplified models compare quite well (Fig. 7.13b). All three
methods agree that the critical fault dislocation (which provokes local buckling) is in the order of &7u=0.55
m corresponding to a £.=-0.0069 — as suggested by the application of Eq.8.1 and the numerical modelling

of the pipeline section.

7.4 Concluding Remarks

The above non-exhaustive examples aimed to elucidate some of the deficiencies of the simplified beam-
on-springs models to accurately predict the structural response of buried steel pipelines subjected to

permanent ground displacements. The key conclusions may be summarized as follows:

=  The Winkler-type foundation fails to account for the interaction of ‘co-existing’ loading types.

Particularly in the case of normal faulting (where the bearing capacity of the soil decreases due to the
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prevailing active conditions at the vicinity of the fault), the simplified procedures tend to overestimate
the developed strain on the pipe and as a result to underestimate the maximum allowable fault offset.

=  The simplified models overestimate the pipe stiffness when it operates under substantial pressure
resulting in unsafe (non-conservative) results.

=  Simplified models cannot simulate the initiation of local buckling. The latter is provided by literature
expressions correlating the developed strain with the deformation capacity of the pipe. Hence, the
simplified models are as accurate as the expressions adopted.

=  The ALA 2001 analytical expressions fail to account for the increase in axial soil restraint in cases of

dilative soil profiles resulting in non-conservative predictions for pipelines subjected to reverse faulting.
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Fig. 7.1. The first benchmark problem: (a) an infinitely long pipeline buried in loose sand crosses a normal
fault perpendicular to its axis with a dip slip a=60°, (b) the geometrical characteristics of the pipe and its
cover depth.
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Fig. 7.2. Evaluation of the pipe response using the sophisticated 3D numerical methodology: (a) deformed
mesh of the soil with superimposed displacement contours and of the pipe with axial strain contours. (b)
evolution of the maximum tensile axial strain along the top and the bottom centerline with the increase of
the fault offset.
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Fig. 7.3. Evaluation of the pipe response using simplified models: (a) the pipe is modeled with beam-type
elements while the soil is modeled with discrete nonlinear springs in each orthogonal direction. (b) the
fault-induced displacements are simulated by dislocating the spring support nodes following the results of
the 3D model to account for the rupture propagation effects.
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Fig. 7.4. The force-displacement response soil springs is calibrated against numerical uniaxial push tests: (a)
downward push for the bearing capacity responsesz(b) uplift test for the restraint to upward vertical
dislocation, (c) transversal push for the lateral reactions and (d) pullout test for the axial reactions.
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Fig. 7.5. The pipe response to normal faulting predictg_é:l by the simplified model. (a) axial strain distribution
along the top and bottom centerline of the pipe for three representative fault offsets. (b) evolution of the
maximum tensile axial strain along the top and the bottom centerline with the increase of the fault offset.
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Fig. 7.6. Comparison between the prediction of the sophisticated 3D analysis and that of the simplified
analysis for the pipeline buried in loose sand and subjected to normal faulting: evolution of the maximum
tensile axial strain along the top and the bottom centerline with the increase in the fault offset.
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Fig. 7.7. Comparison between the prediction of the sophisticated 3D analysis and that of the simplified
analysis for the pressurized pipeline buried in loose sand and subjected to normal faulting: evolution of the
maximum tensile axial strain along the top and the b%gom centerline with the increase in the fault offset.
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Fig. 7.9. (a) Soil reactions estimated by analytical expressions according to the ALA 2001 provisions
compared to the results of uniaxial push numerical tests for loose sand (¢=30°). (b) The pipe response
estimated by the simplified model with springs calibrated according to ALA 2001 as opposed to the
response of the pipe predicted by the 3D model: maximum axial strain along the top and the bottom

centerline.
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Fig. 7.10. (a) Soil reactions estimated by analytical expressions according to the ALA 2001 provisions
compared to the results of uniaxial push numerical tests for dense sand (¢=40°, )=10°). (b) The pipe
response estimated by the simplified model with springs calibrated according to ALA 2001 as opposed to
the response of the pipe predicted by the 3D model: maximum axial strain along the top and the bottom
centerline.
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Fig. 7.11. The second benchmark problem: (a) an infinitely long pipeline buried in loose sand crosses a
reverse fault perpendicular to its axis with a dip slip a=45°, (b) the geometrical characteristics of the pipe
and its cover depth.
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Fig. 7.12. (a) Evaluation of the pipe response using the sophisticated 3D numerical methodology: deformed
mesh of the soil with superimposed displacement contours and of the pipe with stress contours. (b)
Evaluation of the pipe response using a simplified model: to account for the rupture propagation related

effects the displacement of the spring support nodes follows the distribution calculated by the 3D model.
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Fig. 7.13. Comparison of the pipe response predicted by the 3D model, the simplified model with springs
calibrated against uniaxial numerical push tests (simplified model) and the simplified model with springs
calibrated using the ALA 2001 analytical expressions (ALA 2001) (a) for the non-pressurized pipe and (b) for
the pressurized pipe (p,,.,=9 MPa): evolution of the minimum axial strain with the increase in the fault

offset.

265



	Binder1
	Cover
	Ektenis perilipsi
	Table of Contents-Angel_Phd
	Blank Page

	Binder2
	1_Introduction
	1_Literature review
	1_figures
	2_Numerical Simulation of a buried Pipeline subjected to dip-slip faulting_REV
	2_figures
	3_Near-field response_REV
	3_figures
	4_pullout response of buried pipelines_rev
	4_figures
	5_pipeline performance under dip-slip faulting
	5_figures
	6_pipeline subjected to landslide-induced actions
	6_figures
	7_Conclusions_rev
	7_figures




