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Abstract

This thesisexaminedhe straincharacteristic®f a largescale buried chilledgaspipeline

in the discontinuous permafrost regiogh full-scale chilled pipelingasexperiment was
conducted in Fairbankélaska.Thetestpipeline had a length of 106 anda diameter of
0.9 m. Onethird of the pipelne was located in permafrost and tlest was in non
permafrost The monitoring data are collected from Decembet999 to January 2005
including both freezingand thawing phase# the transition zone between frozend
unfrozen soil the foundationexperienceda vertical movement caused by differential
frost heave. The test ressiihdicated thathe bendingactionwas the main factdior the
pipeline for the circumferential and longitudinal strain distribution of the pipeline
Moreover, linear rel@nships were developedbetween frost heave artide longitudinal
strain atthe top andthe bottom (i.e, 0° and 18(°) of the pipe.The developed emtions
can be used to preditite strain of the pipecaused bydifferential frost heave for future

tess with similar site conditions.
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CHAPTER 1. INTRODUCTION

1.1 Overview

According to the data provided kthe State of Alaska's Division of Geological &
Geophysical Surveyis 1974(Klein et al., 1974 the total discovered recoverable gas in
Alaska is 31 trillion cubic feetOf that, thePrudhoe BayField contains 26 trillion cubic
feet which is more than the erire annual consunption of the United Stateslt is,
therefore, of great importance talevelop this significant natural gas resource and

transport ito market.

Compared tather modes of transportation like truck or ship, pipelimegea variety of
advantagesFor example pipelines havea lower shippingcost with higher capacithan
mostother methodsThey have a long antbntinuousservice life With theseadvantages,

a pipeline is a favored modeof natural gagransport Transporting natural gafom
Alaska tothelower 48 stateshoweverwill have its unique challenge&igure 1.1shows

the permafrost map of Alaskdt can be seen thatpipeline will encounteoccurrenceof
continuous and discontinuous permafroansporting natural gasom northernenergy
fields to market There are some important concerns for design, construction, and

operation of gas pipelisén cold regions, which will be detailed below.
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Figure 11 PermafrosMap of Alaska (Jorgenson &it, 2008)

Generally speaking,here are mainly two types of pipelinesedin arctic regios,
namelywarm and chilled pipeliree When the temperature of the gasthe pipelineis
higher than the surrounding groulfice., warm pipeline) icerich permafost will be
subject to thaw settlemelisee Figure 12). A chilled pipelinewith gas temperatuse
below 0C, on the other hanayill prevent the ground subsidenteice-rich permafrost
terrain but the neighboringnfrozensoil will becomefrozen, sincelte gas temperature is
lower thanthe soil. The chilled pipelinenay suffer damagedue tofrost heavein the
surrounding soilThe problem will be even more seveatthe transition zonbetween
two types of soilwith different frost heavesusceptibilitiegseeFigure 13). One of the

significant concershappens when there are sphdifferencesn frost heavalong the



pipeline route This will result in large deformation of the pipe virtually throughout the
whole operatiotife of several decades

\

Ground settles as ice-rich
permafrost around pipe thaws

i

Stable unfrozen soil helps hold the pipe in place

Unfrozen soil Frozen ice-rich soil

Figure 12 Settlementdue to Thawing of lceich Permafrost
(National Energy Board, 2Q)

Stable frozen soil helps hold the pipe in place

h s o

As soil freezes around pipe. ice
forms and heaves the pipe upward

Frozen soil Unfrozen soil

Figure 13 FrostHeavedue to Freezing of Surrounding Soil
(National Energy Board, 2041

1.2 Objectiveof the research

This researclstudes a full-scaleexperiment dealing with a largBametersteel pipeline

located at eboundarybetweenpermafrost and noermafrostnear Fairbanks, Alaska



According to Huang et af{2004), theexperiment of th@ipeline system was conducted to
evaluate thepipeline characteristics caused @yferential frost heaveand the induced
pipe strain.In December 1999, a buried gas pipelih85m longwith a 0.9 m diameter
and8.5 mm wall thicknessvas constructedlhe tesfacility waslocated aB3.8 km along
Chera Hot Springs Road,dffbanks, AlaskaHuanget al., 2004). During the freezing
phase, lte initial temperatre of chilled air wasset ati 10°C, and thechilled air system
wasstoppedat the end ofuly 2003, but the monitoring systetontinued until the ahof

May 2005.Table 11 summarizethepipe specifications for the experiment.

Table 11 Pipe Specifications fddAF-Hokkaido UniversityExperiment
(Akagawa et al., 2012

Grade API| X-65
Material Steel
Diameter cm 91.4
Wall thickness cm 0.85
Yield stress kg/ém 4920
Tensile strength kg/em 5760
A (Cross section areaf the stedl — cnf 255.9
| (Geometrical moment of inertia) ~ €m 261994
E( Youngds mo Hglhfus ] 2100000
Z (Modulus of section) ém 5733

The objeawe of this thesigs to observe an@dnalyze the straincharacteristicof the
buried chiled pipelineat the dorementioned test sitel' hetasksto be achievel are listed
below:
(1) Process and classify the strain data set gathered from forty stugiesgaelded
on the outside surface of the pipe
(2) Analyzethe pipe strain over time resulting from differential frost heawel

(3) Investigate theelationship betweestrainand diferential frost heave.



1.3Literaturereview

The scope of this research is to amalyhe strain characteristics afburied pipeline
induced by frost heav@he literaturereview, therefore, focuses drost heave, pipeline
strain and deformation caused by differential frost heagewell asthe interaction
betweera buried pipeline anthe surroundingoil.

1.3.1Frost heavenechanism

The mechanism for frost heave has betndied foryears bynumerousresearchers

(Taber 1929 Beskow 1935 Taylor and Luthin 1978 O6 Nei | | ,d988. AMi | | er
indicated by Tsytovich (1975), frost heave is caused by watgration toward the

freezing front and accumulation of segregation ice. Generally spgedknst heave is a

complex phenomenowhich requireshree conditiongo occur: freezingtemperaturea

sufficient watersupply, and frostsusceptible soil. Basically, fingrainedsoil is more

sensitive to frost heavéor example, silt is considered highly susceptible soil, while

sand isnot.

1.3.2Soil-pipeline interaction

Various studies havbeencarried outin the last century to understand and explain the
phenomenon of sepipe interaction(Nixon, 1983 Dallimore and Williams, 1984
KonradandMorgenstern1984; Shah 1990. The basic conceptsf soil-pipe interaction

are reviewed in the following section.

As indicatedby Selvaduraiand Shinde(1993), unlikeaboveground pipelins, a buried
pipeline is strongly affected byhe geotechnicalnature of the ground Design and
construcion of a buried pipeline should take into considerattbe interaction between

the pipeline andhe surrounding soil, which can be induced from the following: (1)



deformation ofthe pipeline: thermal expansion @ontraction ofthe pipeline due to
temperature changes; (2) loading of geotechnical nature: soil consolidation, frost heave,
thaw settlement, and ground subsidence; and (3) external loading: road traffic loads,

landslides, and earthquake loads.

White (2006) summarizedhe detailedprocessandissuesdealing with thecold pipeline
buried infrost-susceptible soilsVhen the soil freezes, the volume of water will expand
by 9% as it changes to idd.oreover freewatermigratesfrom unfrozen soibecause oh
pressure gradierd form ice lerses At the same time, adhesion thie frozensoil to the

pipe and cohesion of the frozen soil mass will anchor the pipe in the fregoiagd
Buried chilled pipelines aresubjeceéd to stresses imposed by the freezing process
wherever spatial differences in frost heave ex@&tnerally,variations in frost heave
depend ordifferences in the properties of the soil or differences in the thermal transition
between frozen and seasondityzen soil and hydrological conditions (White, 2006).

Shah and Razaqpuf993) useda twodimensional frost heave model &malyze the
stresses andeformationfor buried chilledpipelines.In their study,the finite element
method was used to calait# thesoil-pipeline interaction process.

Kanie et al. (2010) studieché¢ adfreeze behavior betweerchilled gas pipeline and
surrounding soil. They presentedh axially-symmeric freezing apparatus used to
investigate the interao stress between d@hfrost bulb andthe pipe. They also
recommendedhatthe pipe flexural properties and the frost bulb should be considered as

a composite structure thilled pipeline desigh

1.3.3 Prior buried chilled pipeline experiments

Severalfield and labexperments have been conductidt dealtwith chilled pipeline.

The CaerFrance experimens summarized antriefly discussedn this section.



As indicated byDallimore (1985), the Caefrrance experiment wa®nducted ora full -

scale chilled pipelinduried infreezing groundThe experiment was a mutlisciplinary

test that stuied frost heave, pipeline deformation, and induced stresses in the pipeline.

For the test facility of the Cadfrance experimentabouthalf of the pipeline was

buried in fro$-susceptible silt and the rest svAuried innonfrost-susceptible sand.

The diameter of the pipe was 2#8m with a wall thicknes®f 5 mm. The Youngod
modulus of the steel pipeline was 210 GPa, isnglield stressvas 230 MPaFigure 1.4
illustratesthat thefacility of the CaerFrance experiment consistetlan 18m long,8-m

wide and 5m high refrigerated hall, whictvasused to observe the pipeline parameters

due to thermal and physical variation.

-~ 160 mm

Final level of soil

AL y
1\'Insulaticm
|

Figurel.4 CrossSectionView of RefrigeratecdHall andPipeline Qallimore, 1985

Selvadurai et al. (1989and 1999bdevelopeda computational model to examine the
pipeline behavior ithe CaerFrance experimenfhey evaluated thiateraction between

a buried pipeline and surrounding sdiffected by differential frost heave. The
computational modelascoupledwith heat conduction and moisture transport within the

soil mass. After calculating the cémensional, twedimensiongland threedimensional



problens and compang with the lab test, they found that the computational modeling
adequatelsimulatel the test.

According toRazaqpur and Wang (169 the soitpipe interaction was a tirrgependent
thermemechanical process.h& pipelinehad the most frost heaverelated phenomena
that occurredalong itslength since itsuffereddamagedue tosoils of differentfrost
susceptibilities. In this case, they dsenedimensionalbeam model to simulate the
CaenFrance pipelineA computer program was also developed to calculate-iindsiced

stresswithin the pipe.



CHAPTER 2. TEST FACILITY OF A FIELD EXPERIMENT

In 2004, Huang teal. published gaper detailinghe field experiment conducted jointly

by the University of Alaska Fairbanks and Hokkaido University. In the subsequent years,
several paperK{m et al, 2008; Darrow, 2009 Akagawa et aJ.2012) were published by

the same group of resebers discussing some of the results obtained from the field
experiment. This chaptesummarizesthe discussion from Huang et al.(2004 and
Akagawa et al(2012.

2.1General layout othetest facility

Huang et al(2004 and Akagawa et a[2012 detailed the monitoring parameters and
instrumentation plan of the fieldxperiment. As indicated in their papers, the primary
goal of the field experimentagto study the frost heave characteristicshefchilled gas
pipeline resulting from differential heave across the transition zone between permafrost

and nonpermafrossoil (i.e., talik) (Huang et aJ.2004).

In order to determine the boundary of thenpermafrostand permafrost zose 26
boreholes wre drilled in the test ground. The results showed that about 30% of the
pipeline was located in permafroghd 70% in nofpermafrost(see Figure 2.1). The
observed data ahe chilled pipeline was obtained from December 1999uty 2003.

Then circulation of the chilled air was stoppdait the monitoring prograrcontinued

until May 2005.
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New Test Pipeline

Non-permafrost

Permiafrost

0 50 100m

Figure2.1 General Layout of Test PipelinaKagawaet al., 202)

2.2 Monitoring parameters and instrumentation

As indicated by Huang et al. (2004), the main paramatessitoredin the project
includedair and ground temperaturesrain of pipeline exterior surface, pipeline vertical
deformation, and frost heave and thaw settlement of the top 1 ofetell beneth the
pipeline. The total instrumentation included 150 thermistors, 40 strain gauges, 5 heave
gauges, 28 heave rods, 8 heave plates, 11 surface settlement points, and 3 water wells.

2.2.1 Air and ground temperatgre

The temperatures of the air and @nd surrounding theipeline were obtained by 150
thermistors. One thermistor was installed to monitor the air temperdtueepipeline
temperature wsmeasured by thermistors installed on the exterior surface of the.pipe
The remaining 140 thermistorgere placed on both sides of the pipe to monitor the
ground temperature changes. Thtkermal fences A, Band C {.e., TFA, TFB, and

TFC) were installedo monitor changes in the thermal regimeéhasoil. The locations of
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thethermistor strings and the depth of each thermeteshown inFigure2.2. From the
figure, it can be seen that TFA and TFB were locatethémon-permafrost area, and
TFC was in the permafrost zone. Moreover, as indicated by Huang et al. (2004), TFA,
TFB, and TFC were placed 58, 36.5m, and 13m from theinlet riser, respectively.

TFA consisted oBix thermistor strings with thermistors located from 0.14 m td 8nl
beneath the ground surface=B hadthreethermistor strings, and the thermistovere
placed from 0.09n to 7.76m beneath the ground surfadenerewere four thermistor

strings forTFC with thermistors at depths ranging from Or@4o 7m.
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Air outlet Thermal Fence A Thermal Fence B Thermal Fence C Air inlet
A (TFA) (TFB) (TFC) S
L &7 A7 :
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Figure2.2 Locations and Configurations of thédrmistorStrings(Akagawaet al, 2012)
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2.2.2 Pipe strain

The inducedstrain of the pipeline was an important parametéich needed to be
monitored for this project. Fortglectricweldable strain gauges (SG) were installed on
the exterior surface of thpipe at 11 locations with different orientatianBigure 2.3
shows the locations dhe strain gaugesSince the pipeline wouldbend most in the
vicinity of the permafrostnonpermafrost boundarythe majority ofthe strain gauges
were clustered around th®ansition zone. From the inlet riser, 11 stations were located at
5.32m, 18.53m, 22.1m, 24m, 26.24m, 30.68m, 32.16m, 33.51m, 36.8m, 42.75m,

and 65.52m. At each station, the strain gauges were welded longitudinally or
circumferentiallyon theouter surface othe pipe tomonitorthe axial or hoop strain. For

the longitudinal direction, there weadotal of 32 strain gauges installed at 11 stations at
differentorientationsaround the circumference of the pipe (Figure 2.3). For example, the
stran gauges were installed longitudinally Git (i.e., on the top of the pipe) for all 11
stations. The 18Gstrain gauges (i.gat the bottom of the pipe) were welded at all stations
exceptSG-1 and SG11. The circumferential strain gauges were used to measure the
hoop strain of theipe Only SG4 andSG-7 were installed with circumferential strain
gauges at 9 9, 180, and 270. The orientationswere viewed towardghe inletriser,

and measureith the clockwisadirection

According to the report written by the engineat$Veir-Jones Engineering Consultants

Ltd., the company responsible forstallation ofthe strain gaugesChong 1999), the
nominal resistance dhe strain gauges was 350 ohnas)d the gauge factor was 2.09.
After all strain gauges were placed at their corresponding locations and the resistance of
each gauge verified, a layef polymer coating andinyl-backed mastic pads were
placed over the gauged surfaces to provide adege@eonmental protectionin
addition to the forty gauges welded to the pipe, three strain gauges for temperature

compensation were also included.
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2.2.3 Pipe movement

The pipeline movement was another importaatameter for this projech addition to
the strain othe pipeline. In order to monitor the pipeline movement, 28 heave(Hid¥
were welded to the top surface of the pipeline as showngurd2.4, and placement of
the heave rods was similar to the strain gaugss$hey were concentratearound the

boundary between ngoermafrost and permafrost

Since the main cause of the vealimovement othetest pipéine was the frost heavs
the soil surrounding the pipe, 5 heave gaudels) were placed at 1 m beneath the
pipeline Theywere located at 27.85 m, 30.96 m, 32.33 m, 37.04 m, and 68.85 m from

the inlet riser Figure 2.5 showthe locations othe heave gauges.
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CHAPTER 3. FROST HEAVE DATA ANA LYSIS

This chapter summarizes the pipeline movement and foundation heave beneath the pipe
discussed in the previous publications Bray (2003),Huanget al. (2@4), Kim et al.
(2008), and Akagawaet al. 012. In addition, analysis of the monthly pipe heave

measurements for this study is included.

3.1 Heave rod data

As mentioned in Chapter 28 heave rods were installed alahg top exterior surface of
the pipeline to monitor theertical movement of the pipe. The measurements were
collected manually evay two weeks from December 1996 September2003. The
monthly heave rod movememtas calculatedin reference tahe valuessurveyed on
December 111999 to show the pipe behaviarherepositive movement indicated heave
and negative movement meadttlement of the pipdsigure 3.1 to Figure 3.3 showthe

monthly pipeline movemeritom December 1999 to September 2003.

Compared to the heave rdaocatiors in Figure 2.4, it can be seen that the amount of
pipeline heave, in generahcreasedvith distanceaway from the inlet riser. However,
the portion of the pipeline buried in the permafrost zone also experienced slight vertical
movementwith thaw settlementoefore June 200knd frost heave throughout the
remaining cooling stage. In June 2001, thdire pipeline including the section in
permafrost, experienceddeaving, and it continued until the end of September 2003.
Moreover, the cumulative pipe movement increlass time went on, while after
September 2000the movementbetween about 20 m andd m from the inlet riser
accelerated. The pipe experienced ldrgestmovementbeyondthe transition zone (i.e.

35 m to 55 m from the inlet riserfhe maximum pipeline movement was observed in
November 2002. The results discusabdve also corresportd the analysis ithe paper

by Huang et al(2004).
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3.2 Heave gauge data

Five heave gauge$iG-1 to HG5) were installed underneath the pipeline as shown in
Figure 2.5. Although the heave gauges wer®nitored from December 11999 to
January 142005, they only functioned in the very early stagdreézingand the late
stage othawing The target depth of foundation soil was 1 m. The gauges were placed at
27.85 m, 30.96 m, 32.33 m, 37.04 m, andB68n from the inlet riser. HG through HG

4 were located near the transition zone, and3H@s installed around the middle section

of the nonpermafrost area

Figure 3.4 shows heave gauge movement versus pipeline operation time from the
beginning of operationto January 2005Monitoring of heave gauges was performed
twice daily from December 11, 1999 to January 14, 2004th the activation of the
chilled air in the pipe, the ground beneath the pipe experienced abrupt ineénetiess
heave After May 200Q the gauges couldio longerregister any differential heave
between the anchor and the LVDT plate until July 2004ey thenrecordedan abrupt
downwardsmovement The downwards movemenivas due to thecessationof the
pipeline chilling at the end ofiuly 2003 Figure 3.5 shows the portion of the heave
patternfrom December 1999 to Marc0D0Q All five heave gauges underwent a linear
increase from December 1989earlyMarch200Q with betweerB0 toalmost50 mmof
total movementAfter that jumpthe heave gauge movement remained stable untlHG
to HG-4 went through the second jump near late April 2000st notably, he movement

of HG-4 changed fromapproximately30 to 48 mm. Finally, the heave gauges stabilized
around the middle of May 2000. Figure 3.6 shows the settlement pattern after the
operation othe chilled pipe system ceasdtican be seethat the five gauges decreased
slowly until July 2004. After that, the gauges experiermstiarp dop until the end of
operationHG-1, HG-3, andHG-5 moved the most droppg from approximatelyd0 mm

to -10 mm, which indicated thathe soil at each of thgaugelocationsunderwentthaw

settlementand a small degree of consolidatiofror HG2 and HG4, the gauges
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decreased about 15 mm and remaiag¢dbout the same valuentl the end of the
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