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Abstract

Subsea pipelines, particularly in shallow areas, are usually buried inside trenches backfilled
with preexcavated material as ceeffective protection against the environmental,
constructional, and operational loads. The design of buried pipelines agaiestial
lateral displacements is a challengtagkthat is usually simplified by assuming a uniform
soil surrounding the pipeline. However, the remolded backfill and its lower stiffness
compared with the native ground can significantly affect therfailnechanisms around
the moving pipe and the mobilized lateral soil resistaHesing a trench backfilled with

a material softer than the native seabed soil will lead to a complicatedqilipeteraction
problemwhich has not been entirely expldren the literature.In this study, the lateral
pipelinebackfill-trench interaction and the resultant soil failure mechanisms were
investigated by centrifuge modefm partially drained conditionsand also numerical
simulations(in undrained conditions Particle image velocimetry (PIV) analysis was
conducted to capture the interactive soil displacements and failure mechaluisngs
centrifuge testdt was observed that the interactive effects of pipeline, backfill, and trench

precede their individualhear strengths.

The advanced numerical simulations were developed by using the Coupled Eulerian
Lagrangian (CEL) approach with two different Eulerian materials behaving in undrained
conditions The numericasimulatiors in undrained conditiorshow a god agreement with

the previously conductedentrifuge tests in terms of lateral leddplacement response



and failure mechanismshe investigated parameters are pipe roughness, pipe weight, pipe
initial embedment into the trendyed, backfill strength properties, soil straibftening,
native soil tension cubff, and burialdepth. Theeffects of influential parameters are
comprehasively examined using the developed numerical model, and the results show

good agreement witbome previously conductegntrifuge tests.

The study revealed the significance of the pipelirachbed interaction in the mobilization

of the lateral soil r@istance and several other mechanisms notagetressedn the
literature. As a result, several new research avenues were identified, and the ground was
prepared for proposing solutions to improve the prediction of the lateral response of buried

pipelinesin the near future.

Keywords:Lateral pipesoil interaction;buried pipeline; py responsgcentrifuge testing;
trenching and backfilling; large deformation finite element analysisierical modeling;

Coupled EuleriarLagrangian method
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CHAPTER 1. Introduction

1.1 Background and motivation

Pipelines are widelysed for hydrocarbon and wateng-distancetransportationThere

are about 3.5 milliorkilometersof pipeline in 120 countries of the world. The United
Statesby 65%, Russia by 8%, and Canada&byof the whole length of the world pipelines

are the first three countries of having the highest length of the m@geBubmarine
pipelines continue to be buri¢d reduce the risk of hydrodynamic force and increéhse
stability of pipeline section; protecting the pipelisection from the gebazards and
external damage due to anchors, heavy dropped objects ogfigban; and improving
other pipeline structural performance, such as free span, lateral buckling, and insulation
performancgBai and Bi 2014) Even thougtthe pipelines are protected to a great extent
when they are buried inside a trench, they still require attention regarding the possible
relative displacement between the pipeline and cailsing pipesoil interactionPipeline

sdl interaction is a significant aspect of a pipeline system as it may have a large influence
on the structural integrity of the pipeline during installation and operaBoried pipelines

may encounter various gémzards that impose differential groumidvement on buried
pipelines. Landslides, ice gougirgarthquakes, fault movemendsidexternal imcts of
anchorsare some of the potential scenarios causing lateral loadingurskquentljlarge
deformation which buried pipelines have to be designed fa.imposed loadings and the

resulting large deformations may exceed serviceability and ultimate limit statdrsea



trenching and backfilling by rasing the excavated material is usyall costeffective

solution to protect the pipeline against lateral displacements. Depending on the trenching
methodology, the construction procedure, and the environmental loads, the backfill
material may undergo different degreesashoulding and distipance. Thigprocess causes

the backfill material to be much softer than the native ground, with a wide range of shear
strengths ranging from negligible to almost native soil strength values. The difference
between thetiffnessof the backfill and nativenaterial can significantly affect the failure
mechanisms around the pipe, and the resultant lateral soil resistance (Pipeline Research

Council International (PRCI) 2003).

However, the lesexplored interaction between the pipeline, backfill, and theagtiound

(trench walls)havecaused the design standatdssimplify the buried pipe configuration

to auniform soil. The practical incorporation of this simplification needs excavation of an
adequately wide trench that results in a high construction Toist.is only to ensur¢he
pipeline response wil/| depend solely on th

and not on the stiffer native ground

In the present study, centrifuge tests were conductedCADRE to investigate the lateral

soil response to the large displacements of the shallowly and deeply buried pipelines. A
mixture of Speswhite kaolin clay and Silo-Sil silt was used to preparesaft native

ground (undrained shear strength less than 25 kPa), which has been observed in shallow
waters €.g., water depth less than 10Pawer different geographical locations (e.g., Bohai

Sea (Liu et al. 2013), Mackenzie Delta (Solomon 2003), Changi Bay (Bo et al. 2015), and

Persian Gulf (DOT 2011)). The selection of a soft clay as native groatdednobserving



the significance of the interactive failure mechanisms in lateral soil resistance, having even
a limited difference between the stiffness of the backfill and trench. Trenches were
excavated in prepared native ground and backfilled withryslafter locating the

instrumented pipe sections. Particle image velocimetry (PIV) was applied to monitor the

progressive pipelinbackfill-trench interaction mechanisms.

Using a low pipe displacement velocithe partially drained condition was adoptea
mitigate the impact of the excess pore pressure, magnify the pure effect of pyaekfié-

trench interaction, and obtain the contribution of the trench to the overall failure
mechanisms.The forcedisplacement ({y) curves were obtained and compared with
corresponding PIV analysis throughout a large course of pipeline displacements (about
4D). It was observed that the interactive effects of pipeline, backfill, and trench preceded
the indivdual strength of backfill or native soiln other words,the mobilized soil
resistance was not soladyiginated frormthe shear strengths of backétdnative soil. The
pipeline/trenckbed interaction, the trench geometry, and plassive backfillpresure
affected the pipe displacement trajectory and consequéméyprogressive formation of
shear bands underneath and behind the collapsing trench wall. As a result, a lower ultimate
lateral soil resistance was achieved compared tartiferm native gound. The partidy

drained condition magnified the pipelthackfill-trench interaction effects with more
significance inthe deeply buried pipeThe current study revealed several important
mechanisms, e.g., the significant influence of pipeline/trdiech interaction onthe

mobilization of the lateral soil resistance not yedll addressedh scholarly researches.



Several new research avenues were identified the ground was prepared for improved

and costeffective design of buried pipelinesthe nar future.

1.2 Objectives

The main objective ahe current studwasto investigate the lateral sa#sistance against
the large displacements of the shallowly and deeply buried pipethmesigh performing
centrifuge testand numericastudies. Thekey objectives of thestudy can be summarized

as follows
Experimental study:

1. Direct observation ofthe internal soil deformations and interactive failure
mechanisms in the sa@blrroundinghe laterally displaced pipeline.

2. ldentifying how thepipelinebackfill -trenchinteraction contributeso the failure
mechanisms ani themobilized lateraboil resistance, consequently.

3. Obtaining the trenching/backfilling effects time lateral load-displacemen{p-y)
curves and the significance of simplifications tlaae currently applied by existing
design codes.

4. Assesmg the significance and practical implications of the pipelirenchbed
interaction intensity on lateral soil resistance.

5. Evaluation of the effect dfackfill shear strengtthatstemming frondifferent types
of the backfilling material on internal soil deformations, interactive failure

mechanisms, and consequently the mobilized lateral soil resistance.



6. Assessing the burial depth effect on lateral response of trehcloidlled

pipelines
Numerical study.

1. Developingan advancediumericalmodel for large deformation finite element
analysis of lateral pipelinebackfill-trench interaction under undrained
condition

2. Verifying the model performance againsthe published and conducted
experimental test rats by comparinghe failure mechanisms, pipe trajectory,
and loaddisplacement resporsi| shallow and deepurial conditions.

3. Performing a comprehensive parametric study to investigate the influence of
several key parameters includingpg@ roughness, pipe weighhitial pipe
embedment into the trenchbed, backfill strength properties, soil -strain

softening, native soil tension eatf, and burial depth.

1.3 Organizations of thedissertation

The thesis has been prepared rmanuscripthase format comprising ninechapters.
Overall the conducted work has been disseminated thrdiwghjournal and three
conference paperdrigure 11 illustrates the organizatn of the thesiswith a brief

explanation of each chaptgivenbelow.



Chapter 1:

Background, motivations, objectives, organization,
co-authorship

Chapter 2:

Literature review

Experimental Numerical

stream stream
Chapter 3:
Test setup and testing program Chapter 8:
(from OTC2018 and GeoEdmonton2019 Numerical study
conference papers) (submitted to a journal)
I
Chapter 4:

Trench effect-rectangular trench
(submitted to a journal)

I

Chapter 5:
Pipeline-trench bed interaction
(published in International Journal of
Geotechnical Engineering)

I

Chapter 6:
Backfill stiffness effect
(submitted to a journal)

I

Chapter 7:
Trench effect-shallow burial
(published in Marine Georesources &
Geotechnology)

Chapter 9:

Conclusions and Recommendations

Figure 1.1. Structure of the dissertation

Chapter 1 introduces the research backgratieanotivation behindheresearch, the main
objectives, noveltysignificance, kegontributiors, as well asheorganization of the thesis.
Chapter 2 reviews the literature relevantthe study andthe current guidelines and
recommendations for practiceelevant literature review is also included in each chapter
depending on the chapter topi€hapter Jutlines theexperimental procedund testing
programthat is extracted from tw@ublishedconference papers.€., OTC2018 and

GeoEdmontoR019. Chapters 4 to 7 present thesults ofexperimentaktudy.Chapter 4



outlines the trendhg/backfilling effect on lateral failure mechanisms around the pipeline
deeplyburied in clayChapter 5 focuses on the influence of pipetimachbed interaction
intensity on lateral soil resistance and failure mechanisdmapter 6 thcusses the
influence ofdifferent backfilling material and backfillingtiffness on théateral pipeline
response. Chapter 7 pressthie trenching/backfilling effect on lateral failure mechanisms
around the pipeline shallowly buried in claghapter 8contains the numericattudy
including model development, validations, and the results of parametric Jtuelyhesis

is closal with Chapter 9 outlining theconclusions and recommendatiofes future
studiesThree conferencepapersare contained in the appdix A to Appendix C Any
reference to a figure or table with a designation beginning with a letter~{gare A.)

refers to digure in that particular appendix (i,&ppendix A)

1.4 Co-authorship statement

Morteza Kianian(PhD candidateis the main author for all articlgsiblished/submitted
within the current research proje€@ther o-authors are Dr. Hodjat ShifSupervisor) Mr.
Mehdi Esmaeilzadelfco-author in one journal and one conference paperd Masih
Allahbakhshi (Co-author in one conference paperThe experiments were mutually
conducted byorteza Kianianand Mehdi Esmaeilzadeh. Morteza Kianigasthe main
contributor to performing the peptrocessingf thetest result@nd writing the first draft
of all the papers and thesMoreover,the numerical simulations weselelyperformed by
Morteza KianianDr. Shirisupervisedhe project,provided fundinghelped in developing

the ideador the experimentand finding knowledge gapseview andeditingthe prepared



manuscriptsMasih Allahbakhshhadcontribuedto the preparation othe model pipe and

the test box during theitialization tests.



CHAPTER 2. Literature review

2.1 Introduction

New offshore hydrocarbon fields are being developed in deeper areased tii¢ shallow

water depths, the critical point in design is the pipeline lateral stability under current and
wave actions. One of the solutions for protecting the pipelines in shallow waters is to bury
the pipeline. While in deep watst,is very rare ér pipelines to be trenched and buried.
Instead, they are often laid on the sealethe exposed pipelingthe most criticatlesign
concerns ardateral buckling and axial walking (ratcheting) associated whiérmal
expansion and contraction of the pipeline with successivewgiaathd shutdown cycles
(White and Randolph 2007Yhe existing literaturgresents more studies on exposed
pipelines than on buried pipelines and also more emphasis on sands than on cohesive soils.
Among those investigations around buried pipelimegst of the guideties and studies
address the upheaval interactig@sithie et al. 2005)n the current chapter, the literature

is briefly reviewed separately for exposed and bupipalines. Commorrenching and
backfilling techniques are introduced and a discussion is then provided about their impact
on the backfill properties and consequently on the pipeline resganally the approaches

that are used for modelling and pip@l interaction are introduced.

1 Exposed pipelines
Pipelines are often laid over the seabed in deep areas of thEhsgaxtensively face

cycles of thermal loading that causes axial stresses. The compressive axial stresses



consequently lead to latefalickling. A new coseffective design method is to relieve the
axial stress by controlling the formation of buckles along the pipeBgelaying the
pipeline in a snaking pattern on the seabed, buckles are allowed to form at prescribed
locations to relieg the axial stress. The imposed initmpeffections, as well as the seabed
surface topography, govern the location and the size of the buckles that develop. These
buckles must be engineered such that a sufficient length of pipe feeds into the buckle to
relieve the axial stress, without generating excessive bending within the buckle. The typical
lateral pipe movement wiith an engineered buckle is sealpipelinediameter§fCheuk et

al. 2007b) As opposed to exposed pipelines that are very vulnerable to lateral buckling,
the buried pipelines are very prone to upheaval buckigied pipelines feel a guée

lateral constraint (i.ethe trench wall) against the lateral buckling that $ghdm to buckle

in the upward direction.

9 Buried pipelines

Pipelines are ofteburiedespecially in shallow watefer:

1. reducing the risk of hydrodynamic force and inciegghestability ofthe pipeline
section,

2. protecting the pipeline section from the external damage due to anchors, heavy
dropped obijects or fishing gear

3. improvingpipeline structural performance, such as free span, lateral buckling, and

insulation perfomance(Bai and Bai 2014)

Pipeline burial would generally provide far better protection than the exposed pipelines.

But buriedpipelines are vulnerable tbe upheaval bucklingilhe most common pipeline
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trenching and burying equipment are jetting andvpig. Trenching can be performed
beforethe pipeline lay whichis calledpre-lay trenching There is another methodology in
which the after the pipeline is laid on the seabed the trench is excavatethe/fremching

device rides on top afhe pipelingpostlay trenching)

2.2 Trenching and backfilling

Subsea pipeline trenching practice has been developed in response to the need for
protecting the pipelines against the gexards and other external risks that threttien
integrity of pipelines in shallow water§he burial of the pipelines in shallow watéss
categorized ito two typesFirst,trenching over relavely short distaces in shorerossing

This requirement has normally been met by some form of dredging technology, but
sometimes by ples and jetting machineSecond longer trenches in shallow waters of the
open seawhich wasconstructed in the past by jettingut inthe past decades, pe and
mechanical cutters have captured part of the mafkes may have beea response to
dissatisfaction with the high cost and limited protection given by trenches produced by
jetting (Palmer and King 2008Feveral systems are used to excavatdrémehes in the
seabed for submarine pipelindss the following sections jetting and pling are further

discussed as they are the momthmon techniques in practice.

1 Jetting

In jet barge systena jet sled is pulled along the pipeline by a barge. Water or air is pumped
from the barge down hoses to the jets and erodes the seabed, forming a slurry of water and

soil. A jet educator systemegjts the slurry to one side. The sled carries instrumentation to

11



monitor the fores between it and the pipelir@n the other handetmachines based on
aselfcontained machine, supplied with power from the surface by an electricdioanb
Like thejet sled in the jet barge technique, the machine stradlaéepipelingPalmer and

King 2008)

1 Plowing

Plows were used many years ago to trench pipelines but gained a bad reputation for poor
depth control and sinking. Their modern development began in 1975, with a program
targeted on the trenchirgd a loading line in the Statfjord@Palmer and King 20085ince

then it has become a popular method of pipeline trenching. The general principle of
pipeline plaving has been adopted from the technique used in agrictdtyniew fields.

The pipeline plav consists of a very large share, on top of which the pipeline rests. The
pipeline pulled along (usually by the surface vessel), and as theshdce passes, the
pipelinesettles in the trench. If a backfill plois also emfoyed, this reverses the process

by pushing the spoil material back into the excavated treflod main advantage of the
plowing is that it is capable of pekty trenching over a large range of pipeline sizes up to
24-inch diameterThis is probably therdy technique that can dig the trench and backfill
afterward n the same paswhich, in turn,reduces the costs dramatically. It should be noted
that however, some operators prefer rock or imported material to be used as backfill. The
main disadvantagef ohis technique is that it has a limitation on the deptkxa@avation

(up to 1.5 m)Other than thatheplowing system can cause damage to pipelines, especially
those lines not protected by concrete coafBa and Bai 2014)Multi-pass plavs have

been built with the capability of achieving a trench depth of ZPawlin et al. 2014)
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Pipeline burial can be performég various trenching and backfilling methodsluding

the aforementioned methods the above sectionsA variety of factors should be
considered to select a trenching method for a specific pipeline route. The water depth range,
maximum required trencldepth are the primary considerations. If multiple trenching
methodologies satisfy the primary considerations, secondary considerations must be used
to determine the preferred solution. These include parameters such as seabed geology,

backfill method, sealukslopes, and environmental sensitiflBaulin et al. 2014)

1 Backfill properties

Most of the technologies utilize the same technology to backfill the trench as how it was
excavated. Following the pipeline instaltatj the excavated materialnsrmally used to
backfill thetrench. The properties of the backfill placed in the trench are dependent on the
selected method and the construction process of trenahohdpackfilling. Therenching

and bakfilling process remoldthe excavated material and increstbee water conterntf

the backfill. As a resulthe backfill will become ofess strength angbfter than the native
ground, with a wide range of shear strengths ranging from neglgjiielegth up to nearly

the strength of native soilalues.Depending orthe trenching/bakfilling technique and
construction procedure, the backfilling material nieey remoldedo a different extent.
Various backfilling material properties are expected depending on many parameters such
as level of soil disturbance, size of clay lumpstential high energy environment, whether

the excavated spoil is left on the seabed or stored on land or barge, the period of exposure
before placing in the trench, consolidation time after placing inside the treteckor

example, jettingequires cutng, erosionand fluidization of the soil by the jet§herefore,
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the waterclay suspension is expected immediately after jetfiing produced backfiih
soft clay seabei$ named slurrywhich is of very low strengtilhe slurry regaisthe shear
strength gradually fronpractically zero to that of a normally consolidatdaly (DNV.GL
2017) The resulting backfill from jetting operatias generally homogeneous but jetting
may introduce wateifilled voids. Jetting in stiff clay may yield to a backfill consisting

lumps of semintact clay in a matrix of unconsolidated slurry

On the other hand, plng in soft clay results in heterogeneous backifilhe resulting
backfill consists of softened and remoulded chunks close to the native water content in a
slurry of much higher water content s@athie et al. 2005As a general rule, the backfill

properties are a function of how the trench is excavated and backfilled

1 Influence of backfill properties ompipelineresponse

The properties of the produced backfiNhich is a function of many factotbat have
significant impact on the pipeline response to verticatldateral movement&heuk et al.
(2007a)conducted a series of centrifuge tests to assess the vertical pressure exerted on a
pipeline backfilled with lumpy clay when the pipe was moving upward at a constant
velocity. Two different consolidation periods were considered to investigate the potential
benefit of having a longer waiting peribdforeputting the pipeline into operation. Results
showed that early commissioning of buried pipelines in undesolidated lumpy fill could

lead to a reduction of soil restraint up to 56%, together with a aeiia the stiffness of

the responseBransby et al(2002) conducted centrifuge tests investigatethe upift
capacity and the loadisplacement behavior of pipelines buried in recently liquefied clay

They observed lowerndraned uplift capacities than the drained capacities. The term
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recently liquefied claymeans that itmay still be consolidatingvhen pipdéines are
commissionedTheyfinally proposed a simple method to prediplift capacity from the
average degree of consolidation of the backfilang et al(2009)alsodesignedseveral
centrifuge testso measure the uplift resistance of a pipelagkfilled with blocky clay
installed into stiff clay by trenching and backfillinghe uplift measurements were

conductechpproximatelythreemonths after installation

There are a few experimental studies that have investigated the trenching and backfilling
effect on large lateral pipsoil interaction irclay. The most comprehensive experimental
researchis maybe the work conducted Byaulin (1998) This studywas followedby the
research conducted in the@RE centrifuge using the same methodolo@+CORE,

2003 Phillips et al., 2004) These studies were incorporated into fRCI (2009)

guidelineswhich also present practical design recommendations for buried pipes in clays.

2.3 Modeling lateral pipe-soil interaction

A very common way of simulatinthe pipesoil interaction is representation of the soil by

a series of discrete sprintfgtprovide speified resistance per unit length of pipe (Winkler
method).Figure 21 shows the soil loading on the pipeline that is represented by discrete
bilinear or nonlinear sprgs. Finite element method is the other apprdaadnalyzepipe-

soil interaction problemshe maximum lateral soil force per unit length of pipe that can

be transmitted to the pipe is:

0 0 @O 0 00 (2.1)
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wherea is the undrained shear strength of the $vilis horizontal bearing capacity factor
for clay (0 for c = 0), and horizontal bearing capacity factor (O for zero friction angle)
Both of the factors are provided by different expressiodd.lh (2005)andPRCI(2009)
ALA (2005) and PRCI (2009)suggested the following equation limiting the required

displacement to readh to 10 to 15 percent of the pipe diameter.

o |
@ TBT0 —- TR0 P O (22)

Note that the equatiqf2.1)is recommended for the buried pipe in the uniform soil without
considering the trench effech. and0  are the coordinates of the ultimate point at the
load-displacement curve. Bilinear or hyperbolic curve fits can represent the load

displacement curv@.he general expression fibre hyperbolic py relationship is provided

here:

0 o (2.3)
0 ™Mo "o

where vy is lateral displacement, and P is the lateral load on the Pipeline.
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Figure 2.1. (a) Idealized representation of soil with discrete springs (b) transverse
horizontal (c) axial (d) transversevertical (after ALA 2005)
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The conventional approaches for assessment of laterakgilpmteraction were mainly

based on the earlier studies plate anchors and piles that show a response simitaeto
pipeline Hansen 1948Hansen and Christensen 198bwe and Davis 1982In this kind

of approachthe active anghassive soipressurdased orsimplified failure surfacewsere

used b calculatethe soil loads on pipes a closeeform solution Corrective parameters

such as aspect ratios and shape factors were used to equalize the geometrical configuration

of pipes and anchors.

2.3.1 Buried pipelines

Buried pipelines maype subject to large forseunder the effects of ground movement or
large thermal load$n the literature, most experimental pipeline stughiese conducteah
thesand Thereis avery limited number of pipelinspedfic theoretical and experimental
models in the literature to predict the ultimate lateral resistance ordmg@cement (p

y) curves for pipelines in clajMany of the proposed models are based on anchor plates
because they share behavioral charadiesiswith pipelines Nackenzie 1955
Tschebotarioff 1973 uscheret al. 1979Rowe and Davis 198Das et al. 198Pas et al.
1987, Rizkalla et & 1992 Ranjani et al. 1993Merifield et al. 2001 Many of the other
solutions are developed based on pileansen (1948)Poulos (1995) Hansen and
Christensen (1961 Matlock (1970) Reese and Welch (197%hushan et al. (1979)

Edgers and Karlsrud (198Xlar and Randolph 2008

There is an extensiveumberof publications in the literature on studying the lateral pipe

soil interaction in cohesive and granular material, but only a few studies have investigated
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the trench effect on lateral response. In f@stion, for the sake of conciseness, only the
key publications that have considered the trench effect on laterasqipeateraction in
clay were shortly reviewed. Also, whenever needed, references were made to some of the

fundamental works on lateraipe-soil interaction in uniform soils.

1 Physical modeling

Physical modeling isgaformed to investigate particular aspects of the{gipieinteraction

in prototypescale. FuHlscale testing is somehow the most costly way of physical modeling
where all unde investigation features of the prototyae reproduced at full scaMost of

the time because of the convenience and -@#tctivenessthe physical modelsre
constructed at much smaller scales than the prototype. If the moaeldsnstructed at
full-scale then there is a need to transform the measurements in the model to the prototype
scale.The concept of using centrifuge is born here, as we need to establish a similitude
between the model and the prototyptast of the difficulties associateditiv scaling can

be avoided if the stresses at corresponding points in the mudi¢h@ prototype are the
same. Using entrifuge is a technique to generate the same levels of stress at the
corresponding points in the model and the prototiyfmre details a centrifuge modeling

can be found iWWood (2004)

Many of the proposed or potential maslelere originally developed fanchorplatesand

are useful for pipelines because of their relatively similar behavioral patkdackenzie

(1955 conducted smakicale model tests on rectangular and strip deadman anchers in
purely cohesive soil and p-diogeosalgarantetaréo i br e

define the maximon capacity of anchorfowe and Davis (198&tudied the behavior of

18



horizontal and vertical orientated anchor plates in cohesive soil thebyetl@as et &
(1985and1987) investigated the maximum pullout capacity of vertical anchors at different
embedment ratios, ranging from 1 tadBher solutions have been developed based on piles.
Hansen (248)andHansen and Christenserd@ll) were based on piles subjected to lateral
earth movements and broaddgbpted after thatby other researchers regarding lateral
pipeline interactions. Most of the experimental studies in the literature regarding pipeline
interactions haveeen condctedin thesand andthereis avery limited number of studies

in a cohesive testbed.

Audibert and Nyman(1977) conducted a systematic experimental stodythe lateral
response of buried peés The study was conducted on loose and dense shaotishe
initiated approach was used in cohesive soils in later stadie®ll. The authors proposed

a hyperbolic curve fit to the experimentiimensionless loadisplacement results. The
proposed hyperbolic relationship was in close agreement withathereequation derived

by Das and Seelefl 975)for lateral anchor response. However, the study did not consider

the effect of pipelindackfill-trench interaction on thateralp-y response.

Wantland et al(1979)investigate the effects of th@ipe weight, diameter, buriaepth,
loading rate, and soil properties on latg@igleresistancén soft clay by conducting a series
of field and laboratory testdJsing an upper bound plasticity approach, the authors
proposed an equation for ultimate lateral resistance with adeadng factor varying with
H/D and an average cohesiona distance oD above the pipeline invertg (1994)
comparedhefield testresultsof laterally loaded pipe in clay with thexisting empirical

equations Rowe and Davig1982) Randolph and Houlsb{1984). The authonotedthe
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significance opipelinebackfill-trench interactiomn theevaluationof lateral responsé&g
(1994) proposedmodification factors (Fch and k) to incorporate the pipelinbackfill-

trench interaction effects doad-bearingcapacity Nc).

Paulin (1998) conducted a series akentrifuge tests to investigate theeral pipeline
backfill-trenchinteraction inthe cohesivetestbed. The key objectives of the prograere
to study the effects of trench width, burial depth, inteoacrate, backfill properties, and
the stress history of the soil pry curves.The authors observed that the pipelbaekfill-
trench interaction mitigates the ultimate load apptedhe pipeline. The magnitude of
mobilized lateral soil resistance in partial drained and drained conditiasisigher than
undrained testsPRCI (2003) and Phillips et al.(2004) reported othetests onlateral
pipeline response using the same testing facility. Thequtlload results wengresented
in terms ofthe percentagef the maximum loagdandno absolute value for thresultswas

released

Phillips et al.(2004)and C-CORE (2003)investigated the trench effect on soil resistance
aganst pipeline lateral displacement by centrifuge experiments and numerical simulation.
They adopted the same configurationsPasilin (1998). The authors observed thdtet
presence of a trench mitigates the pipe responssdral soil movementA reasonhle
agreement was observed between the measured undrained interaction factors and those
predicted byHansen and Christens€h961) and Rowe and Davig1982) for uniform
cohesive soil. Also, the authors showed thratrereaserni the trench width increases the
requiredpipdine displacement tthe ultimatdateralload. The study showed that the peak

load occurs aftethe pipe touches the trench wall and is controlled by the nasvié
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strength.Phillips et al.(2004) did not evaluate the magnitedof reduction in the pipe
response duéo the presenceof trench and popbned it for future investigation3.he
undrained shear strength parameter is commonly used in design practice to assesls pipe
interactions. Howevetthis neglects the rate dependency of the pipeline response. In real
conditions, drained or partially drained situatiam@mmonly occur where the relative
displacement rate between the pipe and solil is quite low. Under these conditions, the pore
pressure woulthiave enough time to dissipate during the pipe movement and achieve some
level of consolidation. Moreover, in many geographical locations, silt fractions are found
in natural offshore soft clays (e.g. Gulf of Mexi@ghiffman 1982 The presence of silt

in clay increases the coefficient of consolidation of the soil and moves the loadirtgpoond
toward partially drained and even fully drained. The coefficient of consolidation is highly
variable and depends on the degree of initial consolidation and the load generating
consolidation(PRCI 2009) These effects and their impact on thg pesponse of the

pipeline have not been well explored.

Oliveira et al. (201Pconducted 4g and centrifuge tests using a type of clay obtained from
Guanabara Bay at shallow burial depth ratios (lower than 200%). Based on the obtained
visualized displacemeffields, the research group assumed two simplified circular failure
surfaceswhich were defined only by geometrical parameters, and proposéa.gdor a
normalizel horizontal force which, in shallow depths, is in agreement with(Z§),
recommended bALA (2001). The Eqg. (2.4) is found as a function of (H/D), and curve

fitting parameter® a 6 dreorespedtiely 6.752, 0.068,1.063, and 7.119.
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2.4)

]
. ) Q (29)

1 Numerical modeling

Thereis a fewer number of studies on the lateral response of buried pipelines imclay
comparison with exposed pipelin@ég, 1994 Audibert andNyman, 1977 Paulin, 1998
Oliveira et al., 2010C-CORE, 2003Phillips et al., 2004 Merifield et al.(2001)used two
numerical procedures that were based on finite element formulations of the upper and lower
bound theorems of limit analysis to propose lower and uppend equations for clay
resistance in vertical plate anchor. The equation for ultimate lateral resisfaaqdate

anchorin a uniform cohesive soil is:

0 0 O0®» [ 00 (2.6)

where H is the burial deptio the cener of the pipel is the unit weight of sailand the

termNco depends on the burial depth of the pipeline and is given as follows:
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The limiting value of 10.47 in Equan (2.9)reflects the transition from shallow to deep

behaviorwhich depend not only on the burial ratio but also on the ratio@é . This
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implies that if the ratio of "Or® is largeenough, then the pipe will belmas a deeply

buried pipeline.

1 Theoretical approaches

The basic theoretical solutions are based ordfth pressure theorig) bearing capacity
theories; and (3P-y curves based oa beam on elastic foundatiotheory. The earth
pressure theory concept has typically been adopted for pipelines despiiféetieaces in
geometry of the problem, principally that the pipeline does not extend to the ground surface
in the manner of a wall, and the pipeline surface is curved rather th&e#aing capacity
theories were initially developed for loads applomlvnward onto a halpace of soil

(ASCE conmittee 2014)

There are some guidelines bas®n the previous researches and empirical equations for
lateral pipesoil interaction byALA (2005), PRCI (2009)ASCE canmittee (2014)Almost

all of the recommended formulations lack the trench effect in their equations for lateral
interaction.PRCI (2009)and DNV.GL (2017)noted the effect othe lateral response of

the pipe without implementing it on their proposed formulatioRRCl (2009)
recommended making use of the strength properties of backfill until the relative horizontal
displacemenbetween the pipeline and the soil exceeds the distance between the pipe and
the trench wallDNV.GL (2017 has implemented the trench and backfill effect into the

uplift guidelines.
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2.3.2 Exposedpipelines

There are numerous researches on the lateral response of pipelines laid on soft clay seabed
usng analytical(Randolph and White, 2008physical (Dingle et al., 2008Cheuk et al.,

2007 and numerica(Merifield et al., 2008 Merifield et al., 2009 Dutta et al., 2015)

modeling.

1 Physical modeling

Cheuk et al(2007b)conducted a series of fedcaleplane strairtests fo pipe penetration
into a very softclay tesbed (Kaolin clay). They also proposed aimple upper bound
solutionto model the observed response. Huutionwas able to capturthe observed
experimental trendsncluding the growth of the active berm and collection addrmant
berms. This approach wake first attempt toquantitatively model the mechanisms
underlying the response during lardisplacement lateral sweeps of arbmwitom pipeline,
accounting for the growth of soil bernidingle et al(2008)performed centrifuge tesésmd
usal theParticlelmage Velocimetry technique. They correspondingly obsetiredsoil
deformations along with the pipeline vertitatleral loaddisplacement response and pipe
trajectoryto get furthelinsight into the soil flow mechanisms during pipe peat@ain into

the very soft clay testbed.

1 Numerical moddéing

Pipeline penetration into the seabend lateral breakout have been investigated
numerically by many researchemslerifield et al. (2008) used finite element othe
shallowy embedded pipeline to investigate the response to vertical and lateral loading.

These analyses have been compared with collapss lmalculated using the upgesurd
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theorem of plasticity and wenesed to construct yield envelopes defining the limiting
combinations of grtical and horizontal loaddutta et al(2015)evaluated the competency
of theCoupled EuleriatLagrangian method for modeling thartially embedded pipelines.
The results were also compared with the previous centrifuge tests condu@edjleyet

al. (2008)

1 Theoretical approaches

Randolph and Houlsb{1984)proposed a plasticity solution for the laterally loaded piles
Assuming a perfectly plastic cohesive material, the calculation of ultimate lateral resistance
at depth reduces to a plane strain conditiorplasticity theory, in which the load is
calculated ora long cylinder which moves laterally through the infiaitmedium. With

these assumptions, they proposed the exactiimansionalized ultimate resistance (that

is called load factor) for perfectly rough and smooth pResidolph and Whit€008)then
proposed a yield envel,whhch haslseenmralgeady developed 0 s
by Martin and Randlph (2006) for both uniform and linearly varying undrained shear

strengthprofiles.
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CHAPTER 3. Testsetupand testing program

3.1 Introduction

The previous chapter presented a literature review on modeling stratetitsrafpipe

soil interaction considering buried and exposed pipelines. In this cheéqaérst section
overviews centrifuge modeling. Then experimental procedures and testing details are
presented, including soil sample preparation, model preparadiwh installationof
instrumentsSome details arthen provided on the soil preparation, facilitiequipment,
instrumentation, visualization systenDuring the experiments kere necessary,
modificationswere made to improve the experimental setup and test conduct as the

experimental program progressed.

Buried pipelines may be subject to large bending and tensile loads under the effects of
ground movement or large thermal loads. Ground movement cafransdifferential soil
settlement, fault displacement or lateral spread displacement in earthquakes, landslide
displacement, frost heave or thaw settlement, (XA 2005). Figure 31 shows the
pipeline bending zone under the stridgp fault movementand the resulting lateral

distributed load on the free body diagram of the pipeline

3.2 Overview of centrifuge modeling
Using centifuge for modehg gravity-dependent problems has been proven to be

reasonably an efficient technigu@entrifugal acceleration is useddionulate gravity
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Bending zone

R

Trench section

Lateral distribution of
soil loading

Figure 3.1. Buried pipeline under strike-slip fault movement and lateral distribution
of soil loading

and facilitates correspondence of stress levels between model and prototype. The same
levels of stress at theorrespondingsoil depth povide similitude inother parameters
between model and proygte by scaling laws. Therefore, centrifuge modeling is offering

a capability for accurate modeling of geotechnical phenomena. Such accurategnodel
increases general understanding and pernliteraton and verification of other nuenical

and theoreticainodels(Paulin 1998)Note that there may be some parameters or processes
in the centrifuge modeling that could not be scaled by the ghlavi&y. If those parameters
weresignificanty importantin the results of the model, then the results obtained from the
centrifuge modeling would not be acceptable or at least accWted (2004) in a

chapter, has discussed the centrifuge modeling and centrifuge model preparation. He also
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has reviewed the dimensional analysis in an individual chapter andbaeisthie scaling

laws for centrifuge and smadkcale modeling.

In this study, acentrifuge testing program was conducted to investigate the response of
buried pipelines to large lateral displacements. The interactive and progressive failure
mechanisms botlin the backfilling and the native soilere obtainedhrough direct
obsenation from a transparesheet mounted in th@dewall of the testbox. A range of
testswasconducted using a fully stocked test instrumentupeb capture the influence of
various parameters including thendrainedshear strength of the backfill and the native

soil, trench geometry, burial depth

3.3 Testing program

The testing program comprised five series of tests involving the lateral pipelohéll-
trench interactions in clay during large lateral displacements (up to 4D) at a centrifuge
acceleration of 19.1g. Two similar pieces of pipe with different configuratvere pulled

in opposite directions and tested in each run resulting in ten tests inrt@atadlition three
series of tests (six pipe testg@re conducteth dry loose sand. However, tingain purpose

of the project was conducting tests in the coleetestbed, and the preliminary sand tests
were only set to calibrate the test seflipe details of the interactive failure mechanisms
were directly monitorefrom a transparent observation window mourdedhe side ofhe
testbox. Two digital camerasere used to captufegh-qualityimages for posprocessing

and particle image velocimetry (PIV) analysis. In each clay test, the fully instrumented

model pipe sections were located on the bottom of the excavated trenches and backfilled

33



with different bakfilling materials. Two vertical actuators with pulleys and horizontal
cables were used to pull the pigasopposite directionsvith predetermined velocities,
while the pipes were free to move vertically over the initial course of displacemnt.
testng schedule was defined to maximize the amount of requirglquality data

obtained.Table 31 gives a summaryfahe conducted testing program

Table 31. Summary of the conducted testing program

. Trench Model Normalized Normalized
Test Pipe Test Bur_lal depth backfill ~ Trenchwall  displacement  velocity pulling
name ratio(H/D) ;
type rate (um/s) vDlc, distance

Pipel T1P1 35 Chunk '”g"zrled 8.96 0.43 261
Test 1 (32°)

Pipe2 T1P2 35 Slurry Vertical 9.09 0.43 3.03

Pipel T2P1 35 Loose  erical 9.29 0.43 36

sand

Test 2 .

Pipe2 T2P2 35 Slurry '”(%"zrl‘)*d 9.16 0.43 35

Pipe1l T3P1 15 Slurry Vertical 9.44 0.43 3.93
Test 3 ;

Pipe2 T3P2 15 Chunk '”(%“62‘)*“ 9.23 0.43 3.82

Pipe 1 T4P1 15 Slurry Vertical 3 014 3.93
Test 4 .

Pipe2 T4P2 15 Chunk '”g'zrl‘)ad 3.01 014 3.87

Pipe1 T5P1 35 Slurry Vertical 2.98 014 3.71
Test5 ;

Pipe2 T5P2 35 Chunk '”é'gl‘)ad 3.01 014 3.85

Figure 32 shows the contribution of each experiment in the relevant chapters of the thesis.
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TIPI Base case
T1P2
Chanter 4 Trench effect,
apte
T2Pl pret rectangular trench
T2P2
Pipeline-trenchbed
T3Pl Chapter 5 interaction
T3P2
TPl Backfill stiffi
ackfill stiffness
Chapter 6 effect
T4P2
T5P1
Trench effect,
Chapter 7 )
T5p2 shallow burial

Figure 3.2. Contribution of tests in different chapters

3.4 Experimental setup and testing procedure

3.4.1 Modeling considerations

The main objective of the testing program was to investigate the phtloidill-trench
interactions and its impact on tfarce-displacementesponses of pipelines during large
lateral deformations.For this purpose, it was essential to monitor the interactive and
progressive soil failure mechanisms around the pipe and interpret its impact on the
measured {y responses and the ultimate loads exerted opipleéines Therefore, a plane

strain containewith an Acrylic side window was uséd monitor the failure mechanisms

for further PIV analysesThe plane strain assumption originated from a practical fact that
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the lateral and vertical displacement of the pipelinesplace over a vegrlong sectiorof

the pipeline.The effects of variations in burial dép trench geometryand backfill
properties were other objectives of this study to ensure that the results could be confidently
scaled up to fulscale conditionskigure 33 shows a sample schematic view of the test
setup, where two pieces of model pipes were backfilled inside excavated trenches in a pre
consolidated soil bed and pulled apart over large displatsni®4D) using horizontal
cables driven by vertical actuatorkigure 33 illustrates the boundary conditions

normalized to the pipe diameter usthgftedcircles.

Pipe Pipe
pulling T-bar pulling
actuator actuator actuator

[ \

| \

I tzﬁfr Load |

m T-bar | \pT-1 LVDT-2 cell-2 m

|
| |
| |
PPT-WT -

| gttt ER TSR I | 1400

| i |

| ke \

| i \

s DR i i T e ey s e T T dJ |202
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HHHHHHA/HHHHHHHHﬁﬁﬂﬂﬁmmwﬁmwﬁﬂﬁ PP eVEVEVEAVEVEVE i ]

900

Figure 3.3. Schematic view of test setup (cohesive testbed); Instrumerage coded;
all dimensions are in mm

The soil sample was consolidated to effective stress of 400 kPa and was unloaded
sequentially. This level of consolidation yieldsaft clay withanundrained shear strength

profile in native soi(15-25 kPa). Three maitypes of backfill with various geomechanical
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properties were developed to model the significant difference between the strength of the
native material and the backfill. The model pipe svas dictatedy the dimensions of the
internal pore pressure trsaiucers that had to be incorporated inside the pipe to measure the
pipe-soil interface pressure or suction in the rear of the pipe during pipeline displacement.
The minimum possible bending radius of the cable connected to the pressure transducer
imposed aninimum nominal pipe diameter of 32 mm to accommodate the transducer. The
acceleration level was set to about 19.1g to model a real pipe diameter 610 mm, as targeted
by the industry sponsor. This pipe size was the same as the earlier tests condiatid in
(Burnett 2015)representing the size range of export pipelines. Different burial ratios (H/D)
ranging from 1.4 to 3.8 were tested to ensure covering shallow to deep burial conditions.
Rectanglar and trapezoidal trenchegre consideredith a fixed bottom width of 3D and

top with varying from 3D to 10D depending thre side angle of the trench wall (90°, 60°,
and30°). The trench wall behind the pipe was kept vertical, assuming a minorosffinet

lateral pipe response moving in opposite directions.

A range of instrumentwvasused to monitor the testing program, such as pore pressure
transducers (PPTs), strain gauges, load cells, linear variable differential transformer
(LVDTs), T-bar, actutors and vertical drive motion controllers, digital cameras, markers

and artificial textures.

3.4.2 Soil preparation
Different procedures were used to prepare the native soil bed and various backfilling
materialsto simulate realistic field condition®& mixture by weight of 50% white kaolin

clay and 50% SiCo-Sil silt was added bw sufficient amount of water to form surry
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with a nominal moisture content of 70%. The mix was left for an hour or some to
completely soak before mixing for about a Hadfur followed by 3 hours mixing under a
vacuum of 6070kPa for deairing. The mixture was poured into the container, closely
observing to ensure it omogeneouand free of lumpsThe containewas placedn the
consolidometeandthe top edgevas checkd andleveledto be horizontal. Incremental
loads were applietb the soil over a week or sand directly monitored by the loall of

ahydraulicjack.

After achieving the desired stress level (400 kPa), the soil sample was sequentially
unloaded up td00 kPa withan open drainage valvéelow 100 kPa, thdow of water

into the sample was restricted by closing the base drain and removing exces thater

soil surface. After removing the box frooonsolidometertheremovable sidewall of the

box was removedby sliding parallel to the opposite sidewall. Before installing the
transparenwindow, the exposed side surface of the soil sample was artificially seeded by
dark Frasier river sand using a regular salt pourer. This texture provided by artificial
seeding allowboth macroscopic and gragtale deformation features be identifiedby

PIV analysis $tanier and White 20)3The Acrylic sheetvas carefully installedn the

side of the box with aatceto-face approaching direction.

3.4.3 Trenching the soil bed
Shaving blades with desired side angles were used to cut the trenchesandif€.
Shaving blades were attached to an adjustable shatlinginside a horizontal guide

frame mounted on thepedge of the boxHigure 34). Samples were extracted from shaved
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material to determine the average water content. The height of the shaving arm was adjusted
to ensue that the spring line of the pipe will be at the desired elevation from the prepared
bottom of thetestingbox. To locate the pulling cable8 mm wide openings were created
using narrow steel blades. The desired dimensions of the tremeresontrolle by using

marks on the internal surface of the steel rear wall and direct measurements through the
transparentront wall. Figure 35 and Figure 36 showa sample of excavated soil bed,
where trenches with vertical and inclined walls hiagen testedlhe trench depth was kept

the same for both of the pipes in a test. Trenches witbetltifferent side anglesere
created(i.e., 3¢ 60° and 9(5). To better simulate the real condition, the surfaces of the
trench walls and trench bottom was slightly patterned using a wet canvas to prevent having

a slippery smooth surface between thedheand backfill.

C-clamp

Fixed
horizontal

guide

Excavated material

Adjustable shaft
travelling inside

guide
Scraper
blade

i Control
markers

Figure 34. Excavating trench bottom using blade
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Figure 3.5. Box front view; pipes installed inside two excavated trenches before
backfilling

Observation
window

Two model
pipes in each
test

PPT-N2
embedded in
native soil

Backfill shields to
separate artificially
textured backfill
from ordinary
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PPT-N1
embedded in
native soil

T-bar site

Figure 3.6. Top view ofthe instrumented box before backfilling
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3.4.4 Backfilling material

The excavad materials usually usedor backfilling the trenched pipeline. Depending on
thetrenching and backfilling technique, and construction condition, the backfilling material
maybe remoldedo a different exteniarious backfilling material properties are expected
depending on many parameters such as level of soil disturbance, sizey déiraps,
potential high energy environment, whether the excavated spoil is left on the seabed or
stored on land or barge, the period of exposure before placing in the trench, consolidation
time after placing inside the trench and étchis study, in addition to silica sand, a range

of cohesive backfillsvasreproduced frorshavecdative material including very soft slurry

and chunk materials with various strergtDifferent preparation methods were used to
model a range of backfiilg conditions and backfill propertiesThis enabledthe
preparation of fairly soft backfills representing the strength difference between the real
native soil and backfill materialTable 32 shows the summary of theestbed and

backfilling material
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Table 32. Soil properties ofthe cohesive testbed

Trenc T-bar T-bar Native ¢ Natlve Native . Satur_ated
Trench . : ; soil water water Native unit
- Test h " site site at pipe oo -
Test Pipe . backfill ) . content content  soil void weight
name backfi backfi  backfill depth -
Il tvpe ID I ¢, (kPa) (kPa) before after test ratio -t
yp u test (%) (%) (KN/m?)

Pipel T1P1 Chunk TiB1
Test 1 Slurry <<1 16-19 32.04 32.97 0.864 18.33
Pipe2 T1P2 Slurry T1B2

ppe1 Top1 L00S€  1om;

Test 2 sand Chunk 2-3.7 16-195 30.81 31.11 0.815 18.56
Pipe2 T2P2 Slurry T2B2

Pipel T3P1 Slurry T3B1
Test 3 NA NA 17.5-20 31.24 31.47 0.825 18.51
Pipe2 T3P2 Chunk T3B2

Pipel T4P1 Slurry T4B1
Test 4 Slurry <«<1 17.5-20 31.99 31.98 0.838 18.45
Pipe2 T4P2 Chunk T4B2

Pipel T5P1 Slurry T5B1 25.
Test5 Chunk 4 5 17-20.5 30.12 32.13 0.842 18.43
Pipe2 T5P2 Chunk T5B2 )

3.4.4.1 Slurry

To investigatehe influence of different backfills on the pipeline respomsgenched but
unburied base case was required. In reality, the trench may be naturally filled with fine
sediments under the environmeni@hds action in therelatively shallow water, where
saabed currents are sufficient to induce transf@dthie et al. 2005Also, the excavated
material deposited into the spoil heaps and then left exposed to fexdavat longperiod
before backfilling causes the soil to become fluidized and prodsterg This kind of
natural backfill is aoftslurry that has no or very low strength. A mixture of shaved native
soil material and the water was used to creatbdbkfilling slurry with water content about
100%, which is abouhreetimes the liquid limit of the native soil. The-flight T-bar test
showed almost zero undrained shear strength after inflight consolidation. However, the test

results showed that despite low strengtimechanism called pipelite2nchbed interaction
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contributes to the respond@anian andShiri (2019)which is chapter Bhas more details

onthis mechanismigure 37. shows a top view of thigackfilled soil sample.

Observation window

Backfilled with slurry

Two digital
camera views

Backfilled with sand
__T-bar site backfill

Surface PPT-WT

Figure 3.7. Top view of the instrumented box after backfilling

3.4.4.2 Chunk of native soll

The chunks of around 25 mm were excavated from native soil and exposed to water for
several hours. This backfill was heterogeneous and consisted of softemedhatdedor
sem-remolded chunks. The water content was kept slightly higher than tkstun
consolidated soil. The preparation process of this backfilling type can simulate the jet
cuttings excavated and deposited inside the trench in a matrix of slurry while using the
jetting technique. This backfill can aldme takenas an attempt to model the backfills
produced by mechanical excavation or backfilling techniquespliéwing, backhoe and
clamshell bucket. Four different chunky matesialere produced and tested in this

program.
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3.4.4.3 Silica Sand

The granulapurchased material még usedor backfilling of the pipelines in many cases.
Fine Silica sand (D60 = 0.205 mm; D30 = 0.14 mm; D10 = 0.103 mwas) usedas
backfilling material in one & (T2P1) to investigate the pipeline response surrounded by
granular cohesionless materials. The silica seaslpourednside the trench after locating

the pipe. The sand backfill achieved an extent of densification by water filling the test box

and inflight period for consolidating native soil.

A T-bar penetrometdGtewart and Randolph 1994as used to obtain the undrained shear
strength profile of the native and backfilling material. Adr bearing factor of 10\was
consideredor deep penetrations. But for shallaepthsa reduced bearing factor arising
from the soil buoyancy and shkak failure mechanism mobilizebleforethe full flow of

soil around the bgihite et al. 2010)vas used to translate the measured bearing resistance

to the undrained shear strength.

3.5 Instrumentation
The moe! pipe, backfilling and native sastasfully instrumented to ensure sufficient and
reliable data wilbe recordediuring the testing prograrfiable 33 provides moreletailed

information about the test instrumentation.
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Table 33. Test instrumentation

Instrument name Location Description

Total number
used per test

Inside the pipe sensing the

Internal PPT ; Druck PDCR81
rear of pipe pore pressure
PPT holder, water plug . .
andO-rings Inside the pipe Nylon
Pore Pressure In backfill and native soil
Transducer (PPT) andat surface of soil Druck PDCR81

Shear gauge which hasen
calibratedto shear force at reduce
section of pipe

At reduced section of pipe.

Strain gauge One fullWheatstonédridge

Connected to pulling cable

Load cell measuring total pulling force 3.5 kN capacity
including all frictions

T-bar T-bar site Headbearing area: 30x7.4 nim

Digital camera In front c_n‘ the viewing 10.10 megapixel
window
LVDT Native soil surface Linear Variable Displacement
Transducer
Laser LVDT Backfill surface There was malfunction because

passinghrough water

Inner side of transparent Inner circle diameter: 6.27 mm;
Control marker

window Outer diameter: 12.24 mm
Sand for artificial Sprinkled on native soil and
- mixed with backfill just FraserRiver sand
seeding . )
beside the window
End caps & Gring The end of the pipes Nylon

1 per pipe

1 per pipe

2 per pipe

2 per pipe

1 per pipe

1 per test
1 per pipe

2 per test

1 per test

18 per test

NA

2 per pipe

Miniature pore pressure transducers (PPTs) were used to record the pore pressure variation

in different spots of the test box. The internal R®E installednside the pipe facing the

rear of the pipe to measure the suction force mobilization behind the pipe during the

displacement. The curvature of the data acquisition cable connected to this PPT dictated

the minimumdiameterof the model pipe (i.e., 31.75m). Each backfill material equipped

with one PPT and two more PPWsas installedn native soil with the locations shown in

Figure 33. The external PPTs were kept insfit@n using supports on twebleams carrying

the actuators. These external PPTs were used to monitor the state of soil equilibrium

assessing the soil drainage conditions under various pipeline displacement rates throughout
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the moving path. The external P&couldbe alsoused for monitoring the variation of the

watertable.

The straingaugeswere installed in the reduced cresection of the pipes to capture the
lateral pipe responsé&igure 38). The strain gauges were calibrated to measure the shear
force at the reduced sections. Calibration factoese extractedy a simple analysis of

load distribution along the pipe.

In additionto direct monitoring of surface variation of the soil surrounding the pipes via
acrylic sheet, appropriate numbers of linear variable displacement transformers (LVDTS)
were also used to measure the soil surface movement. The measuring shafts of the LVDTs
rested on Plexiglas pads. These pads were penetrating into the slurry backfill with low
strength, so laser LDVTs were replaced in the tests with slurry backfill. The clarity of the
filled water inside the test box was not sufficient for traveling the lzesmm and recording

the surface movements.

Strain gauge at
reduced section

Location of
pulling cable *
clamp

Figure 3.8. Shear strain gauge installed at reduced section
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3.6 Visualization and monitoring

Two Canon EOS DIGITAL Rebel XTi still cameras operating in continuous shooting mode
were usedo capture images of the moving pipes end cap and surrounding soil through the
observatiorwindow. Each camera was intended for one pipe individu@iiypo cantilever
beams fixed the camertsthe centrifuge swinging platform. Tight cables were useckat th

end of cantilever beams to secure the camerakigher glevel.

The &rylic window on one side of the test box enablbe direct recording of soil failure
mechanism, pipe trajectorgnd lateral pipe response. The continuously captumgt-
guality images were used iparticle image velocimetry (PIV) analysis measure the

displacements and obtain strains at any point observabldHiemndow.

The PIV analysis wasonducted usin@GeoPIVsoftware originally developed Birhite et

al. (203) and further developed Wtanier et al. (2016)where tle subsets of the image

field were tracked and compared with tieéerencamage as the pipes webeing pulled

Black and white circle markers with the dimensions and lagbotvn inFigure 35 were
attached to the transparent window as the reference points in PIV analysis. Because of
physical limitations in testing facilities and the a¢tuar s, t he di git al car
synchronized and moved witihhe movement of the pipelo limit the slight effect of
varying observation sight over the large lateral displacement in PIV anaysasbration
sheetwas usedThis enabled the correctn of image distortion because of noncoplanarity

of the images and object planes, and the nonlineaefisrand barrelling effects. During

the tests with model pipe nominal moving velocity of 0.01 and 0.003 mm/s, 283and

secondshutting intervals weresed to capture images at 0.25 mm increments wiich
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appropriate relative to total displacement domain and ensure sufficient capturing of the soil

failure mechanisms.

3.7 Preliminary sand tests for setup calibration

The preliminary experiments were conductediry sand to find out the possible bugs in

the test configuratianAs the consolidation process in clay is tio@msuming, the
preliminary tests were chosen to be conducted in dry sand to make sure that the test

configurationwill properlywork for clay.

3.7.1 Testing setup and procedure

The testing program consisted of three series of tests engaging the ppélingeraction

in dry sand through large lateral displacements. The buried pipes were pulled in opposite
directions over a large course of displaeats (2.5 t&.0D). In tests with deferentlgvels,

the pipes were pulled in two individual stagése @nd was placed inside the box without
any densification process. However, there would have been some slight levels of

densification duringheloading ofthebox onto the platform and during centrifuge running.

Two model pipes were pulled in opposite directions and tested in each run resulting in six
sand tests in total. The instrumentation of fpwas not ready at the time of testing,
therebre, the results of pip2 were not measured during the experiments. The assumed
uniform lateral distributed force due to pipeil interaction was obtained using two shear
strain gauges which were installed at two sections of the pipe. These two strgé&s ga

measured all the shear force developed between theolusaf the strain gauge$he

48



internal dimensions of the testing box were 0.9 m by 0.3 m wide by 0.4 m high. The testing
box was designed to simulate plane strain conditions, as an infinitg\blaried pipeline
would experience similar conditions in the field. Both pipe and sand are restrained at two
sides of the box and during lateral movement of the pipd,s@mot flow out of the plane.

The testbed was prepared using silica sdallle 34 shows some details of the preliminary
tests.The sand particle size analysis shows that the sand is poorly graded, heving D

0.19 mm and coefficient of uniformity,G 1.96.

Table 34. Summary of the testing program

Model

Test Pine Test Scale pipe Ijroéo(;iy;)n(i Prototype Burial - C?gggmg Resistance  Normalized
P ID diam PP depth (m) ratio, H/D  (kN/m3) p (KN/m) resistance
(mm) (kPa)
(mm)
— Pipel TiP1 19.06 31.75 605.2 1.20 2.0 135 16.24 63.93 6.50
es
Pipe2 TiP2 19.06 31.75 605.2 1.20 2.0 13.5 16.24
Pipel T2P1 19.06 31.75 605.2 0.60 1.0 135 8.15 33.69 6.83
Test 2
Pipe2 T2P2 7.95 31.75 252.4 0.25 1.0 135 3.40
Pipel T3P1 795 31.75 2524 0.72 2.8 135 9.66 20.03 8.21
Test 3
Pipe2 T3P2 19.06 31.75 605.2 1.72 2.8 13.5 23.16

3.7.2 Comparison with published studies

Figure 39 compares the test data with some other experimental studies and guidelines
including, ALA (2005), PRCI (2009)andASCE committe€2014) All the data presented

in Figure 39 are selected from the previous experiments executed in loose sand testbeds.
ALA (2005) predicts closeresults to the present experiments. There are many sources of
discrepancies, including friction angles, sand types, sand densities, and experimental

procedures associated with test setups and their side effects on the produced results.
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Figure 3.9. Comparison of the normalized resistance with several published test
results and guidelines for loose sand

The results of the current study are comparable with the results of tsedldlexperiments
conducted byurnett (2015)There were several differences between the current study and
Burnett(2015)including small scale modelj usingcentrifuge, as well as the sand type
and relative densitylTable 35 describes some of the differenceghe sand type, friction

angle, scaling, pipe diameter, burial ratio, and relative density conditions.

50



Table 35. Lateral pipei soil interaction experimental studies in sand

Experimental Sand type Relatlve_<_jen3|ty H/D Pipe diameter scale Friction
study condition (mm) angle
Current study Dry silica sand Loose 1,2,3 252 & 605 7.95 & 19.06 32
prototype
Debnath (2016) Dry silica sand Dense and loose 2 609 prototype 13.25 32
Bumett (2015) DY synthetic Loose and dense 1, 3,7 254 & 610 1 82.7-
olivine sand 354
Karimian etal. - Moist& dry Fraser —yoqiym dense 2,75, 1.2 324 & 457 1 32-34
(2006) River
Trautmann and )
Ob6Rour Dry Cornell filter Loose to dense 15,35, 102 & 325 1 31, 36,
sand 55,8,11 44
(1985)
Audibert aml 25, 63.5, 114.3,
Nyman (1977) Carver sand Loose to dense 1to 24 2986 1 35
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Abstract

Subsea pipelines in shallow areas are usually buried inside trenches backfilled with pre
excavated material as a c@stective protection against the environmental, constructional,
and operational loads. The design of buried pipelines for potentiall ldigptacements is

a challenging aspect that is usually simplified by assumungfarm soil surrounding the

pipe. However, the remolded backfilling material and its lower stiffness compared with the
native ground can significantly affect the failure meakms around the moving pipe and

the mobilized lateral soil resistanch this study, the lateral pipelif®ackfill-trench
interaction and the resultant soil failure mechanisms were investigated by centrifuge tests.
Particle image velocimetry (PIV@nalysis was conducted to capture the interactive soil
displacements and failure mechanisms. The phrtdrained condition was adopted to
magnify the pipelindackfill-trenchinteractioneffects and the significance of the burial
depth was also invegtited. It was observed that the interactive effects of pipeline, backfill,
and trench precede their individual shear strengths. The study revealed the significance of
the pipeline/trencibed interaction irthe mobilization of the lateral soil resistancedan
several other mechanisms not yaetdressedn the literature. As a result, several new
research avenues were identifiadd the ground was prepared for proposing-etisttive
solutions to improve the prediction of the lateral response of buriedrap#lithe near

future.

Keywords: Lateral pipesoil interaction; py response; large deformation; centrifuge
testing; trenching and backfilling

55



4.1 Introduction

Subsea pipelines that are widely used for the development of offshore fields can be

subjected todrge lateral displacements due to environmental, operational and accidental

loads (e.g., ground movement, ice gouging, drag anchors, etc.). Subsea trenching and
backfilling by reusing the excavated material is usually a-affgctive solution to protect

the pipeline against lateral displacements. Depending on the trenching methodology, the
construction procedure, and the environmental loads, the backfill material may undergo

different degrees aemoulding and disturbance. Thisocess causes the badkifilaterial

to be much softer than the native ground, with a wide range of shear strengths ranging from

negligible to almost native soil strength valEaulin et al. 2014)

The difference between tlséiffnessof the backfill and native material can significantly
affect thefailure mechanisms around the pipe, and the resultant lateral soil resistance
(Pipeline Research Council International (PRCI) 20BRjure 41 schematically shows the

potential scenarios that may happen depending on the relative backfill/native soil stiffness.

Submarine landslide
Ground movement

7y r* Q\Hi‘ﬂ%fpabe

—~ f e (T Ay

~—2L /¢ { Displacement Zong "~ ————_ ‘Q‘lﬁis‘w oi
T~ —_ () Plpe

Homogeneous soil ;.
Backfill softer than native ground (Practical)

Figure 4.1. The lateral response of trenché and backfill pipeline to subsea geo
hazards
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However, the lesexplored interaction between the pipeline, backfill, and the native ground
(trench walls)havecaused the design standatdssimplify the buried pipe configuration

to auniform soil. The pratical incorporation of this simplification needs excavation of an
adequately wide trench that results in a high construction cost. This is only to #rmsure
pipeline response wil/ depend solely on th

and noton the stiffer native groun@ouretzis et al. 2013)

In the present study, centrifuge tests were conductedCADRE to investigate the lateral

soil response to the large displacements of the shallowly and deeply buried pipelines. A
mixture of Speswhite kaolin clay and Silo-Sil silt was used to preparesaft native
ground (undrained shear strength less than 25 kPa), which has been observed in shallow
waters €.g., water depth less than 10Pawer different geographical locations (e.g., Bohai
Sea (Liu et al. 2013), Mackenzie Delta (Solomon 2003), Chang{Baet al. 2015), and
Persian Gulf (DOT 2011)). The selection of a soft clay as native ground enabled observing
the significance of the interactive failure mechanisms in lateral soil resistance, having even
a limited difference between the stiffness bé tbackfill and trench. Trenches were
excavated in prepared native ground and backfilled with slurry after locating the
instrumented pipe sections. Particle image velocimetry (PIV) was applied to monitor the

progressive pipelinbackfill-trench interactiomechanisms.

Using a low pipe velocitythe partially drained condition was adopted rtotigate the
impact of the excess pore pressure, magnify the pure effect of pipalikéll-trench
interaction, and obtain the contribution of the trench to the byaitare mechanisms. This

was motivated by reviewing the observation made by Paulin (1998), where the higher
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pipeline velocities (undrained condition) caused the backfill to become less of a factor in
interaction. In addition, in many geographical looas, silt fractions are found in natural
offshore soft clays (e.gtheGulf of Mexico, Schiffman (1982) that tends the consolidation
characteristics of clay towards partially drained and even fully drained conditions. Other
compositional and depositionfdactions may also show a similar effect. Also, Paulin
(1998) did not investigate the burial depth effedhmpartially drained condition that was
covered in the current study as a remaining knowledge gap. Therefore, the main objective
of the current stdy was set to qualitatively investigate the lateral pipdbaekfill-trench
interaction mechanisms in clay through direct observation under partially drained

condition.

The forcedisplacement ({y) curves were obtained and compared with correspondihg P
analysis throughout a large course of pipeline displacements (about 4D). It was observed
that the interactive effects of pipeline, backfill, and trench preceded their individual effects,
and the mobilized soil resistance was not solely the result oktlikar strengths of
backfill/native soil. The pipeline/trendbed interaction, the trench geometry, and the
passive backfilpressure affected the pipe displacement trajectory and consegtieatly
progressive formation of shear bands underneath and kékiedllapsing trench wall. As

a result, a lower ultimate lateral soil resistance was achieved compared uioifthven
native ground. The partigl drained condition magnified the pipelibackfill-trench
interactioneffects with more significance ithe deeply buried pipeThe current study
revealed several important mechanisms, e.g., the significant influence of pipeline/trench

bed interaction othe mobilization of the lateral soil resistance not yetll addresseth
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scholarly researches. Several n@search avenues were identifietid the ground was

prepared for improved and cesffective design of buried pipelingsthe near future.

4.2 Experimental modelling considerations and testing ppgram

There are only a few studies that have investigated the trenching/backfilling effect on lateral
pipe-soil interaction (e.g., Ng 1994; Paulin 1998; PRCI 2003; and Phillips et al. 2004).
However, the only systematic experimental study ¢me Ilateral performace of
trenched/backfilled pipelinas conducted by Paulin (1998) and extended laté&tRy@I
(2003), and Phillips et al. (20Q4)verall, these studi@svestigated the effects of different
backfills, soil stress history, trench geometry, pipe size,antiem rate, and burial depth
through undrained, partially drained, and drained conditions. However,cthadg not
directly observe internal soil displacements and failmexhanisms. This motivated the
current study to set the observation of the failnezhanism as the main objective that was
magnified by adopting partially drained conditiorThe testing program was conducted at
theGCORE centrifuge facility |Meoma@dléndersdyt t he
of Newfoundland (Newfoundland aridhbrador, Canada). The setup initialization tests
were conducted in loose sand and validated against thechlé tests published Burnett
(2015)(Kianian et al. 2018a)Ywo tests with shallow (T4P1, H/D = 1.45) and deep (T5P1,
H/D = 3.70) burial condition were conducted to investigate the depth effect as well. Very
soft slurry backfill with rectangle trenchesasvused via partially drained condition
(Normalized velocityyD/c, = 0.14, based oRhillips et al. (2004)to purely capture the
trench effect on lateral pipe response. It is worth mentioning that the current study did not

intend to quantify the effects of various parameters affecting the lateradqilpeteracion
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that might need a large number of tests. Rather, the study explored the interactive internal
soil displacements and failure mechanisms via two tests resultihg imterpretation of

the observed trends inypresponses.

In order to optimize the taag program and effectively use the existing test data, the test
setup was developed in a similar approach undertaken by Paulin (1998) and Popescu et al.
(1999). The significant advantage of the current test set up compared to the earlier studies
was the ge of atransparenbbservation window and PIV analysis that enabled direct
capturing of failure mechanisms and soil displacements beside the laterasponses

(seeFigure 42).

Digital Cameras  Strong box

Backfilled Not backfilled
trench yet

Pipe end cap at  Pulling cables
window side

Pipes Native Grounds

Figure 4.2. Transparent window and digital cameras for PIV analysis

The real pipe si ze extarsaldianeterot6lOamn. Thespipsizé wi

was a technical requirement of ther o j iadudtry sponsor to keep the continuatain
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their earlier fullscale studies in sand conductedBaynett (2015}t Queens University.
Because of technical s&ictions in accommodating the internal pressure transducer, the
minimum possible pipe diameter was selected as 32 mm to guarantee that the cable of the
transducewill not be folded. Combining this requirement with the prototype pipe tiee
spinning @celeration was set on 19.1g. The internal walls o$ttedox werelubricated

to eliminate the friction between the end caps and the box walls as much as possible. A trial
pipe pulling was conducted without soil hedid the pulling load was measuredensure

that the friction has been properly suppressed. In order to eliminate the friction between the
cable and the soil, two strain gaugesreinstalled on eachipeto purely capture the lateral

soil resistance right in front of the piple. addition,load cells were installed on pulling
cables to doubleheck the results obtained from the strain gauges. The load cells captured
the friction forces as well, including the friction between the end caps and the box walls,
the friction between the cable apdlley, and the friction between the cable and soil. The

results presented throughout the paper were obtained from strain gouges.

The dimensions of the strongbox (900 x 400 x 300 mm, L x H x B) provided sufficient
margins to prevent boundary effects. Taaon the inflight undrained shear strength of the
backfill and native ground, a-bBar penetrometer was mounted on stendox. The
summary of test setup preparation is explained in the next semtidthe full details can

be found inKianian et al. (2018). Table 41 summarizes the details of the experinsent
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Table 41. Summary of conducted experiments in shallow and deep trenches

Trench Normalized

Tt U bkl Trencn vl MUSSRRCETEN eioery ol pbe
’ type Y Vn=vD/cv

T5P1 3.70 Slurry Vertical 2.98 0.14 3.75D

T4P1 1.45 Slurry Vertical 3.01 0.14 3.95D

It is worth mentioning that centrifugal acceleration simulates the gravity and allows for
correspondence of stress fields between model anédalé permitting an accurate
geotechnical modelling. However, to verify the scale effects, modelling of nestslat

di fferent fAgo | evels can be conducted to el
modelling. Paulin (1998) conducted modelling of model tests and attempted to model the
same prototype condition at 1:25, I:50 and 1:100 scaleghfoidateral response of
trenched/backfilled pipelines in clay. The study yielded acceptable results with most of the
interaction curves within a bandwidth of @l5normalized lateral loads. These results
provided sufficient relaxation to avoid repeating the sgadiuidies in the current research

work, which has used a test set up almost identical to Paulin (1998). In addition,
comparisons were made between the results obtained from the current study and a range of
large and smalcale studies, and the resultanalgtical and empirical solutions that will

be further discussed in the later sections. More®adection of an identical test set up to

the earlier studies (e.d?aulin 1998; PRCI 200&nd Phillips et al. 2004with a single set

of instrumentsmaterial mix, testing personneitc. were assumed sufficientéasure the

repeatability and reliability of the conducted tests.
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4.3 Testsetup preparation and testingprocedure
The test apparatus was designed to conduct two separate tests at the sdfngutie?e3
shows a schematic view through thensparentvindow. The model pipesere backfilled

inside the excavated trenches in aqoasolidated soil bed.

Pipe-1 Pipe-2
vertical T-bar vertical
drive actuator drive
| |
l |
{ tgﬁj T-bar [FPF-B2 Load |
LVDT-1 LVDT-2 cell-2 m
Spreader LASER Spreader
plate LVDT PPT-N2 plate
| PPT-WT =
| 400
|
l
.............. : 3 ";1:..2‘ ( b ” 2()2

T-bar site backfilled Pipe 1 initial and Pipe 2 initial and
with chunk post-test location post-test location

Figure 4.3. Sample schematic view of test setup and instruments (dimensions are in
mm)

The pipes were horizontally pulled in opposite directions using pulling cables passed
through the fixed pulleys. The pipes were pulled under disptent control condition but
were free to displace vertically. Releasing of the vertical restraints enabled the pipes to
slightly move upward at the beginning of test following the path of least resistance, and
allowed to capture the significant effecttioé pipeline/trenciibed interaction on lateral soill
resistance. However, the pipes tended to move vertically downward with larger pipe

displacements as the result of the pipe weight, bearing stress, and pulling cable. This
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configuration was in a similar otext with the reality, where the laterally loaded/deflected
pipe tends to return to its ideally straight configuration and develop a vertical load
component. For a precise evaluation of the purely lateral soil resistance, the measured
lateral forces arediter to be calibrated against the instantaneous pipe trajectory. This
would improve the accuracy of the current 1@ FgFigure 44 shows the sumanized

sequence of test setup preparation.
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* Checking drainage Silt shaving tools * Lotate .lhe temporary valves
valves * Soak for an hour * Excavate the T-bar backfilling diaphragm * Start spinning up
* Mark ups * Vacuumed mixing test site * Backfill thepaftemed * Fill the water inside
* Lubricating for three hours to * Excavate and matcrial between the the test box to a
interior walls de-air install the pulley d;:xphra%m an§ t(l;c desired level
o Lavingrgeotextiic lates observation window . SPTR
ang sagnj layers for s Extracl clay lumps * Backfill th'c rest of ﬁ:::gllijl:til:nﬂlém
filtering at the and prepare trench behind the + Run T-bar
bottom backfill material diaphragm using « Start pulling the pipes
[ * Lubricate the pipe regula backfill * Monitor data
v end caps and lay : Remove. the ?emporary acquisition and PIV
Pour the mixture into inside the trenches backfilling dmphragm setup
the leil box « Install the pipes *_Backfill the T-bar site + Complete the test
pulling cables * Transfer the test box to
Locate the test box inside * Collect samples for * Install PPTs in backfill outside of chamber
the consolidation chamber lab tests * Locate LVDTs
¢ * Set Cameras ¢
« Apply the top filtering layer Install PPTs in native * q‘.c‘:k data acquisition -
* Locate the load bearing cap ground en : D‘lsmamle‘the SSEiD
2 ¢ Complete setup and * Collect soil samples
* Apply incremental loads by ¢ leave th ifir : P
weights and hydraulic jack up to Transfer the assembly to s s : Remeve <
400 kPa and give sufficient time lAhc test chAz;mbcr chamber to prepare for instrumentations
;. g o = test * Prepare for next test
for consolidation before l
unloading. ‘
* Unload to 200 and then to 100 * Install pulling and T-
kPa with opened drainage valve bar actuation systems End )
* Close drain valve and complete * Hook up actuators
unloading and install Cameras
* Remove the box from
consolidation chamber
\
v
* Remove one side wall by sliding
 Tilt the box and apply patterns
on soil side by sprinkling Fraser
River sand
* Install observation window
added by PIV control markers
l

Figure 44. The sequence of test setup preparatioand testing procedure

To prepare the native groun8peswhite kaolin clay and Silo-Sil silt were mixed by
50%-50% in weight with a sufficient amount of water to form a slurry with a nominal
moisture content of about 709 he native soil bedvas incrementally consolidategh to
the effective stress of 400 kPa and then wadoaded to 100 kPa with an open drainage

valve. While removing the load, the water flinto the sample was restricted by closing
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the base drain and removing the excess water on top of the soil surface. This level of

consdidation yieldeda claywith an undrained shear strength of 15 to 25 kPa.

Trenches 3D wide were excavated using a blade with an adjustable side angle that was
mounted on a guide beam sitting on the strongbox. The burial depth ratioNagdefined

as tre initial ratio of the pipespringlinedepth to the pipe diameter. A 2D clearance was
considered between the trench bottom and the lower drainage layer in the bottom of the test
box to ensure that there would be no boundary efféetsle 42 showsa summaryf the

backfilling and native material prepared and tested in this study.

Table 42. Soil properties

Native water

Test Trench T-bar sie g:;‘;fmsg Nativecuat ~ content before = sat
ID backfill type  backfill pipe SL(kPa) and after the (kN/m3)
(kPa)
test(%)
T5P1 Slurry Slurry <<1 17.6 32.04- 32.97 18.45
T4P1 Slurry Slurry <<1 16.0 30.12- 32.13 18.43

The model pipevas fabricated from a stainless steel pipe (31.75 mm in diameter) and
instrumented with two sets of strain gauges, one internal pore pressure transducer (facing
the rear of pipe), two strings of pulling cables, two rubber end caps (both lubricated, on

paterned in window side) (sdagure 45).
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Figure 45. Pipe design and instrumentation

Several instruments were used along with 3 parallel strong data acquisition systems (each
has 8 individually configrable inputs) to monitor the testing program. The instruments
included pore pressure transducers (PPTSs), strain gauges, load cells, conventional and laser
linear variable differential transformers (LVDTs);bar, vertical drive motion controller,

digital cameras, markersand artificial textures.This enabled the full recording of
progressive failure mechanisms and the development of shear bands il Aadkiiditve

soil, the lateral forcelisplacement response of the pipeline, the suction force variation
behind the moving pipe, and the pore pressure variation both in the backfill and native

ground.Figure 46 shows the key steps of conducted tests.
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Backfill and install  Hookup in chamber Install pipe sections  Trench Excavation
Instruments
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Figure 4.6. Visualized key steps of test setup preparation procedure

The pipeline displacement rate was set sufficiently leld/¢, = 0.14, partially drained

based on Phillips et al. (2004)) to consolidate the surrounding soil, eliminate the effect of

excess pore pressure andgnifythe effect of pipelindackfill-trench interaction.

4.4 Characterization of soil strengths

A T-bar penetrometer (Stewart and Randolph 1994) was used to assess the strength profile
of the backfill and native ground-itight. The T-bar head bearing area was 37.4 mn¥.
Due to limited space on the test box and having access to only-lomeattator, the T

bar test sitdad to bedesigned in a way to allow assessing the backfill and native ground
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strengths in a single run. A-Bar site was excavated in thativeground and filled with

backfill material in each test. The surface dimensionsefTthar site was 75 50 mnf¥,

andthe depth was selected to be deeper than the tested trench depth. These dimensions
were used to properly obtain the undrained shear strength profile over the trench depth and
the native ground involved in the failure mexisans and also to ensure the prevention of

the boundary effects in different directions. Thédr was first penetrating to the backfill
material and then continued to penetrate into the native groundb# Test with no
excavation in native soil was algonducted to capture the pure shear strength profile of

the native soilFigure 47 shows the schematic configuration of thedr site and arbitrary

shear strengthrpfiles.
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A T-bar factor of N = 10.5 was used to convert the measured unit bearing resistance, g, to
the local undrained strength,.SThis factor has been recommended $tewart and
Randolph (1994) based on the plasticity solution earlier proposeRabgolph and
Houlsby (1984)For shallow depths, a reduced bearing factor considering the effect of soil
buoyancy and a shallow failure mechanism mobilized prior to the full flow of soil around
the bar was used to transform the measured bearing resistance to the undrained shear
strength(White et al. 2010)The reduced bearing factor increases the shear strength profile
that was obtained by the factor 10.5. This profile is considered for shallow penetrations.
Figure 48 shows the undrained shear strength profile for the conducted tests outlined in
Table 41. The good correlation between the shear strength profiles of the native ground
from different tests shows that the native soil conditions were kept fairly similar between

the tests.
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Figure 4.8. Undrained shear strength profiles and linear curve fits
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Approximate linear $profiles were fitted for both thigackfill and native soils to facilitate
the backanalysis of the test data, as showikigure 48. Table 43 shows the magnitudes
of mudlineintercept, Sm, andthe shear strength gradieks,, obtained from th@roposed

linear fits.

Table 43. Linear curve fits of undrained shear strength profiles in model scale

. Sjm KSU
Soil Type (kPa) (kPa/m)
Native 15.0 1.15
Slurry 0.0 0.10

The undrained shear strength in slurry backfills is almost neglidibkenative soil located
underneath the backfill material showeglightly softer response in the initial stages of
penetration. This is due to the slight water dissipation from the backfill to the native soil.
By increasing the penetration, the plots ekaid native soil strengths are gradually

matching the profile of pure native soil.

45 Testresults

45.1 Lateral load-displacement response

Figure 49 shows the forc@lisplacement responses against the normalized lateral
displacement (y/D) of the conducted tests with the key configuration and test parameters.
It is usually appropriate to normalize the load with the pipe diameter and undrained shear
strength to obtain the ima&ction factor. In this case, the lateral load can be either
normalized by the undrained shear strength of backfill, native ground, or both. However,

normalizing the load by the strength of the backfill will be only appropriate for the backfill
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region andvill provide no meaningful information for the native ground. Same will happen
for the backfilling region if the load is normalized by the strength of the native ground. In
case of normalizing the load both by the undrained shear strength of backfiitauedsoil
within corresponding regions, significant discontinuities will happen-in rpsponse,
particularly with the complex form of interaction factors in the transition zone near the
trench wall. Therefore, the load response was not normalized fopargpresentation of

p-y response.
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Figure 4.9. The lateral load-displacementresponse

Several important trends in the lateraf pesponse were observed and can be explained by
accurate PIV analysigt the initial pipedisplacement pointhe magnitude of the load is
slightly increased showing a relatively high stiffness at the beginning and continued by a

softer response while the pipe is moving in the slurry backfill. By approaching the trench

72



wall (native ground), theesponse gets stiffeandthe load is dramatically increased by a
steep transition slope, which increases its incline with further penetration into the native
ground. The gy results show that the burial depth ratio (H/D) has a significant effect on
the p-y response; the deeper the burial depth, the larger the lateral resistance, as reported
by earlier studies as well (Karal 1983; Altaece and Boivin 1995; Paulin 1998). It is
challenging to determine a displacement corresponding to the ultimatessstidcesince

the load is continuously increasing. The load drop in T5P1 that happens at 3.20D
displacementannotbe guaranteed that it is the ultimate resistance or a sign of a boundary

effect due to a large global failure.

Figure 49 shows a lateral load of about 5 kN/m for the pipe inside the slurry, which is
much larger than what is expected. It will be shown in later sections that by reviewing the
PIV results the soge of this load mobilization is the pipeline/trerméd interaction, which
significantly affects the lateral soil resistance in larger pipe displacements. The
investigation of the pipe/trendted interaction and its influence on ultimate lateral soll
resstanceis one ofthe contributions of the current study. It will be shown that future
comprehensive investigatiorsve neededn this area to improve the current state of

knowledge about the lateral response of trenched/backfilled pipelines.

Figure 410 presents the comparison of the test results witlp-4heurves predicted by the
existing design codes (i,d2RCI 2009; ALA 2005; and ASCE committee 2014). The test
resuts were examined against both the undrained and drained solutions, irrespective of the
applicability. The soil strength parameters for the undrained condition were extracted from

Table 43, andthe drained parameters were adopted from tkextal tests (Paulin 1998).
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Figure 4.10. The comparison of the py responses between the test results and design
codes

The results opartially drained tests did not fit inside the undrained and drained boundaries
predicted byALA (2005), PRCI (2009), and ASCE committees (2014). Paulin (1998)
observed similaincongruities between the undrained and drained test results and the
prediction made by analytical and empirical solutions that built the basis of the equations
proposed by design codethese design codes overestimate the ultimate load for a pipe
moving inside the bzkfill or when approaching the trench wall and underestimate the
lateral load for the pipe penetrating into the trench wall. It will be shown in later sections
by PIV analysis that the significant reduction of the soil resistanteeimative ground is

the result of trenching that releases the passive pressure against the collapsing trench wall.

Also, the larger soil resistance inside the backfill is primarily the result of the pipeArench
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bed interaction, not the shear strength of backfilling materigithBr of these effestare

taken into consideration by design codes. The pipe/trbadhnteraction would comprise

the initial vertical pipeline embedment, the shear strength of the native material at the trench
bed, and potential suction forces betwtenpipe and the trench bed. Paulin (1998) referred

to this potenti al interaction but coul dnodt

internal soil deformations.

The interaction factors or the normalized lateral loads of the conductecgestst the

burial depth ratio were compared with some of the key published studies shbigaria

4.11. A close agreement was observed between the current resultegrddiction made

by Rowe and Davis (1982) (immediate breakaway) and Paulin (1998). The solution
provided by Rowe and Davis (1982) and also some of other researclamise 1948;
Hansen and Christensen 19&Imith 1962;,0vesen 1964Sokolovskii 1965Kosteyukov

1967; Ovesen and Stromann 19R&ely et al. 1973Das and Seeley 19Y%Has been
originally proposed for plate anchors but has been widely applied to pipelines due to a
similar fashion. The current test results were also fairly close to the predictions made by
Tschebotarioff (193) and Wantland et al. (1979)The later studyised an upper bound
plasticity approach to predict the ultimate lateral resistance with ableathg factor
varying with HD and an average cohesiona distance of 2D above the pipeline invert.
However, the upper bound plasticity solution proposed by Merifield et al. (2001) and the
equations recommended by the ALA (2005) overestimated the interaction factor for deeply
buried pipes. This was because they did not address the effect of the pipstkfel-

trench interaction on the failure mechanisierifield et al. (2001) used two numerical
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procedures based on finite element formulations of the upper and lower bound theorems
propose equations for lateral clay resistance against plate anchor. The authors set a lower
bound limiting value of 10.47 to reflect the transition from shallow to ded@viour A

similar overestimation trend was observed in the predictions madiveyr@et al. (2010).
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Figure 4.11. Interaction factor against the burial depth ratio

Overall, the design codes and the plasticity solutions that consiiferm soil strata
ignore the highly different stiffness between the backfill and the native soil. Therefore, they
underestimate the lateral load inside the trench and itmathgitionzone and overestimate

the ultimate response. The basis of the observed trends wilsbesded in subsequent

sections by reviewing the results of PIV analysis.
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4.5.2 Pore pressure variations

PPTs were placed along the pipelineds movi
to assess the soil drainage conditions. These PPTs were also used to monitor the depth of
water in the sample in order to determine the position of the water aglee 412(a),

(b), and (c) show the variation of pore pressure against the pipe displacement in the backfills
(PPT-B series), native ground (PHN series), and right irhe rear of the pipe (Internal

PPT). The location of PPTwas shown earlier inFigure 4.3. Figure 412(a) shows the
pipelinebackfill interface pressure/suction variation thasbeen measured by the PPTs
installed inside the pipes. The trend of internal PPTs indicate an initr@lasingof the

pore pressure followed by the dissipataf the excess pore pressure and the development

of a slight suction force behind the pipe. The magnitude of this suction is quite limited due

to thelow displacement rate of the pipe inpartially drained test condition. The initial
increasing of the pe pressure within the pipe displacement less than one diameter, may
have beemue to thecompetencef the backfill, wherghe excess pore pressure developed

in front of the pipe mayavebeen transferred by the backfill to the rear of the pipe. The

PPT was damaged in test T5P1 and did not give a proper pore pressure variation.
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Figure 4.12. Variation of pore pressure in(a) the rear of the pipe(b) native ground
(c) backfill.
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Figure 412(b) illustrates the PPT measurements in the native ground. Overall, after a slight
decrease and then increase, the excess pore pressure continued to dissipate with time and
are slightly affectd by the pipe interaction with the trench wall. The PPTs inside the
backfills were installed on an elevation to allow the passing of the moving pipe from
underneath the PPTigure 412(c) shows a contentious reduction of the pore pressure and

the development of a slight suction force that miglsb beaffected by the trench wall

collapsing into the backfill.

4.6 Observeddeformation and failure mechanisms

The internal sibdeformations and interactive failure mechanisms were observed by using
a transparent acryliwindow on one side of the test box and PIV analysigytHjuality
imageswere continuously capturday two cameras and pegtocessed by GeoPiRG
software ¢riginally developed by White et al. (200&»d further improved by Stanier et

al. (2016))(seéigure 42).

Zoning of the observations

Different interactivanechanismsvere observed in various stages of the pipe displacement,
where the earlier stages significantly affected the later interactehamisms. In order to
effectively discuss the observed interactive mechanisms, the pipeline displacement was
divided into three different assessment zones (I, Il, and Ill), showigure 413, based

on changing the key soil displacement mechanisms. Zone | covered the pipeline movement
inside the backfill, from thenitial pipe position to a second point inside the backfill, at

which the rotational backfill flow arounthe moving pipe stopped. At this stage, the
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distance of theipefront from the wall was approximately 0.65D for the shallow trench
(T4P1) and 0.5D for the deep trench (T5P1). In this zone, the pipeline has neither touched
the trench wall nor even closadypproached it. The pipe interacts with the backiiltthe
pipeline/trenchwall interaction has not yet been effectively started. Zone Il covers the area
in which the pipe starts to interact with the trench wall without direct contact. This zone
ends wha the pipearrivesat the initial position of the untouched trench wall. The length

of this zone was 0.65D for T4P1 and 0.5D for T5P1. Zone lll represents the area in which
the pipeline moves beyond the initial wall position and fully penetrates inteetiehtwall.

It is worth mentioning that the dimensions of the assessment zones were selected intuitively

and may need to change for different soil properties and pipeline configurations.

Zone I1, 0.5D

Figure 4.13. Observation zones basedrokey soil displacement mechanisms
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Observations in Zone |

Two main mechanismsvere observed in this zone: i) pipelifmckfill interaction ii)
pipeline/trenckbed interaction. A complex interfering mechanism was also recorded when

the mechanism fAi 0 and i Figure #14shevms samples df a't

the PIV analysis in Zone I.
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Figure 4.14. Sample PIV analysis results in Zone | (~ 0.25D pipe displacement)

A close investigation of recorded videos and Pégults demonstrated that the pipeline
backfill interaction (i) comprises loops of eccentric spiral soil flows with rotational circles
around the moving pipe. These spiral flow surfaces emanate from a point above the pipe
and move horizontally with th@pe until the failure surface touches the trench wall. From
this stage, witta further displacement of the pipe towards the trench wall, the spiral flow

starts to contract with a varying ratio that depends on its distance to the wall. The closer to
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the wall the smaller the failure circle will b&igure 415 schematically shows the spiral

flow mechanism with the corresponding dimensions observed in the conducted tests.
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Figure 4.15. Contracting spiral and wedge mechanisms in shallow and deep backfills

Also, Figure 415 shows the difference between the emanation origin (EO) in shallow and
deep trenches, where the EO is tangential to the surface of backfg#haillawtrench and
sharply crosses the backfill surface in tleeptrench. There is an additional upsidewn
wedge failure on topight of the spiral flow with side legs remaining asymptotic to the
spiral surface at the rear of the moving pipe. The far failure surface (in the rear of pipe) is
still a kind of logarithmic spiral, but there is an inflection pointha near failure surface
(above the pipe) of the deep backfill. The observations show that rotational spiral flow is
dominants and the size of failure circles are only governed by the distancetrientie

wall, not the near failure surface. The compariebthese flow mechanisms with obtained
lateral p-y curves shows that the vertical flow wedge has almost no influence on the

mobilized rotational shear against the pip:¢
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the larger soil column on top of tkeeplyburied pipe in T5P1 applied more overpressure
on the pipe, resulting in greater friction between the pipeline and trench bottom. Looking
at progressively contracting spiral flows, one may expect dissipation of the lateral load on
themovingpipe sedbn due to the reduction of the magnitude of mobilized rotational shear
stress in the backfill. However, the obtaineg responses show a continuous increase in
lateral load (se€&igure 49). Therefore, while the pipeline is inside the trench, the lateral

load on the pipeline does not seem to be governedspiral flow mechanism.

A closer investigation of the recorded videos and PIV results showed a second mechanism
that is significant in thassessmemf the lateral soil resistance. This mechanism is a result
of the interaction between the pipeline and the trdreth The mechanism is schematically

shown inFigure 416, where the pipe slightly penetrated into the trench bed during the

inflight consolidation due to pipe weight and the bearing stress.
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This initial embedment resulted in theeationof small soil berms in the front and rear of

the pipe. Due to a minor penetration of the slurry backfill into the native soil around the
internal surface of thereench these small soil berms were barely seen in the tests, but the
recorded videos confirmed their existence and contribution. As the pipeline moved
laterally, the fronbermwas successively developed pushing the pipeline upward into the
backfill that had dower strength. The upward movement was accelerated as the pipe
further approached the trench wall, where the front bermstuaebetween the pipe and
trench wall and was compressed to the trench corner. In addition, the squeezed soil berm
that is stiffer than the backfill intervened and stopped the rotational failure in front of the

pipe, which was considered to be the startingipai the Zone II.

Considering the low magnitude of the shear strength in the slurry bathifllsecond
mechani sm (mechani sm Ai i Opycurves intthe Zonarigseen c o n
Figure 417). A closer look at thg-y responses of the test T5P1 and T4P1 in the Zone |
showed that the resistance in T4P1 started earlier and achieved a higher value compared to
T5P1. Then the-y curve enters into Zone Il wita slope less than T5P1 ($égure 417).

This is due to the test configuration and the relative elevation of the pipptinglineand

the pulley.The elevation othe pipespringlinein the test T4P1 (Shallow trench) is +2.4

mm above thelevation of the pulley invert, i.e., the point at which the horizontal cable
turns to be vertical and attached to the actudtoerefore the cable pulls down the pipe
slightly, while it is laterally displaced in Zone I. As shownFigure 417, this causes the

pipe to first slightly move downward and then shift upward over about 1.0D horizontal

displacement of pipe (negative part of plot No.4~igure 417). The longer shear zone
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underneath the pipe and the larger volume of mobilized soil berm in front giptheause

the p-y response of T4P1 to be higher than T5P1 (plot No.R”gare 417, the area less

than 1.0D). In T5P1, the piporinglineis -5.1 mm below the pulley invert. The cable
slightly pulls up the pipe and shortens the shear zone underneath the laterally moving pipe
(negative part of plot No.2 iRigure 417). This results in a mobilized lateral force less than

test T4P1 (plot No.1, the area less than 0.75D).
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Figure 4.17. Pipe trajectories andp-y curves

It is worth mentioning thathese mechanisms did not end in Zone | and hargnaicant
impact on later stages of soil deformation mechanism through Zone Il and Il that will be

discussed in later sections of this study.

84



The lateral and breakout soilsistance in partially embedded pipelines has been widely
investigated in the past using numeri@aerifield et al. 2008; Wang et al. 2010; Chatterjee

et al.2012), experimental (Cheuk et al. 2007; White and Randolph 2007; Dingle et al.
2008), and analytical (Das and Seeley 1975) methods. In all of these studies, the pipeline
is partially exposed to the water or air on its top. In case of the buried pipdliaegter

or air on top of the pipe is replaced wabit backfilling soil. This pipelinébackfill-trench

bed interaction would significantly affect the berm development, lateral soil resistance, and
the lateral breakout by changing the magnitude of tsipa pressure on top of the pipe

and the berm. To datéhere have been no studies that investigate the backfill effect on

berm development, the lateral resistance and break out of the buried pipes.

Also, in the published studies, the trench bottom wislthelieved to have no effect on the
lateral pipesoil interaction (Paulin 1998), which is not in agreement with the findings of
the current study. The current study shows a high potential for a significant effect of the
trench width on lateral soil resece.Figure 418 shows a typical lateral response for

partially buried pipelines (DNV.GL (2017))
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Figure 4.18. The typical lateral response ofpartially buried pipe and its relation to
the trench width

Combining the observations of the current study with the response shbigaiia 418, it

can be concided that in a wide trench, the pipeline/trebeld interaction can be fully
developed with full lateral pipe break out. In such a case, when the pipe ardae I,

it is in the steadytate zone dfigure 418, andthere would be no soil berm in front of the
pipe. This will eliminate Zone Il and significantly affect the lateral response. However, in
reality, the trench width is not wide enough towala complete lateral breakout to the pipe,
leaving asoil berm in front of the pip@ndconsequentlya norexistent Zone Il. Therefore,

it can be concluded that the trench bottom width can haigndicanteffect onthelateral
response, except forxeeemely wide trenches. This area still needs furthedepth

investigations, currently being undertaken by the authors.

In addition, in the real practice, a wide range of parameters including the pipe weight,
construction process, backfill propertiespdgd@udinal profile,etc can affect the pipeline

interaction with the trench bottom and consequently its impact on ultimate lateral soll
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resistance. These aspects are significant and need to be explored. A comprehensive research
program has already beeritiated by the authors to investigate these aspects as the result

of thefindings of the current study.

Observations in Zone I

Entering into Zone Il, two important effects initiatedn Zone | influenced the soll
resistance. First, the developed soil besgueezed into the trench corner pushed the
pipeline upward and resulted in an oblique penetration into the trench wall. Second, the
squeezed soil berm intervened and stopped the rotational backfill flow in front of the pipe
due to its higher stiffness commed to the backfilling soil. This mechanism converted the

pipe diameter to act like a virtual larger pipe section penetrating into the trench wall and
affected the burial depth ratio and failure mechanism in the later stages of lateral pipe
movement (se€igure 419). The diameter of theirtual pipe in ashallowtrench (T4P1)

was larger compared to the deep trench (T5P1) due to the lesser soil pressure applied to the
squeezed soil berm. The larger and deeper thelpanteraction, the larger the diameter

of thevirtual pipe section.

One may expedhese two mechanisns show inverse effects on lateral soil resistance in
Zonelll. The oblique penetration into the walas expected tdecreasehe volume of
mobilized soil wedge in the native ground and decrease the ultimate soil resistance.
However, it was observed that the secondary effatiesetwo mechanisndepends on the
burial depth when both of them are almiolgntically initiated. As shown ifigure 419,

in the caseof theshallowtrench (T4P1), the larger virtual pipe globally pushed the trench
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wall to move away horizontally. This, in turn, caused the first global spiral shear band to
form way before the arrival of the real pipe to the initial location of the wall (1D
displacement) and to completely develop towards the ground surface at the end of Zone II.
Also, the relocation of the trench wall resulted in the backfilling surface and cemsgqu

the burial depth ratio to quickly drop due to thilening of the trench. In deep trench
(T5P1), the failure was found to be more localized in the form of an obliqued large virtual
pipe penetrating to the trench wall. In this case, the trench walhat globally relocated,
andthere was almost no shear band developed by the end of Zone II. In other words, despite
the shallow trenches, the trench wall was not globally displaced in deep trenches, while the
pipe was laterallyravelinginside the Zondl. In the case of theeeptrench, the energy
cannot be dissipated within the global shear bands and storkdaliaompressions over

the Zone Il. When combined withlarger soil column on top of the pipe, it results in a

higherlateralp-y responsegeeFigure 417).
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As mentioned earlier, in practice, the probability of a pipdhilang into Zonell is likelier

than it falling into Zone Ill, where pipelines undergo extreme relocations. There is still no
plasticity solution or empirical equation in the literature to predict the lateral soil resistance
against the moving pipe idone Il. The existing models underestimate the lateral soll
resistance in this zone (segure 410), andthe areastill needs to be further investigated.

The authors have recently initiated a complementary research program to propose a new

lateral pipesoil interaction model withiZonell for the trenched and backfilled pipelines.
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Similar to the influence of Zonedn Zone Il,Zonell affects the failure mechanisms in
Zone lll, where the pipelinbackfill-trench interaction enters into a higher level of

complexity.

Observations in Zone Il

By approaching Zone lll, where the pipe front arrives at the initial trerathlocation, a

small triangular wedge was created in front of the pipe, while the logarithmic spiral shear
band was faster developed underneath the pipeF{gaes 420). The observed isosceles
triangle, which is similar to Terzhaghi 6s
and direction in shallow (T4P1) versus deep trenches (T%dlso followed a different
progression scheme. As compared-igure 420, the active wedge in shallowtrench,

which was larger than the deep trench, was surrounded by a spiral shear band underneath
the wedge. In thdeeptrench, the actie wedge was completely separated fromsibieal

shear band and was smaller compared to the shallow trench.

As the pipe proceeded into Zone Ill, the upper side of the small awtidge truncated the
virtual pipe and shrunk its diameter to get even sndflan the real pipe. As soon as the
top-front edge of the real pipe touched the native trench wall, the first global instability of
the trench wall appeared on top of the pa®&la slice of the native soil slid down into the
backfill. The base of theailed slice asymptotically reached the top of the pipe in the form

of a spiral surface. This mechanism was fairly similar in shallow and deep trenches (see

Figure 420).
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Figure 4.20. Trench deformations at the start of Zone lll

Figure 420 shows as the pipe moved forward iskallowtrench, the global shear band

under the pipe was entirely developed towards the ground slafata large passive block

was created in the tefpont area of the pipe. In de&gnchesthis global shear band was

progressively developed but never arrivatlthe ground surfaceand this caused a

significant increasean the lateral soil resistance. Also, the offset angle between the

horizontal line ad the cable was enlargethusing the cable to apply a downward pulling

force component on th@pe This downward force affected the pipe trajectory and resulted

in a new global spiral shear band to form under the pipe. In addition, the continuous

changimg of the pipe trajectory caused the progressive creati@nefv triangle active

wedges with an incl

nati on

angl e

t hat

As the pipe was further displaced, new unstable slices of trench wall slidenbadckfill.
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A very important trencibackfill interaction mechanism was observed at this stage, which
was significantly different in shallow (T4P1) and deep trenches (T5R%)shown in
Figure 421, in the case of deeptrench (T5P1), when the slices of the trench wall slid into
the backfill, a passive pressure was applied by backfill against the failing soil slice.
Obviously, the magnitude of this passive pressure depends on the stiffness of the backfilling
material. Tlhs could affect the severity of the trench wall failure and control the shape and
the volume of thdailing wall slice. Inotherwords, the stiffer backfilling material created

a large passive pressure against the failing wall slices and mitigated #islitysof the
trench wall. This, in turn, resulted in a larger soil wedge mobilized in front of the moving
pipe and a higher magnitude of soil resistance in comparison with softer backfill. In reality,
the stiffness of the backfilling material may widelary depending on a range of
parameters, including, but not limited to, backfilling soil type, trenching methodology,
construction proceduretc Therefore, all of these parameters can affect the magnitude of
the passive pressure against the failing tnewall and consequentlyhe ultimate soil
resistance against the moving pipe. This aspect is significantremdres further

investigation.

In the case of shallow trenches, as discussed before, because of the horizontal trench wall
relocation, widening e trench and reducing the backfilling soil height, the backfill
elevation appeared much lower than the failing wall slices. This caused the backfill to have
no efficient passive pressure against the wall slidingtherwords, in shallow trenches,

the kackfilling stiffness had no or only a minor effect on lateral soil resistance against the

moving pipeline, which was inverse to the deep trenches. As the pipe section was further
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displaced laterally, the observed mechanisms in Zoweeliéprogressively pdated based

on t he pi pandlarge sail bepvescwere foryned on treundsurface Figure

4.21 shows the ultimate soil deformation in shallow and deegieshfor about 4D lateral
displacement. It is still hard to say that the large failing trench wall applies an active load
behind the pipe, pushing it forward. However, the PIV results suggested that the probability

of such active pressure needs furtheestigation.
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Figure 4.21. Trench deformations midway in Zone ll|

A series of maximum total shear strain variations throughout Zone I, 1l, aatbhlg with
the observed deformatiorege presented inFigure 422 to show a better view of the

mechanisms. The shear bands and failures have been obtained from captured images and
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coincided with PIV results. A good correlation was achieved é&tvihe PIV results and

the actual deformations.
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Analytical approximation of the mobilized resistance

There remains no plasticity solution for the glar lateral displacement of either
trenched/backfilled pipelines or even the pipe imdorm cohesive soil under undrained,
partial drained, and drained conditions. However, the results of the PIV analysis and the
observed mechanisms combined with the recorded lateral loads in Zone I, I, and Ill can be
used to approximate the mobilized soil sé@nce in a couple of instant spots in Zone | and

lll. For the purpose of this analysis, it was assumed that the backfill soil had no shear
strength and the only mechanism actimgZonel was the pipeline/trenebhed interaction
(partially embedded pipe)n Zone lll, the passive pressure applied by the backfill was
neglectedandonly the contribution of the active and passive wedgasaccounted for.

The influence of collapsed slips from the trench walbkalso eliminated. IrZzonell, the

lateral resitancecan besimply obtained by matching the values at the end of the Zone |
and at the start of Zone IllIFigure 423 schematicallyshowsthe assumed simplified

mechansms and the relationship between the mechanism in Zone |, II, and Il1.
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Figure 4.23. Schematic view of the simplified mechanisms and combining the models
in Zone |l and I

Using Figure 423, the horizontal force@) required to displace the pipe laterally in Zone

| and Ill can be given by following the basic equations:

- YOI 0o 0w 0w 4.1

- YO1 0iDz0 iy 1p WO W o 4.2

Figure 424 shows the results of the analytical approximation of the soil resistance in a
couple points in Zone | and lll and its comparison with real lapeyalesponses obtained

for tests TS5P1 (deepench) and T4P1 (shallow trench). The analytical results in Zone |
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were produced based on a partially embedded pipeline and its interaction with the trench
bed is in better agreement with the test results compared with the analytical hyperbolic
solutions or slurry backfill. This shows that the governing mechanism in Zone 1 is the
pipeline/trenckbed interactiomotthe pipebackfill interaction. It is worth mentioning that

these results are limited to very soft slurry backfills.
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Figure 4.24. Comparison of analytical and PRCI predictions with test results

In Zone I, the analytical results are in closer agreement with test results when compared
with existing hyperbolic solutions. However, taking into account that the aralyti
calculations have been conducted based on undrained conditions, if the parameters from
partially drained conditionsvereincorporated, the results would be higher than those of
drainedconditions and closer to the test results in most places. Sinexistiag hyperbolic
solutions overestimate the lateqaly responses, the current study has shown that the

stiffness of the backfill can plrigue428). si gni f
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The effect of the passive pressure applied by the backfill against the collapsing trench wall

is an area that still needs further investigation (currently ongoing by the authors).

Developirg further sophisticated models that incorporate the effect of the collapsed trench
wall, the passive backfill pressure, and most importantly, the failure mechanisms in Zone
Il canprovide much more accurate predictions of the test redliie research isieeded

to investigate all of these details and improve the lateral response of trenched/backfilled

pipelines to large displacements.

4.7 Conclusions

The effect otrenching/backfilling on the lateral soil resistance against the moving pipeline
was investigad with different lrial depth ratis. Internalsoil deformations and failure
mechanisms around the trenched/backfilled pipelinesevinvestigatedby using a
transparent observation window aPkY analysis To magnify the significance of pipeline
backfill-trench interaction, partially drained condition was adop&eleral important
aspects were observeand a coupleof new research avenues were identified that are

shortly summarizedsbelow:

1 Regardless of the backfill stiffness, the presence of theltmasults in less ultimate
|l ater al soi l resistance (by 3) against
trench wall. This resistance reduction is due t@tiogressiveollapse of thérench
wal | into the backfil | . ddpénds omthestifinegssu de o
of the backfill and the amount pfassive latergbressure and the buoyancy force

that the backfill material mobilizes against the active trench collapse. Further
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investigation is needed to propose a model that incorporates ¢t @ffoackfill
stiffness and buoyancy on 3.

The lateral soil resistance in the backélhot purelygoverned by backfill material.

The pipelinetrench bed interaction, including the magnitude of the initial pipe
embedment into the trench bed and theerhl failure mode of the partially
embedded pipe (immediate or sldneakout)makes asignificantcontribution to

the lateral soil resistance. The backfill stiffness angassive downwargressure
against the developing soil berms in front of theegpn have aignificantimpact

on pipebed interaction and consequently on the ultimate lateral soil resistance. This
important aspect hasot been properly investigated in the past and needs further
comprehensive investigations.

The pipebed interactiomnd the squeezing of the trench bed material into the trench
corner cause the pipe to move upwagalsl approach/penetrate the trench wall in
an oblique di rherzadi.onT e Ama gmint wchee, of U
the laterally mobilized soil wegk in the trench wall depends on several aspects of
pipetrench bed interaction. Different mechanisms were observed in shallow and
deep trenches at the stage when the pipe approaches the trench wall. The complex
pipe-backfill-trench interaction at this gfa needs further examination to propose
possible solutions.

A spiral contractingnechanism was observed around the moving pipe inside the
backfill thatinteractswith the trench wall and the bottom in a complex manner.

This interaction turns the pipe into a virtual pipe moving inside the soil. The size of
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this virtual pipe is larger than the real pipe when the pipe is approaching the trench
wall and is lesghan the real pipe when the pipe penetrates into the trench wall.
Proposing modeldo quantitatively predict these mechanisms warrants further
study

1 The observations shortly referred above denote the potential influence of several
parameters on lateral soil igtance against the largely displaced pipeline that have
not previously been addressed or investigated. Some of these parameters include
pipe weight, pipe type, backfill properties, backfill buoyancy, trenching and
backfilling methodology, construction predure, construction season, operational
loads, thaw settlement and permafrost, longitudinal seabed profile, etc. A close
examination into each of these parameters opens up new research avenues that
considerably influence the ultimate lateral soil resistaragainst the large

displacement of the pipelines.
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Abstract

Buried offshore pipelines may be subjected to large lateral displacements caused by ground
movements, landslides, etc. A proper estimation of lateral soil resistance against the moving
pipeline requires a deep understanding of pipébaekfilli trench inteaction mechanisms.
Recent studies show that pipelirteenchbed interaction can significantly affect the failure
mechanisms and the resultant lateral soil resistance, an important aspect that is currently
neglected by pipeline design codes. In this papee, effect of pipelingtrenchbed
interaction intensity on lateral soil resistance was ingatad by perforimg centrifuge

tests. The soil deformations and failure mechanisms were obtained by Particle Image
Velocimetry (PIV) analysis. Two experiments Wwihorizontal and downward inclined
pulling directions were conducted to simulate different intensities of bed interaction. It was
observed that increasing the intensity of pipélirenchbed interaction results in a faster

and full development of shear lelin the trench wall and reduction of the mobilized lateral

soil resistance.

Keywords: Lateral pipesoil interacton; pipeline/trenckbed interaction p-y

response; large deformatiacentrifuge testing
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5.1 Introduction

Submarine pipelines continue to bentked and buried in shallow waters to reduce the risk

of damage from environmental, operational, and accidental threats. Buried pipelines may
undergo large lateral displacements involving pipebaekfill-trench interaction due to
ground movements, land$ts, ice gouging, anéxternal impactof drag embedment
anchors etc. Preexcavated material is commonly used as a-effsttive solution to
backfill the pipeline laid inside the trench. These backfilling materials are usually
remoulded to a high extedtring the subsea trenching operation, resulting in a material
which is much softer than the native ground. The previous studies have shown that the high
difference between the stiffness of the backfill and native ground (i.e., trench wall and bed)
combinal with pipeline configuration inside the trench could significantly affect the soll
failure mechanisms and consequently the lateral soil resistance against the relocated pipe
(Paulin et al., 1998; Kianian et al., 2018). This significant effect is curreatiiected by
pipeline design codes (e,(®NVGL-RP-F114, 2017PRCI, 2009; ALA,2005 and ASCE
commitee, 2014)assuming a uniform soil medium. Th&isting solutionsare proposed

based on various earlier studies on lateral -gigk interaction (Tschebatioff, 1973;
Wantland et al., 1979; Paulin, 1998) or anchor soil interactidasgen1948; Hansen and
Christensenl961;Smith 1962;0Ovesenl1964;Kosteyukoy, 1967; Ovesen and Stromann
1972;Neely et al. 1973;Das and Seeley 975 Rowe and Davis, 1982errifield et al.,

200)). In reality, the effect of pipelinbackfill-trench interaction compared to uniform soil
condition is usually appeared as three different scenarios: a) the increased solil resistance

against the limited pipelandisplacements inside the backfill, b) the reduced soil resistance
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against the large pipeline displacements throughout the trench wall, and c) the increased
soil resistance within the pipeline transition from backfill to trench wall (Paulin et al., 1998;

Kianian et al.2018) Figure 51 schematically shows these three scenarios.

Figure 5.1. The lateral response of trenched pipeline to submarine ground
movement

The pipeline laid inside the trench may achieve an initial embedment into the trench bed
for different reasons such as pipe weight, construction method, environmental loads, etc.
(Paulin et al., 1998; Cheuk et al., 2007). Also, the lateral displacemta pipeline may
slightly deviate from ideal horizontal direction, upward towards the backfill, or downward
towards the trench bed due to the nature of external load, the longitudinal ground and
pipeline profile, etc. The combination of initial embedmend ahe displacement

orientation may result in different intensities of the pipetiemchbed interaction during
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the lateral displacement. Using the particle image velocimetry (PIV) analysis, Kianian et
al. (2018) observed the potential impact of the joijgerenchbed interaction on lateral soil

resistance against the moving pipe.

This important observation motivated the authors to conduct the current study and
investigate the influence of pipeliteenchbed interaction intensity on the lateral soil

failure mechanism and the resultant soil resistance.

In this study, two centrifuge tests were conducted on pipelines shallowly trenched and
buried in soft clay. An identical initial pipe embedment into the trenchbed was considered,
and two cases of the latengipe displacement with horizontal and slightly downward
inclination wereconsideredto simulate the base case and higher intensity of pipeline
trenchbed interaction, respectively. The main objective of the study was qualitative
assessment of the pipelitrenchbed interaction intensity effect on the resultant failure
mechanism and lateral soil resistance by using PIV analysis. Therefore, there was no need
for a large number of tests that are usually conducted for quantitative sturdigsartially

drainal condition was adoptely applying a low pipe moving velocityp magnify the

pipelinebackfill-trenchinteractioneffects.

It was observethat increasing the intensity of pipelitrenchbed interaction by downward
inclined pipe displacements resultedfaister and full development of shear bands in the
trench wall and reduction of the mobilized lateral soil resistance. Inversely, the lowered
bed interaction intensity by horizontal pipe displacement resulted in formation of a series

of premature shear bds and mobilization of huge amount of lateral soil resistance. The
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study showed that the design practice could take advantage of pipetinebed
interaction effect to improve the safety and eefé¢ctiveness of the buried pipelines design
against thedrge lateral displacementBurther numerical and experimental studies are
required for proposing quantitative design equations incorporating the pipalkéll-

trench interaction effects on lateral soil resistance.

5.2 Modeling considerations andtestset up

The testing programvas conductedit GCORE centrifuge facilitiedocated at the St.
Johnos c¢ aMegmorsalUoiversity &f BlewfoundlandThe main objective of the
study was a qualitative assessment of the effect of pipe#nehbed interactiomtensity

on the failure mechanisms and soil deformations around the laterally displaced pipeline.
The failure mechanisms and soil deformation were directly monitored through an acrylic
transparent sidewall and analyzed by applying particle image velogi(fdV). The test
apparatus was designeddonducttwo tests(i.e., T3P1 (Horizontally pulled) and T4P1
(downward inclined pulled)) at the same time with two pipe sections pulled in opposite
directions Since thecurrent study did not intend to quantify the effecbefl interaction

on lateral soil response, performing only two tests was sufficient for a comparative and
gualitative assessment. A quantitative study in the future would need performing more tests
to consider the effect of different soil embedment, inclination scenarios, trench geometry,
etc. Figure 52 showsthe schematic configuration of the tests setup and thetgsisside

view observed through transparent window.

111



Pipe-1 Ppe-2
vertical T-bar vertical
drive actuator drive

i

|

| Load

| cell-1 Bair

LVDT-1 LVDT-2 cell-2

Spreader
plate rPT—Nl _
-B1
| PPT-WT [f, P—

‘ [ i 22"
T el

Horizontal Pull e e U LR e o = C

T-bar site backfilled Pipe 1 initial and Pipe 2 initial and
post-test location post-test location

« Water level

Strain gage wire

<4

Markers

Shear bands JE®

.= Shear bands

e
Qvem;“.t\ Model pipe

- Y
Pipes initial location

Light source h :
Camera view Camera view

Figure 5.2. Schematic and real views of préest and posttest conditions
(dimensions are in mm)

An average burial depth ratio of H/D = 1.5 was considered to model the shallow burial
condition (H/D was defined abe initial ratio of the pipespringlinedepth to the pipe
diametey. Very soft slurry backfill with rectangle trenchesswused via partidy drained
condition (Normalized velocityD/c, = 0.3, based orPhillips et al, 2009 to consolidate

the surrounding soil, eliminate the effect of excess pore pressureagmify the effect of
pipelinebackfill-trench interactionThe test setup wadeveloped in a similar approach
undertaken by Paulin (1998) and Popescu et al. (48822002 to facilitate comparing the

results with earlier studies. Alshhe r e al pi pe size watsnalsel ect

112



diameter of 610 mmasa technical requiraentby thep r o j iadugtry sponsor to keep

the continuatiorof their earlier fullscale studies in sand conductedBaynett (2015)at
Queens UniversityThe stainless steel model pipe with a diameter of 31.75 mm was
selected to enablaccommodating th internal pressure transduaseithout folding The

pipe wasnstrumented with two sets of strain gauges, one internal pore pressure transducer
(facing the rear of pipe), two strings of pulling cables, two rubber end caps (both lubricated,
on patterned irwindow side) These sizing requirements resulted in settingpianing
acceleratiorof 19.1g.It is worth notingthat centrifugal acceleration simulates gravity and
allows for correspondence of stress fields between model andcéld resulting in
enhanement of modelling accuracyHowever, to verify the scale effects, modelling of
mod el tests at d ialkd lmecoadudted. Paubn (1998 condgctedc a n
modelling of model tests and attempted to model the same prototype condition at 1:25, 1:50
ard 1:100 scales fdhelateral response of trenched/backfilled pipelines in clay. The study
yielded acceptable results with most of the interaction curves within a bandwidthlof 0.5
normalized lateral loads. These results provided sufficient relaxatiba current studto

avoid repeating the scaling studibayinga test set up almost identical to Paulin (1998).

Speswhite kaolin clay and Silo-Sil silt were mixed by 50960% in weight with a
sufficient amount of water to form a slurry with a nomimeatdisture content of about 70%

to prepare the native grounthe native soil betas incrementally consolidategh to the
effectivestress of 400 kPa and then was unloaded to 100 kPa with an open drainage valve.
While removing the load, the water flemto the sample was restricted by closing the base

drain and removing the excess water on top of the soil surface. This level of consolidation
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yieldeda claywith an undrained shear strength of 15 to 25 HPenches3.6D wide were
excavated1.3D clearance &m trench wall in each side of the pipajd a2D clearance
was considered between the trench bottom and the lower drainagatlithetbottom of

the test box to ensure that there would be no boundary effects.

A T-bar penetrometewith ahead bearing areaf 30 7.4 mnt (Stewart and Randolph
1994) was used to assess sitieength profile of the backfill and native groundflight.

Due to limited space on the test box and having access to only-loaeattuator, the-T

bar test sitdhad b bedesigned in a way to allow assessing the backfill and native ground
strengths in a single run. A-Bar site was excavated in thativeground and filled with

slurry backfill material. The dimensions of thebar site waselected in a wato ensure

the prevention of the boundary effects in different directions. THmrTwas first
penetrating to the backfill material and then continued to penetrate into the native ground.
A T-bar test with no excavation in native soil was also conducted to captymaréhehear
strength profile of the native soil. A-Bar factor of Nt = 10.5 was useffecommended by
Stewart and Randolpth994 based on the plasticity solution earlier propose&agdolph

and Houlsby,1984) to convert the measured unit bearing ressta g, to the local
undrained strengtls,. For shallow depths, a reduced bearing factor considering the effect
of soil buoyancy and a shallow failure mechanism mobilized prior to the full flow of soll
around the bar was used to transform the measureddeasistance to the undrained shear
strength(White et al, 2010) The reduced bearing factor increases the shear strength profile
that was obtained by the factor 10.5. This profile is considered for shallow penetrations.

Approximate lineas, profileswere fitted for both the backfill and native soils to facilitate
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the backanalysis of the test datkRigure5.3 shows the schematic configuration of the T
bar site andthe measuredndrainedshear strength profilesith linear curve fits in T3P1

and T4P1 tests
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Figure 5.3 Schematic configuration of the Fbar site and the measured undrained
shear strength profiles with linear curve fits

Table 51 showsa summanf the backfill and nativeoil prepared and tested in this study.

Table 5.1. Soil properties

Trench  Nativea Native water Native soil ~ Native soil Backfill Backfill strenath
Test =4 content before - sat mudline Strength mudline . 9
backill  at pipe SL . gradientksu
ID tvoe (kPa) and after the (kN/m3) strength,  gradientksu strength, (kPa/m)
yp test(%) Sun(kPa) (kPa/m)  Sum(kPa)
T3P1  Slurry 16.8 32.04- 32.97 1851 15 1.15 0 0.1
T4P1  Slurry 16.7 30.12- 32.13 18.56 15 1.15 0 0.1

Figure5.3 shows thatthie undrained shear strength in slurry backfills is almost negligible.
The native soil located underneath the backfill material shovahidtely softer response

in the initial stages of penetration. This is due to the slight water dissipation from the
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backfill to the native soil. By increasing the penetration, the plots of overlaid native soil

strengths are gradually matching the profile of putve soil.

Before running the tests, a rangein$truments were used along with 3 parallel data
acquisition systems to monitor the testing program. The instruments included pore pressure
transducers (PPTs), strain gauges, load cells, conventional ardlilesar variable
differential transformers (LVDTSs),-bar, vertical drive motion controller, digital cameras,
markers and artificial textures.The instrumentation allowedhe full capturing of
progressive failure mechanisms and the development of saeds in backfiland naitve

soil, the lateral forcelisplacement response of the pipeline, the suction force variation
behind the moving pipe, and the pore pressure variation both in the backfill and native
ground. The internal walls of thestrondox were lubricated to eliminate the friction
between the end caps and the box walls as much as possible. A trial pipe pullaigovas
conducted without soil be@nd the pulling load was measured to ensure that the friction
has been properly suppressed. In otdezliminate the friction between the cable and the
soil, two strain gaugesvere installed on eaclpipe to purely capture the lateral soil
resistance right in front of the piple. addition, load cells were installed on pulling cables

to doublecheck theresults obtained from the strain gauges. The load cells captured the
friction forces as well, including the friction between the end caps and the box walls, the
friction between the cable and pulley, and the friction between the cable and soil. The

resultspresented throughout the paper were obtained from stiages.

The pipes werdaterally pulled in opposite directions using pulling cablesgaal through

the fixed pulleys. The bottom elevation of the pulley was aligned with the pipe springline
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to ensue a horizontal pulley in test T3P1. The pulley was lowered by 3.0 mm in test T4P1
compared to the elevation of pipe springline to apply a downward inclined pulling
orientation and intensify the pipelitieenchbed interaction relative to T3P1. In realitgnn
horizontal pipe displacement may happen due to convex or concave seabed profile, the
direction of applied load such as drag anchors, the inherent tendency of deflected pipe to
return to the longitudinal axis, eté&igure 54 schematically shows the different intensity

of pipelinetrenchbed interaction under horizontal pulling (T3P1) and downward inclined

pulling (T4P1).
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Figure 54. Pipeline-trenchbed interaction intensity in horizontal and downward
pulling

In this study, he pipes were pulled under displacement control condibahwere free to
displace vertically. For a precise evaluation of the purely lateral soil resistance, the

measured lateral forces are better to be calibrated against the instantaneous pipe trajectory.
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This wouldslightly improve the accuracy of the curraesults by about 0.4% in the

proposed configuration for T3P1 and T4P1).

5.3 Experimental study results

In this section, the internal soil deformations and the failure mechanisms observed during
the tests are investigated alongside the recorded lateral soil resiftBh@malysis was
conducted by using the higjuality images captured by digital camerad #reGeoPI\

RG software hite et al, 2003;Stanier et a).2016) to obtain the soil displacements and
strain levels. Several interactive soil deformation and failure mechanisms were observed in
the various stages of pipeline lateral displacements tkasignificantly affected by the
pulling load direction or the intensity of pipelitieenchbed interaction. These mechanisms
can be investigated in three different zones (zone I to Ill) of lateral pipeline displacements
(seeFigure 55). Zones | Il , and Il refer to i) the pipeline moving inside the backfill, ii)

the pipeline in transit from backfill to trench wall, and iii) the pipeline fully penetrated into

trench wdl, respectively.
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Figure 55. Identified zones of pipeline displacements with different failure
mechanisms

Zone |, pipeline small displacementinside the trench

Starting the centrifuge spinning, the pipeline was slightly penetrated into the trench bed
(0.1D). This was accounted for adjustment of the pulley elevation in both tests to achieve
the target inclination of the pulling cable. While the pipe was movirtgerzone |, the
pipeline interacted with backfill and trenchbed, both of which could contribute to the
mobilized lateral soil resistance. The contribution of pipefiaekfill interaction was
minimized by using a very soft slurry backfill with almost rilear strength resistance.
This magnified the contribution of the pipelitrenchbed interaction and enabled the study

of its intensity on lateral soil resistance, which was the main objective of the current study.
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Figure 56 compares the lateral soil resistance and soil deformations in zone | for tests T3P1
(horizontal pulling) and T4P1 (downward inclined pulling)is usually appropriate to
normalize the load ith pipe diameter and undrained shear strength to obtain the interaction
factor. In this case, normalizing the load with highly different magnitude of undrained shear
strength in backfill and native will result in discontinuitiespiy response, particully

with the complex form of interaction in the transitfoom backfill to native soilTherefore,

the load responswas not normalizedn Figure 56 for a proper preggation of p-y

response.
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Figure 5.6. p-y response and a sample dbtal shear strain contours and soil
displacementfield in zone I.

As shown inFigure 56, thep-y response started with a very close lateral force in both of
the tests (thick and thin solid lines) until about 0.2D displacement. This represents the

pipeline interaction with the slight side berm created under initial piperpénatinto the
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trenchbed. The PIV results show the higher intensity of bed interaction in T4P1 with
downward inclined pulling direction. With further pulling, a basal shear happened under
the side berm in T3P1 with horizontal pulling, and the lateralefdtened to become
constant in zone | (0.65D)(the thin solid line pry curve, Figure 56). In T4P1 with
downward inclined pulling direction, the lateral force kept increasing (the thick solid line
in p-y curve,Figure 56). Therefore, as expected, a higher lateral resistance was generated

in test T4P1 due to higher bed interaction intensity.

Although the contribution of pipelinkackfill interaction minimized by using a very soft
slurry backfill, but a spiral soil flow was observed around the pipe section moving inside
the trench. This soil deformation mechanism tdwhprises loops of eccentric spiral soil
flows with rotational circles around the moving pgmaild be significantly important, ithe
backfill had a remarkable stiffness and considerably contributed to the lateral soil
resistance. In these tests with negligible backfill stiffness, it was observed by PIV analysis
that thespiral flow surfaces emanate from a point above the pipe and harizontally

with thepipeuntil the failure surface touches the trench wall. From this stageatutther
displacement of the pipe towards the trench wall, the spiral flow starts to contract with a
varying ratio that depends on its distance to th#;whe closer to the wall, the smaller the
failure circle will be. Figure 57schematically shows the spiral flow mechanism observed

in the conducted tests.
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Figure 5.7. Contracting spiral flow mechanism of slurry backfill

Looking at progressively contracting spiral flows, ttmntribution of pipelindbackfill
interaction to thelateral loadis dissipateddue to the reduction of the magnieuaf
mobilized rotational shear stress in the backfill. However, the obtpiggdsponses show

a continuous increase in lateral lodde to the aforementioned pipelitrenchbed
interaction proces&eeFigure 56). This important soil deformation mechanism still needs
to be further investigated by using different range of backfill stiffness and trench
configuration in the future studies for an accurassessment of lateral soil resistance

against the pipeline moving inside the trench.

Zone 1, pipeline approachingthe trench wall

Zone Il was started as soon as the pipeline displacement inside the trench causes the trench
wall to be displaced as wellhis zone was ended by arriving at the pipe front at the initial
position of the trench wall (sd&gure 55). The total length of zone Il in this study was

about 0.65that might change for different trench configurations and test setups. During

the pipeline displacement in zone Il, the soil deformations in the trenchbed, backfill, and
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trench wall were interactively developed. The PIV analysis results showed thatlthe soi
berm in front of the pipe is displaced/enlarged in T3P1/T4P1 and squeezed into the bottom
corner of trench creating a barrier between the pipe and trench wall. However, due to the
basal shear in T3P1 (horizontal pulling condition), the volume of soih beas not
increased and only translated towards the trench corner. Despite T3P1, the soil berm in
T4P1 was gradually enlarged because of more intense bed interaction caused by downward
inclined pulling orientation. The larger soil barrier squeezed betiveepipe and trench

wall in T4P1 caused the pipe to convert to a virtual pipe with a diameter larger than the real
pipe. This virtual pipe pushed into the trench wall in T4P1 resulted in the formation of the
first failure shear band in the trench wall mwerlier than T3P1 and before arriving the

pipe to the end of zone Il or the initial trench wall location. The formation mechanism of
the larger virtual pipe in T4P1 and its influence on the lagesaresponse is shown in
Figure 58. Also, the comparison of strain levels shows that the larger soil berm formation

in T4P1 blocks the spiral backfill flow inside the trench.
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Figure 5.8. p-y response and sample of strain levels and soil displacement in zone II.
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The virtual pipe in T4P1 with a larger imaginary diameter has mobilized a larger amount
of native ground and resulted in a higher lateral soil resistance in comparison with T3P1 as

highlighted by green colour iRigure 58.

It is worth having a closer look at the pipes trajectories both in T3P1 andtd iehtify

its relationship with the trends sérved inp-y responsesFigure 59 shows the pipe
trajectory against the-y responses. Both in T3P1 and T4P1 with horizontal and downward
pulling direction, having neertical restriction, the pipes slightly penetrated into the trench
bed in zone I, due to pipe weight and then naturally followed the route with least work, i.e.,
upward towards the backfill with softer material (curves 1 and 2). This showed that the
pipdines are both penetrated into the trench wall in an oblique direction. The vertical

displacements were continued in zone Il as well Esgere 59).
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Figure 5.9. Pipeline trajectory against thep-y response
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The most interesting trend was observed in the pipe trajectories beyond the trench wall and
its relationship with th@-y curves (curves 3 and 4). Comparing the plots No. 1 and 2, the
ppe in T3Pl entered into the zone gidute with
5.9). The steeper angle in T3P1 was expected to result in a smaller lateral soil mobilization

in native ground and a less lateral soil resistance, consequently. However, the observed
results werecompletely inverse, where the lateral resistance in T3P1 in zone Il was
surprisingly larger than T4P1 that had a lower angle of penetration to the trench wall. To
identify the reason behind this interesting trend the failure mechanisms in zone Ill need to

be investigatedrigure 510schematically shows the subtle difference between the intensity

of the bed interaction in T3P1 and T4P1 and its consequences on pipelcte wall

interaction resulting in the ultimate soil resistance.
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Figure 5.10. Schematic illustration of bed interaction process in horizontal and
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It will be shown in the next section (zone Ill) that how the eaititeraction of the pipeline
and trench wall in T4P1, and the faster formation of the first shear band in the wall reverse
the trends observed my response and causes the soil resistance to drop down below the

T3P1 (thick solid line irFigure 58).

Zone ll1, pipeline penetrating into the trench wall

Zone lll starts by arriving at thgipe front at the initial trench wall locatioAt this stage

a small triangular wedge was created in front of the pipe, while the logarithmic spiral shear
bandin the trench wallvas faster developad T4P1. It was observed that the orientation

of this shear band with the horizontal line depends on the orientafidghe pipeline
displacement and almost follows the same orientation as the pip&éiriee pipe moved
forward inT4P1 (downward pulling)the global shear bama the trench wallvas entirely
developed towards the ground surfamed a large passivedak was created in the top

front area of the pipéseeFigure 511). Arriving the shear band to the ground surface
releases the stress in soil to some extent and doaiow for successive accumulation of

the soil resistance against the pipe.
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Figure 5.11. Sample of PIV results and soil displacement in zone IlI.

As shown irFigure 511, as pipe moved forward, the cable angle offset from the horizontal
line was increased, and this affected the pipe trajectory by pulling it down. By changing
the pipe trajectory, a new globahesaar band formed underneath the pipe with a new
orientation.The first global instability of the trench wall appeared on top of the jpipe
soon as the tofront edge of the real pipe touched the native trench Whik caused a

slice of the native soito slip down into the backfill. The base of the failed slice
asymptotically reached the top of the pipe in the form of a spiral surface. This mechanism

was fairly similar inT3P1 and T4P1

A key difference was observed between the T3P1 and T4P1 in tipegsive formation

of the global shear bands that revealed the reason behind reversing the tgepd of
responses in zone lll. It was observed that3P1 (horizontal pulling)theseglobal shear
band wereprogressively developeshme as T4P1. Howevengtnew shear bands forming

due to progressive changing of the pipe trajectory was started before completion of the
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