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Abstract

Ground displacements such as landslides, fault mewnés, soil liquefaction which may be

caused by seismic activity are one of the most eéang phenomena that can involve bur-
led pipelines, e.g. for oil and gas transportat@nyater and sewage. This aspect is cur-
rently an important part of research and a chadidiog lifelines owners that are interested

in prevent or limit pipeline damages.

Within the framework of GIPIPEresearch program (SAFETY OF BURIED STEEL
PIPELINES UNDER GROUND-INDUCED DEFORMATIONS) newlfhscale facilities
have been developed and adopted in order to igatstpipe-soil interaction mechanism
(in particular sand and & X65 steel pipes). The new experimental facilitiesre been
designed to perform two groups of tests: simpleraxdtion tests (axial pullout and trans-
versal pullout test) and complex interaction tgséproducing a pipeline crossing land-
slide). A system of steel containers (stationany faxed) in which pipe samples are buried
within the sand, have been assembled. Numericdisesahave been performed using
strength parameters of sand and steel obtained fiboratory testing and subsequently
validated by means full-scale experimental results.

The outcomes of the experimental activity showenhesalifferences in soil reaction on

pipe by increasing the relative density of sollriig and using a smoother coating.

1 A research project sponsored by European commission (Rfsr-ct-2011-00027)
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Moreover peak soil resistances estimated with égumsuggested by ASCE guidelines [4]
cannot predict satisfactory measured axial anddbagil reactions. This is a confirmation
of previous studies in which was evidenced thecefté soil dilation in the annular soll
zone around the pipe during axial relative movenimtiveen pipe and soil causes an in-
crease of the normal stress at pipe soil interfac@articular the horizontal direction is
significantly constrained by the surrounding sodgss leading to an higher increase in lat-
eral soil stress in this direction respect to theigal direction. Therefore this phenomenon
leads to a lateral earth pressure coefficient Kcwig greater than g(coefficient of pres-
sure at rest) as suggested in the ASCE guideldiesHerefore for a better estimation of
soil response using that equation it is suggesiethd¢asure the ratio between horizontal
stress and the vertical stress during a full-saziel pullout test.

Pipes submitted to lateral soil displacement wittoastrained uplifting show as expected a
greater soil reaction than that estimated by ASgtpd PRCI [20].

As far as the landslide/fault test are concernkd, maximum soil relative density (D
achieved during experimental tests performed is shiidy was around 40%. This level of
density led to a low stiffness of soil mass hendaenéted global deformation of a 24 m
embedded pipe during landslide/fault tests in whink caisson was moved up to 4 m re-
spect to the initial position. These experimenitadihgs confirm that sand with a low val-
ue of maximum achievable density may prevent frogh thoads developing on pipelines,

in contrast to native soil which can apply highsads.

Numerical analyses and their validation gave usit@lsle instrument to estimate the pipe

soil response for large ground displacements phenam
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Nomenclature

agw = Girth weld factor

an = Yield strength to Tensile Strength ratio
D = Pipe outer diameter

Da = Pipe axial displacement

D a = Normalized pipe axial displacement
D, = Pipe lateral displacement

D'\ = Normalized pipe lateral displacement
dx = Horizontal displacement (referred to direct sheating)
Dmax = Maximum pipe outer diameter

Dmin = Minimum pipe diameter

D, = Relative density

D/t = Diameter to wall thickness ratio

€a = Axial strain

&p = Bending strain

gc = Critical strain

g+ = Compressive strain

€. = Tensile strain

f = coating dependent factor

op = Peak internal friction angle

¢r = Residual internal friction angle

v = Soil density

" = Plastic shear strain

© Giacomo Fenza 2015 27



PhD Thesis

H = Burial depth of the pipe springline

H/D = Overburden ratio

HDPE = High-density polyethylene

Hee = Height of FE element

Hs = Height of soil specimen (referred to direct stheating)
K = Coefficient of lateral pressure

Ko = Coefficient of lateral pressure at rest

L = Pipe length

Ngh = Horizontal bearing capacity factor

OD = Pipe outer diameter

vy = Dilation angle

P. = Lateral solil resistance (ASCE [4] and PRCI [20])
P, = Normalized lateral soil resistance (referre@®tp
Ra = Axial soil resistance

R a = Normalized axial soil resistance

R, = Lateral solil resistance

R = Normalized lateral soil resistance

R.p = Peak lateral soil resistance

R.r = Residual lateral soil resistance

R .p = Normalized peak lateral soil resistance

R .r = Normalized residual lateral soil resistance
Ta = Axial soil resistance (ASCE [4] and PRCI [20])
T a = Normalized axial soil resistance (referred 5 T

w = Water content
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WT = Pipe wall thickness
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1. Introduction

1.1.Background

The safe transportation of fluids such as oil aasl lgy means pipelines is essential to justi-
fy this way of energy transmission. Citizens andimmment must be protected as much as
the technology can from possible accidents andupoil that can involve lifelines. Fur-
thermore pipelines play an important role in ouesgnt economy, highlighted from the
thousands of meters of pipes laid each year bathare and offshore.

The extension of these transmission networks faitoese lines to transit in areas with geo-
logical instabilities. Permanent ground displacetmesuch as faulting, landslides, dis-
placements due to liquefaction may undergo pipsliieehigh soil loads and hence unac-
ceptably level of strains.

The modes of relative displacement between pipesaiidcould be categorized as: hori-
zontal lateral, longitudinal axial, vertical uplitnd vertical bearing. The global defor-
mations of pipelines may include two or more modéselative displacements just de-
scribed and due to the constrain applied on the fspgm the undeformed ground it is pos-
sible to have bending, shear, tension or compnessid hence high levels of strains some-
times responsible of severe damage of the pipaoselgtading to a unserviceability and
hazards for beings and environment.

Different global deformations of pipelines are sihow Fig. 1 ad Fig. 2, for landslide and
fault phenomenon respectively. The restraintsssirstrains on the pipe section are func-
tion of pipeline orientation respect to the groumdvement. When a pipe is perpendicular
to the direction of landslide, the pipe is subjdateainly to bending and shear load Fig. 1

a). In case of pipe parallel to the landslide @dispment, the pipeline is subjected both ten-
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sion and compression combined with bending (Fig))1The oblique interaction depicted

in Fig. 1 b) is an intermediate condition betweenpgndicular interaction and parallel in-

teraction.

A pipe involved in a fault event is subjected tméh@eg moment and shear loads in any
case, but the cross section is mainly subjecteadrtsion in normal fault (Fig. 2 d)), com-

pression in reverse fault (Fig. 2 €)) and eithesiten or compression in a strike slip fault

depending on the pipe orientation respect to thk fdane as shown in Fig. 2 f).

Pipeline subjected to
Pipeline subjected compression and bending
mainly to bending

Pipeline subjected to
tension and bending

a). Perpendicular crossing interaction. b). Obliquecrossing interaction.

Pipeline subjected to
tension and bending

Pipeline subjected to
compression and bending

c). Parallel crossing interaction.

Fig. 1. Principal modes of pipeline-soil interactia during landslide phenomenon [17].
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e
" 4 ” ‘\ . ot
€ \»J j .-‘;3"':":
a). Normal fault. b). Reverse fault. c). Strike sp fault.
DN\ N\ Pipeline
: Pipeline . Pipeline \o
d). Normal fault. e). Reverse fault. f). Strike slp fault.

Fig. 2. Principal modes of pipeline-soil interactia during fault phenomenon [39].

In case of displacement due to liquefaction suclked8ement the pipe may bend in the
vertical plane and subjected to tension and shessssmainly where the pipe is restrained

by the undeformed ground.

1.2. Aim of this thesis

The purpose of this study has been to understamddit-pipe behavior during horizontal
relative displacements taking advantage of fullestesting activity that Centro Sviluppo
Materiali S.p.A. performed within the GIPIPE resdaprogram (SAFETY OF BURIED

STEEL PIPELINES UNDER GROUND-INDUCED DEFORMATIONS}esides, to de-
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velop and validate reliable numerical models t@atepted in order to extend the results of
experimental tests to different pipe-soil interanticonditions characterized by different
pipe diameter and pipe burial depth.

Expressly the objective is:

» Study the response of a steel pipe embedded inea goil subjected to axial dis-
placement, the response of steel pipe subjectéatdral displacement and the re-

sponse of a pipe exposed to landslide/fault scenari

» Evaluate the analytical relations given from cutrgmidelines for design of pipe-

lines in areas with geological instabilities in quamison with full-scale results.

» Develop and validate numerical models of axial @pé interaction, lateral pipe

soil interaction and pipeline exposed to landstalét.

To reach this goal several activities at labora®of Centro Sviluppo Materiali were car-

ried out:

* Realization of a steel caisson to perform axial #atdral pipe soil interaction
housed within a stiff frame of the experimental ides equipped with a 2500 tons
actuator.

» Realization of three caissons, two of which fixedl @ne movable to perform the

landslide/fault tests in an area designed to perfoend test on 48” pipe.
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» Performing axial and lateral pulling varying th@icoating and the soil compac-
tion.

* Performing four landslide/fault tests on a 24 mgldouried pipeline, varying the
soil compaction and the pipe internal pressure.

* Development of numerical models with finite elemergthod, to capture full-scale
testing results. This included calibration anddaiion of the model.

» Comparison of experimental result with ASCE guided [4], PRCI guidelines

[20].

Preliminary geotechnical tests were performed ol samples (the same used in the full-

scale experiments) at the laboratory of NTUA (NagiloTechnical University of Athens)

and at laboratory of University of Cagliari.
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2. Literature review

2.1.Horizontal axial pipe soil interaction

Only few experimental studies on horizontal axiglepsoil interaction are published in lit-
erature. Those found have been performed on embeuiges by means full-scale tests
and carried out dealing with: maximum horizontal gmrce and force-displacement rela-
tionship, effect of soil dilation in the increasiafjnormal stress at pipe-solil interface.
Paulin et al. [19] performed some full-scale axests on steel pipe embedded in sand and
some other tests on steel pipe embedded in clay.s@dhd used during testing was well-
graded with a maximum grain size of 4-5 mm, a uniity coefficient of 4, and a coeffi-
cient of curvature equal to 0.8. Two level of smimpaction were tested relative density
(Dy) around 0% and around 100%. To prepare the lcarse testbed the sand was slumped
from a container; to prepare the dense sand testhed/as placed in 100 mm layers and
compacted with a vibratory tamper. The displacemat& used during sand tests was 10
mm/hour. Experimental findings have shown thatdfiect of difference in relative densi-
ties on the interaction was significant but loasptiicement data value were omitted. Load
displacement curve are expressed in percent, gid@§o to the maximum load achieved
during tests in dense sand. All curves both foséand for dense condition do not present
a prominent peak load but a constant soil reaciter attainment the maximum reaction.
The maximum soil reaction in loose conditions w&®630of maximum soil reaction
reached in dense conditions. Dimensions of equipieueth properties of soil were not pub-
lished

Wijewickreme et al. [32] performed four axial pullatests on a blasted-steel pipe with 457

mm outside diameter in loose and dense river s@ihd. pipes were subjected to axial
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pullout with direct measurement of axial soil réactand soil pressure at pipe soil inter-
face. These authors presented the results from élperiments and interpretations with
support from numerical modeling.

The test setup was mainly composed of a 3.8 tarbl&ngth x 2.5 m width x 2.5 height
caisson, hydraulic actuator, and a data acquissimtem. The length of the pipeline test
specimen was kept longer than the length of thesoai so that the pipe extended through
both ends of the soil caisson.

In all test configurations, the pipe was loaded idisplacement-controlled manner and the
displacement rate chosen varied between 2 to 5G&nirest results indicated that the load-
ing rates selected had no noticeable effect onethats.

In some of these tests, the normal soil stressherpipe was measured using five total-
pressure transducers mounted at selected circumitdréocations. The intent was to
measure changes of normal soil stress acting angugss section while filling the caisson,
during compaction of the backfill soil and when jgahing the pipe to the axial loading.
Fraser river sand was used in their experiments minimum and average grain size re-
spectively of 0.074 and 0.23 mm, and a coeffic@niniformity equal to 1.5. A peak in-
ternal friction angle between 43.5° and 45.5° wasasnred through the tests conducted at
a relative density of ~75% and vertical stress irmnfrom 15 to 50 kPa furthermore a con-
stant volume friction angle in the range of abalft 81d 33° were measured.

Steel pipe with outside diameter of 457 mm and .& H2m wall thickness was used. the
surface of the pipe was prepared by sand-blastiog {o testing.

The interface friction angle between sand-blasteelsand Fraser river sand was also

measured giving values of 33° and 36° for loosederse sand respectively.
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Three tests were performed at relative densitys86 And one at 25%, with a buried pipe
length of 3.8 m except for one test in dense shatlltad a buried pipe length equal to 5.0
m. The H/D ratio was kept constant at 2.5 for tpstsormed with dense sand; test in loose
sand was performed with H/D ratio of 2.7 to provaleertical effective stress at the pipe
level nearly the same as that for tests with deasd.

Essentially identical load displacement responseevabtained by two tests performed
with dense sand and different length of buried pgmgth suggesting that any affect arise
from the boundary conditions. Moreover confirmatairthis, earth pressure measurements
conducted on the front and rear walls during agidlout testing did not indicate any de-
tectable change in pressure.

A slightly higher peak load soil resistance wasaotgd with axial pullout test in dense
sand performed after 45 days from the date of sp&Etipreparation.

Normalized value of soil reaction between 1.02 &ri8 were reached in dense sand tests
and 0.42 during tests in loose sand.

Authors of this study conducted also comparisomxgierimental results with ASCE [4]
predictions showing that dense-sand tests exhibithrhigher axial resistance than that
predicted using equation suggested from ASCE. iBhis contrast with the results of loose
sand test that is in good agreement with the ptieds made using the same approach.
Coefficient of lateral pressure at regtused in aforementioned equation has been object of
analysis. A back calculation of K instead the usKwas carried out and a value between
1.8 and 2.2 was necessary to obtain correspondeititgoeak axial resistance from tests
conducted with dense sand.

Measurements with pressure transducers during iexpets prove that the average normal

stresses on the pipe with dense sand are sigrifchigher in comparison to the at-rest
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values. The largest stress increase appears todtavered at the springline, whereas the
normal distribution on the pipe during pullout st conducted with loose sand did not
change significantly from those observed undeeat-tonditions.

The values of K determined using these two appremare compared show a general
agreement.

The change in normal stress during pipe pullout @xgdained by the authors in terms of
dilation of the annular soil zone around the pipense sand would exhibit a tendency to
dilate as it undergoes shear deformations at tieefate during pullout and the tendency to
dilate in the horizontal direction is significanttpnstrained by the surrounding soil mass,
leading to the observed increase in lateral smabkstat the springline of the pipe.

Using FLAC 2D a 2D plane strain model was develojpecepresent the effect of dilation
in the shear zone at the pipe-solil interface canige the means of determining suitable K
values for use in ASCE equation under different ditation levels, pipe diameters, burial
depths ratios, etc., instead of full-scale testinghe numerical model, the dilation of the
shear zone was simulated through expansion ofigieeip radial direction. The computed
normal stresses on the pipe after applying suclaresipn to the interface were in good

agreement with normal stress measurements duriag@axlout of the pipe.

2.2.Horizontal lateral pipe soil interaction

Experimental studies have been performed on embegiges by means small scale tests,
full-scale tests and centrifuge test. In partictilascale of lateral pulling tests have been
carried out dealing with: maximum horizontal safde and force-displacement relation-
ship. Several parameters were varied in ordervesitigate the variation of soil resistance,

the burial depth, the outside diameter of pipe ¢petine overburden ratio H/D), the soil
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compaction, the shape of trench, material and egaif pipe. Trautmann and O’Rourke
[24] tested full-scale steel pipe embedded inrfi#@nd for H/D ranging from 1.5 to 11 and
for each overburden ratio three levels of soil cantipn were tested: loose 14.8 kN/m
medium 16.4 kN/mhand dense 17.7 kNAnThe effect of pipe surface friction have been
assessed by covering the pipe with sandpaper ahasac film in order to simulate rough
and smooth surfaces. Summarizing their resultssiiehas a small effect on peak normal-
ized soil resistance (R) for depths less than four diameters. As depthemse, Rp for
dense sand increase significantly respect to l@wsk medium sand, moreover Rfor
loose and medium sand reach a constant value atkiInd eight. The most significant
result is that Rp for loose and medium sand is nearly equal ategittts tested. Increasing
the overburden ratio residual normalized force{Rs nearly the same for all tested den-
sities, there is only a constant increase in tiferéince between dense and medium density
but never more than 12%. After H/D = § Rfor dense sand becomes to increase substan-
tially respect to medium compaction.

The effect of surface roughness, determined asmaidl above, lead to a difference insR
equal to 10% between rough pipe and smooth pipe.eFtect of size implies a & 8%
higher for tests on 324 mm diameter pipe when coetpwith 102 mm diameter pipe in
condition of loose sand. Only one comparativeitegense sand has been performed and it
showed a difference of 1%.

The dimensionless displacement (lateral displacéfsiameter) associated with maximum

force, is difficult to define for loose and mediwsand because of the gradual increase in

2 Normalized soil resistance will be defined later.
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horizontal resistance with large displacement. derse sand this ratio ranges from 0.1 to
0.25.

Karimian [13] tested full-scale steel pipe embeduedver sand for H/D ranging from 1 to
2.75 with one level of soil compaction equal to7LEN/nT, this level of compaction was
associate with relative density equal to 75%. Ureced sandblasted pipe surface was used
for all tests conducted in a caisson mimicking@amegular cross section trench. In all cas-
es the peak of soil resistance was slightly grethimm the residual resistance. Two dimen-
sion of pipe (457 mm and 324 mm) were used forsdrae H/D = 1.92 and the difference
in residual resistance was around 14%. The otlss tnducted with 324 mm diameter
pipe with H/D equal to 1, 1.92 and 2.75 shows aneiment of soil reaction equal to 17%
from the first to the second overburden ratio a&4rom the first to the third overburden
ratio. Also a pressure cell were placed aroundtpe for one test showing clearly a peak
of normal stress at about 0.075D of lateral disgptaent and a residual behaviour at 0.2D.
Moreover tests on trapezoidal cross section caigsme performed, with native soil for
the slope of the trench, rigid trench slope uncesteand covered with geotextile fabric.
The pipe was placed near the slope and the reaatisoil shows a constant increasing af-
ter the yielding point of the curve. The geotexldlger lead to a reduction of soil reaction
from 15% to 20%.

Finite element modeling using ABAQUS validate bygkscale test on pipe-soil lateral
interaction are available in literature. The modklJung et al. [12] is based on an elasto-
plastic characterization of the soil, with Mohr Gmuab strength parameters and with strain
softening adjustments proposed by Anastasopoulad. §R2]. In this work plain-strain
model strength parameters are obtained throughethdts of performed direct shear tests.

The finite element analyses were performed witlnitd elements and finite elements:
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eight-node biquadratic plane strain quadrilateratiuced integration elements (element
type CPE8R) have been used for the soil aroungithe and five-node quadratic, plane
strain, one way infinite quadrilateral elementefeént type CINPE5R) have been used to
represent the semi-infinite soil medium. The irded interaction is modelled through sur-
face based contact, in which separation and sliywd®n soil and pipe are allowed. Geo-
static load was applied to the soil at the begigrohthe analysis under K = 1. After the
validation of the model Jung et. al. conductedramatric analysis varying the overburden
ratio from 3.5 to 100, with the diameter of theeleld constant at 102 mm for dry medi-
um, dense, and very dense sand. The simulatedllaigdfing tests shows that the normal-
ized peak soil resistance reaches a maximum vdli¥a = 15+20 and then decreases
with increasing H/D. From H/D = 15 to 100 the pesail resistance decreases approxi-
mately by 0.6, 3.3 and 3.1% for medium, dense amy dense sand respectively. Between
H/D = 15 and 20, normalized peak soil reaction headts limiting values of approximate-
ly 15, 18 and 20 for medium, dense and very deasel,srespectively, also this work
pointed out a steeply increase of peak soil readioshallower depths and remains rela-
tively constant once H/D reaches a critical embatmegtio. Moreover the FE results show
that at depths of 15 + 23 H/D, the soil movemeantad the pipe becomes symmetric.

In the research of Yimsiri et. al. [34], lateralllmg finite element model have been vali-
dated by means Trautmann experiments [24]. Twedfft soil models are used for their
simulations: Mohr Coulomb model and Nor-Sand mdtat allows better simulation of
the stress dilatancy behaviour of soil than Mohul@mb. Models have been validated on
two level of overburden ratio H/D = 2 and H/D =3,1with a 102 mm pipe diameter. The
distance between the bottom boundary and the pgre Wept the same both for numerical

mesh and tank experiments and the examinationseshtivat the interference by the bot-
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tom boundary is insignificant. The soil and theepipere represented by eight node bi-
quadratic, reduced integration continuum elemente analysis was performed in plane
strain and dry conditions. FE analyses results skoavgood agreement with experimental
findings in which Nor-Sand model gives a stiffespense. It is noted that numerical re-
sults for the force-displacement curves from NoméSagree very well with experimental
data. Moreover peak dimensionless forces obtairmd FE results were compared with
the experimental data showing a good agreemenbdtr Mohr Coulomb and Nor-Sand
models. Additional FE analyses were performed &®per overburden ratios from 14.5 to
100 to examine the transition of the peak dimersgmforces from the shallow to deep
failure mechanisms. The FE results show that tlak gemensionless forces increase ap-
proximately linearly with the overburden ratio aBBow embedment conditions and reach
their maximum values at a certain embedment rdter avhich the peak dimensionless
forces are approximately constant with the increpsif embedment ratio. The depth at
which this transition occurs is called the critiemhbedment depth, and the constant peak
dimensionless force is called the critical peakeafhsionless force. In this study the critical
embedment ratio for medium sand is H/D = 12 with ¢brresponding critical peak dimen-
sionless force of 14, for dense sand H/D = 16 withcorresponding critical peak dimen-
sionless force equal to 28. In conclusion Nor-Saudlel is able to simulate the softening
behaviour of the sand which cannot be achievablgudohr Coulomb, but the peak forc-

es of both models are reasonably similar.
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2.3. Landslide/fault pipe soil interaction

The combination of aforementioned modes of reladiigplacement between pipe and soil
may be originated by landslides, fault movemerndgieffaction-induced lateral spreading,
subsidences and so on.

Permanent ground deformations are arguably the sevsire hazard for continuous buried
pipelines and the major contribution of the researcthis field focuses on fault move-
ments. Several works have been conducted by meansrital analyses and small-scale
tests but just few studies have been conductedlbgdale tests.

Experimental studies have been performed on embegiges by means small scale tests,
full-scale tests and centrifuge test. Several domB have been taken in to account in
these studies such as angle of fault, materiairdfeglment, moisture content, pipeline ma-
terials, pipe internal pressure.

Ha et al. [7] [8] performed centrifuge investigation buried high-density polyethylene
(HDPE) pipelines subjected to strike slip and 96fnmal faulting. The first work [7] de-
bate on the differences in behaviour of buried HO@Rtelines subjected to strike slip and
90° normal faulting. The fault offset was simulateging a split-box container having di-
mensions: 1.14 m x 0.76 m x 0.20 m. The pipes tssdn outside diameter D = 33.4 mm
and a wall thickness t = 1.96 m for a D/t = 17. édhtrifuge tests were performed at gravi-
ty level of 12.2g, therefore the model pipe geognetmulates a prototype pipe with D =
407.5 mm and WT = 24 mm.

The two strike-slip faults were carried out withethipe axis inclined of 85° respect the
fault line (considering the plan view) and the t&4@” normal faults were carried out with

the pipe axis perpendicular to the fault plane.ilythe test the movable portion of the
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container was offset horizontally of 1.06 m (in fotgpe scale) in the strike-slip tests and
was offset vertically of 0.48 m in the normal fandy tests.

To monitor pipeline response during fault offsebttypes of measurement sensors were
used in separate experiments. A specimen was metried with strain gauges along the
pipe springline to measure the longitudinal stidistribution on both sides of the pipe for
the first strike-slip experiment. On specimen uBwmdthe first normal fault testing, strain
gauges were attached at crown and invert of the feigapture the longitudinal strains due
to container offset in the vertical plane. The otsigecimens were instrumented with two
tactile pressure sensor sheets manufactured by TBKS The sensor sheets were
wrapped around the test pipes for a longitudinsiatice of 0.25 m in model scale (3 m in
prototype scale) on either side of the fault. Thespure sensor sheet measures the pressure
at soil-pipe interface.

The pipeline was connected to the split contaimer \@alls using spherical bearings leav-
ing free three dimensional rotations.

The soil used in these tests was a sieved andgnadied glaciofluvial sand that was placed
at water content of about ~4% and compacted irr$atgea dry unit weight of 14.7 kNAn
and to a depth H of 1.12 m (in prototype scale)ira¥i/D equal to 2.8. The compacted
sand has a relative density of about 82% and amniak peak friction angle of 40°. After
the tests, analyses of data results showed thalt stxains for strike-slip faulting are nomi-
nally symmetric with respect to the fault. Also bag ~2 m from the fault, there is a linear
decrease in axial strain with distance from thédtfaine peak axial strain for the strike-slip
case is located at around £1 m from the fault atntiaximum offset of 1.06 m. In contrast,

for the normal faulting case the axial strain disttion is not symmetric. Axial strains are
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larger on the up-thrown side and located at -1omfthe fault at the maximum box offset
of 0.48 m.

For a given strike-slip fault offset, the bendingams are in agreement with double curva-
ture bending, concave on one side of the fault@mex on the other. In contrast, as ex-
pected, the bending strain distribution is not sytrio for the case of normal faulting.
Bending strains are larger on the up-thrown sidé tie peak value located at about -1 m
from the fault at maximum offset, which is the appmate location of the peak axial
strain at the same offset. For the normal faultage, the peak bending strains on the up-
thrown side are larger than those on the down-threide. For fault offsets larger than
about 0.3 m, the peak bending strain in the sslkecase is approximately equal to the
average of the values for the up-thrown and dowavth sides for the normal fault case.

It is noticeable that the peak axial strain verfawst offset plots for both the strike-slip test
and the normal offset test more or less followgshme curve. On the other hand the peak
bending strain versus fault offset plots for thikstslip and normal tests do not follow the
same curve.

The peak axial strain and the peak bending straasored in the strike-slip test are re-
spectively ~1% and ~1.5%, while the peak axialisteand the peak bending strain meas-
ured in the normal test are respectively ~0.75%-&n8%.

The pipe lateral force was measured using a tgmtdssure sensor. The measured pipe lat-
eral force distributions were in agreement with #teain gauge measurements. For the
normal faulting case the pipe lateral force disttidn is not symmetric and there is a con-
centration of lateral force on the up-thrown sifiéhe pipe. For the strike-slip faulting case
the pipe lateral force distribution is symmetridhieTpeak lateral forces per unit length at

the soil-pipe interface are compared with the ssiggkvalues in the ASCE guidelines [4].
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For strike-slip faulting the experimental p—y r@atwas softer than the ASCE relation;
the difference being attributed to reduced compactif soil near the pipe in the experi-
mental models. On the other hand, the measuredaiti soil resistance (transverse hori-
zontal) was generally consistent with that providedhe ASCE guidelines. For normal

faulting both the ASCE suggested peak force arthesis values (transverse vertical,
downward) are much higher than those measured iexpatally. It is believed that these

differences are attributable to the fact that formmal faulting the soil deformation is three-
dimensional while ASCE guidelines assume two-dirara.

Vazouras et al. [28] performed an accurate anatysithe mechanical behaviour of buried
steel pipes crossing active strike-slip faults. Trheestigation is based on numerical simu-
lation of the nonlinear response of the soil pipelsystem through finite elements using
ABAQUS.

This work considered buried steel pipelines crass$ime vertical fault plane at several an-
gles. Moreover mechanical behaviour of buried gpgstlines was examined with respect
to appropriate performance criteria, expressectiims of local strain and cross sectional
deformation. Pipes from two steel grades X65 an@ Xi& considered for typical values of
diameter to thickness ratio D/t ranging from 5706144, in both cohesive and non-

cohesive soils. The behaviour of internally pregsal pipes with respect to non-

pressurized pipes is also examined.

The pipeline is embedded in an elongated soil prisour-node reduced integration shell
elements are employed to modeling the pipeline segrand eight-node reduced integra-
tion brick elements are used to modeling the sumdog soil. The overburden ratio was

chosen equal to 2, the prism length in the x divecis at least 65 pipeline diameters. The

analysis was conducted in two steps gravity loadgngpplied first and subsequently then
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fault movement is imposed, using a displacementrolied scheme. For the case of pres-
surized pipelines an intermediate step of intepraksure application is considered (after
the application of gravity and before the fauliptiEement is activated).

A large von Mises plasticity model with isotropiardening is employed for the steel pipe
material. Besides the mechanical behaviour ofreailerial is described through an elastic-
perfectly plastic Mohr Coulomb constitutive modeharacterize by cohesion, friction an-
gle, elastic modulus and Poisson’s Ratio. Theiditadngle was assumed equal to zero for
all cases.

The interface between the outer surface of thd ptpe and the surrounding soil is simu-
lated with a contact algorithm, which allows sepiaraof the pipe and the surrounding
soil, and accounts for interface friction, throwghappropriate friction coefficient.
Numerical results are obtained in this work usingeo diameter equal to 914.4 mm and
four values of the pipe wall thickness: 6.35 mnb39mm, 12.7 mm and 15.88 mm, corre-
sponding to D/t values equal to 144, 96, 72 an® B&spectively. The soil-pipeline has
dimensions of 60 m x 10 m x 5 m and the fault plpasses through the middle cross-
section of the pipeline and crosses the pipeling aixdifferent angles, so that the value of
angle between pipe axis and fault trace rangesdsetwl0° to 45°, in which the minus
sign indicates a configuration where the pipelssubjected to global compression.

Non pressurized and pressurized pipelines are sewlwith cohesive and non-cohesive
soil conditions.

Most of the cases analysed show that local bucknfpe governing mode of failure for
non-positive values of the crossing angle. For Ipips under tension (i.e. positive values
of crossing angle) local buckling is not dominantthose pipelines the governing modes

of failure are the 3% value of longitudinal tensteain and the cross-sectional flattening.

© Giacomo Fenza 2015 49



PhD Thesis

However buckling may also occur for small positixedues of crossing angle if the pipe-
line is thin-walled and the ground conditions &it.s

The numerical results presented, indicate a stdmpgendence in terms of the pipeline di-
ameter to thickness ratio D/t. It was also conaiuteat softer ground conditions result in a
larger deformation capacity of the pipeline. Moreovhe presence of internal pressure
prevents cross-sectional distortion, and inducektiadal stresses leading to a reduced de-
formation capacity compared with non-pressurizgkloies. Results also showed the su-
perior behaviour of high strength X80 steel pipedinvith respect to that of X65 pipelines.
Yoshizaki et al. [38] in their research conductadyé scale experiments of permanent
ground deformation effects on steel pipelines wltiow.

Pipelines must often be constructed to change tibhrecapidly for several reasons; hence
in such cases the pipeline is installed with amwlthat can be fabricated for change in di-
rection from 90° to a few degrees. Since elbowslacations where flexural and axial
pipeline deformations are restrained, concentratedns can easily accumulate at elbows
in response to permanent ground deformations. &$gonse of pipeline elbows, deformed
by adjacent ground rupture and subject to the caingtg effects of surrounding soll, is a
complex interaction problem.

For a global and reliable assessment of this pnoliddoratory experiments on elbows are
required to characterize their three-dimensionspoase to axial and flexural loading and
for such reasons Yoshizaki et al. performed fulllscexperimental tests and numerical
analysis that simulate soil structure interactiombined with three-dimensional elbow re-
sponse.

Although lateral spreads and landslides involve @em patterns of soil movement, the

most severe deformation associated with these phen® occurs at the elbows and near
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the margins between the displaced soil mass armteul, more stable ground. The defor-
mation along this boundary is usually simplifieda@supt planar soil displacement that al-
so represents the principal mode of deformatidaudt crossing.

A pipeline outer diameter of 100 mm with 4.1 mm Mthickness was used in the tests.
The system was composed of two straight pipes wdide 90° elbow. The short section
of straight pipe was 5.4 m long, whereas the longestion was 9.3 m. Both ends of the
pipeline were bolted to reaction walls. The elbavese composed of STPT 370 steel with
a specified minimum yield stress of 215 MPa andisimum ultimate tensile strength of
370 MPa. The straight pipe was composed of SGP widea minimum ultimate tensile
strength of 294 MPa.

The pipeline was installed at 0.9 m depth to tleever of pipe in each of two experiments,
leading to an overburden ratio equal to 8.5. Irhea@eriment soil was placed at a differ-
ent water content and density. Both experimentewenducted to induce opening mode
deformation of the elbow. Moreover they were conddaovith an internal pipeline pres-
sure of 0.1 MPa.

About 150 strain gauges were installed on the mpaeasure train during the tests.
Cornell sand was used as soil filling havinggB 0.2 mm, @y = 0.7 mm, @y =0.9 mm, a
minimum dry unit weight of 17.4 kN/frand an optimum water content of 10.1%.

Tests 1 and test 2 ware conducted with water conted.5% and 3.1% respectively. Test
2 was performed with sufficiently large water contéo investigate the effects of partial
saturation.

The sand was placed and compacted in 150 mm lifts ngorous controls on water con-

tent and density. Internal friction angles betwdéh and 51° were obtained through triaxi-
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al tests with strain rates of 0.1%/min and 5%/metednined from dry unit weight.
5%/min was used in order to see the effect of dyodmading on the results.

The rate of displacement imposed to the movablevmsxapproximately 16 mm/s.

During test 1 leakage occurred at the connecting lpgtween the elbow and the shorter
straight pipe when the ground displacement was @,78nd full circumferential rupture of
the pipe occurred when the displacement was 0.9¥laneover leakage occurred during
test 2 but a full circumferential rupture of th@@idid not occur.

The maximum longitudinal strain measured duringtésts was around 11.6% at intrados
line of the elbow

Authors of this work conducted also a finite eleinamalysis. The pipeline was modelled
with isotropic shell elements with reduced integnat ABAQUS was used as solver for
the analyses with geometric nonlinearity and lastyain formulation. von Mises criterion
and associated flow rule were applied to the md8eil-pipeline interaction was modeled
with spring elements allocated at the top and etoibittom of pipeline. The force displace-
ment relationship was modeled in accordance witA §Gideline [11] and the data pre-
sented by Trautmann and O’Rourke [25].

Comparison of the deformed pipeline shape andiloligion of longitudinal strain between
experimental findings and numerical analyses agood agreement.

The soil deformation patterns adjacent to the pipelere different for the dry and partial-
ly saturated sands. During test 1, dry sand temnodtbw around the pipeline, in contrast
the partially saturated sand in test 2 showed aar@nt cohesion and relative movement
of the pipe generated rupture surfaces rather flbanin the adjacent soil. The generation
of rupture surfaces in partially saturated sandld/be expected in lateral pipe forces larg-

er than those related to the shear flow conditiciest 1.
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Using the calibrated numerical model, the authéithis work proposed recommendations

for enhancing the resistance of buried pipelingt wibows against permanent ground de-
formations. As observed in past works [35] [36]][B¥akage occurred near the welds con-
necting the straight pipes to the elbow hence ésestance against permanent ground de-
formations can be improved effectively in this pamtof the pipeline.

For this analysis an evaluation of different thieka combination among elbow and

straight pipes was carried out. An effective methbdeinforcement is to use straight pipe

with wall thickness the same as or more than th#teoelbow for a distance of 0.1 m from

the elbow.
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3. Experimental testing aspects

3.1. Testing program

A total of 10 full-scale tests have been performatthin this work: three axial tests, three
lateral tests and four landslide/fault tests asmesd in the

Table 1 in which the details of relative densityass density, water content, pipe coating
and internal pressure are pointed out. In all cisesutside diameter of the pipe speci-
mens is equal to 219.1 mm &), the wall thickness is equal to 5.56 mm and tieels
grade is API 5L X65.

The roughness of pipes coated with antioxidanttpaizy be considered very similar to a
bare pipe. Moreover each test was carried out wizli hours from the start of soil filling.

Various types of interaction aspects have beersiigeged:

» Axial pullout tests in order to investigate theilaontal longitudinal pipe-soil inter-

action mechanism;

» Lateral pullout tests in order to investigate tlogizontal lateral pipe-soil interac-

tion mechanism;

» Landslide/fault testings to investigate the complerraction mechanism between

a pipeline and surrounding soil in case of seisgeiglogical phenomena and de-

formations induced in pipe.
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The effect of send compaction, pipe surface comaitand pipeline internal pressure were

also investigated.

Internal
Relative Mass Water Overbur-
Test No. Test Pipe coating pres-
density  density content den ratio
sure
[-] [-] [%0] [kg/m’] [%] [-] [MPa] [-]
1 Axial 1 35 1629 5.7 Antioxidant paint 0 3.4
2 Axial 2 23 1602 7.8 Antioxidant paint 0 3.4
3 Axial 3 30 1613 5.8 Apsacoat 104 0 3.4
4 Lateral 1 22 1601 7.6 Antioxidant paint 0 3.4
5 Lateral 2 35 1640 6.1 Antioxidant paint 0 3.4
6 Lateral 3 35 1645 7.3 Apsacoat 104 0 3.4
7 Landslide 1 40 1600 5 Bare pipe 0 3.1
8 Landslide 2 36 1688 8 Bare pipe 11.4 3.1
9 Landslide 3 21 - 8 Bare pipe 0 3.1
10 Landslide 4 29 - 8 Bare pipe 11.4 3.1

Table 1. Summary of full-scale tests performed.

3.1.1.Axial pulling testing

The purpose of this test is to investigate longitatinteraction during relative displace-

ment between soil and pipe. Basically the intecaxcts frictional and function of internal
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friction angle of the soil, surface finish of pipepipe coating, and level of pressure at pipe
soil interface.

The axial pullout tests have been performed adgptie testing equipment schematized in
Fig. 7 composed by a steel caisson in which theisyn is embedded.

Quarry sand was used to fill the caisson and cotefaat specific value using a vibratory

plate. Starting from this configuration pipe is lpdlin a controlled manner along its axis

by a hydraulic actuator. During actuator strokeliheed pipe is subjected to soil reaction

which causes at most negligible axial deformation.

More details of real setup are presented in thé seotion 3.2.

3.1.2.Lateral pulling testing

The purpose of this test is to investigate trarsaleinteraction during relative displace-
ment between soil and pipe. The forces exchanggugeyand soil arise from pressure at
pipe-soil interface and frictional action due tal $lux around pipe resulting from lateral
displacement. The lateral pullout tests have besfopned adopting the testing equipment
schematized in Fig. 8 composed by a steel caissamich the specimen is embedded.
Quarry sand was used to fill the caisson and cotefaat specific value using a vibratory
plate. Starting from this configuration pipe islpdlin a controlled manner perpendicular
to its longitudinal axis by a hydraulic actuatomuring actuator stroke the buried pipe is
subjected to soil reaction which can causes pipe ldepending on the pipe wall thickness
and the soil compaction level. In this study thecés involved are not enough to submit
the pipe neither to a large elastic deformationanplastic deformation.

More details of real setup are presented in thé seotion 3.2.
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3.1.3.Landslide/fault testing

The purpose of this test is to investigate a compipe-soil interaction representative as
far as possible of a pipeline crossing a landslilde proposed testing configuration is also
an approximation of a pipeline crossing two strikip faults with very close fault lines.
However it is worth noting that these tests arentyaaimed to calibrate finite element
models for subsequent analyses of more complexipgssoil interactions.

The displacement of sliding caisson mainly leada bteending of the embedded pipe and a
soil deformation providing indications on the etfe€ soil motion on pipeline integrity.

The forces exchanged by pipeline and soil arismfrpressure at pipe-soil interface and
frictional action due to soil flux around pipe régg from lateral component of relative
displacement, besides a frictional action resulfimgn axial component of relative dis-
placement.

The landslide/fault tests have been performed anipphe testing equipment presented in
Fig. 10 composed by three communicating soil caisso which the specimen is embed-
ded. Quarry sand was used to fill the caissonscantpacted at specific value using a vi-
bratory plate. Starting from this configuration #tentral caisson was pulled perpendicular
to the pipe axis by two hydraulic actuators up 6@ mm, identified as maximum dis-
placement to avoid pipe-box wall interferences. iDgircaisson displacement the buried
pipe is subjected to soil action which causes pip#ection and plastic deformation. As
described later, due to constraints applied at pijs the specimen is free to translate and
rotate around its longitudinal axis.

More details of real setup are presented in thé sestion.
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3.2. Experimental apparatus

Two experimental equipments were modified in ortdeperform the full-scale tests at
Centro Sviluppo Materiali S.p.A. Both apparatusevaiready equipped with hydraulic ac-
tuators and control systems, the first (Fig. 3yeunitly used for combined loading on pipes

and the second (Fig. 4) used for four points band& pipe diameter.

Fig. 3. Picture of testing machine frame #1.

A configurable steel caisson to conduct both aaial lateral full-scale tests on & pipe
diameter was designed and constructed. This séesdan was placed and clamped on the
testing machine frame (Fig. 5).

Three caissons to perform landslide/fault testsevdesigned and assembled, two of which
were built with concrete walls and the centralislijdcaisson was built with a stiff frame
usable also for diameters of pipe greater that{®8A picture of test equipment is shown in

Fig. 6.
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Fig. 5. Steel caisson for axial and lateral pulloutesting placed and clamped on the testing machine

frame #1.
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Hydraulic actuators

Soi caissons

ELEVATION &~ Load cell
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Fig. 7. Elevation view and plan view of testing edopment for axial pullout tests.
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Fig. 7 and Fig. 8 show the layout of the test fagifespectively for axial pullout tests and

transversal pullout tests in which the main compdsiare shown.

As depicted in aforementioned figures, the read watl the bottom of the caisson were

clamped for both typologies of tests.

ELEVATION
VIEW

PLAN
VIEW

0.75m Pipe uplift
constrained
04m |
o i 3 S
08m! 22m
O
1 7
3 =1 2] [ Steelb
m 2| eel bars

=] Actuator I )

S _Actuator [ )

Fig. 8. Elevation view and plan view of testing edpment for lateral pullout tests.

The dimension of the internal caisson is fixed é¢gm& m x 3 m, for 1.25 m of depth, the
pipes used for the axial tests were 6 m long toaena constant pipe-soil contact length of
the buried pipe during pulling action. The pipesdifor the lateral tests were 2.9 m long
and were filled with concrete in order to minimiaey deflection induced by soil action.

Horizontal rails were positioned nearby the latevalls to avoid specimen vertical motion,
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in this case the pipe was pulled by means two &taed designed for allow a negligible
friction with the soil and axial deformation.

The configurations of the caisson permit a maximmal depth of 0.75 m respect to the

pipe axis.

b). Lateral pullout configuration (with removed
a). Axial pullout configuration.
sand).

Fig. 9. Testing configurations caisson.

Perspective views of testing configurations areanshm Fig. 9 a) and Fig. 9 b) respective-

ly for axial pullout test just before a test andlftteral pullout test.

Fig. 10 show the layout of the test facility foettandslide/fault tests in which are high-

lighted the main components: two fixed caissonsenaith concrete blocks with adequate
weight force to avoid translation due to soil pteesapplied during tests, one sliding cais-
son to simulate the ground displacement assemblédsteel plates and beams: two actua-
tors to pull the sliding caisson, a 36 m long pipelof which 24.7 m embedded. The plan
dimension of internal fixed caissons were 8.35 nglg 4.35 m wide and 8 m x 4 m for the

sliding caisson (Fig. 12); the maximum depth ofsans were 1.5 m (Fig. 13).
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Fig. 10. View of testing equipment for landslide/falt tests — Initial configuration.

T
Typical final
configuration

Fig. 11. View of testing equipment for landslide/falt tests — Typical final configuration.
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Actuators
Fixed left caisson Fixed right caisson
435m 435m Pipe
4m ) 65
Shiding caisson oo
835m | &m 835m

il Bl Sl [
- L - L

Fig. 12. Caissons internal dimensions — Plan view.

Fixed left caisson Shding caisson Fixed right caisson
15m

0.145 m (bottom steel frame)

Fig. 13. Caissons internal dimensions — Elevatioriew.

The configurations of the caissons permit to adjhetburial depth within 1.5 m of em-
bedment.

The pipe was also constrained at the ends allowig rotation and translation along the
pipe axis as schematized in Fig. 14 adopting piblers (Fig. 15). This boundary condi-
tions lead to an approximation of a real pipelinaditions.

Pipe position respect lateral walls and caissonobothave been taken identical for all
landslide/tests; distances from pipe axis and materaissons are shown in Fig. 17 and Fig.
16 respectively in an elevation view and in a pleaw.

The initial configuration of the equipment (Fig.)ldhow a misalignment between sliding

caisson and fixed caissons, this layout was useatder to allow a wider displacement
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perpendicular to the pipe than the case with atigreessons. The final configuration of the

equipment is shown in Fig. 11

Fixed left caisson It Fixed nght caisson
I
il
435 m I 435m Pipe
/]
]
Il
Fis 1 265m Fr P
i
7 m 835m h|_r:' Jll 835m |1-1mi0.7 m
Ll | - II Ll - -
H
Fig. 15.Travitec” pipe roller.
Actuators
Fixed left caisson Fixed right caisson
4_35 m 3.?2 m 4.35 m Pi;)ﬂ

Shding caisson

Fig. 16. Pipe position — Plan view.
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Fixed left caisson Sliding caisson Fixed right caisson

0565 m

0420 m

Fig. 17. Pipe position — Elevation view.

a). Global view of landslide fault equipment. b). ked left caisson.

c). Sliding central caisson. d). Fixed right caisso

Fig. 18. Testing configuration caissons for landsle/fault tests.
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A view of landslide fault testing configurationgeown in Fig. 18 a). Fig. 18 b) and Fig. 18
d) depict respectively the fixed left caisson amelfixed right caisson, Fig. 18 c) highlights
the sliding central caisson.

In both cases axial pulling tests and landslidét feasts pipe ends were outside soil cais-
sons and in order to avoid loss of sand from tHeshdolystyrene shapes were used to seal

the gap between pipe and walls.

3.3. Backfilling material and density measurements

Pipelines may be laid with two technologies: extagdrench and trenchless technology.
In case of trenchless technology the pipe goesimact with the native solil, in case of ex-
cavated trench the pipeline may be laid and sulesgtyuembedded with native soil or
granular backfill materials, it depends on the sitanstallation.

In order to perform full-scale experimental testrisre convenient to handle granular ma-
terial such as sand than clayey soils, both forkimgr conditions (e.g. fill and empty the
caissons, work outdoor, level out layers of saill #aster realization of geotechnical tests.
For these reasons the partners of the GIPIPE prdgaided to use a quarry washed sand
for all experimental tests performed in this study.

About 11 nf was the first sand supply for axial and lateratgestored in a skip loader in-
door, handled with a hopper and an overhead ctaater the second sand supply, 185 m
of the same sand was stored outdoor in a concese im order to avoid contamination

with the surrounding soil. In this case the sand handled with an excavator.
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3.4.Loading apparatus and force measurement

Axial and lateral pullout tests were performed idigplacement controlled manner. The
displacement rate was varied from 0.5 mm/s to 2 smhafing every single axial test and
from 0.5 mm/s to 1 mm/s during lateral tests. Maigation has not shown variation of soil
load response. Also landslide/fault tests wereqoeréd pulling the sliding caisson in a
displacement controlled manner with a single spatzlequal to 1 mm/s.

The hydraulic systems used for the tests wererdifite for axial and lateral tests a single
hydraulic actuator have been used, with maximurplacement of 600 mm and a maxi-
mum load capacity of 25000 kN. For landslide faekts two hydraulic actuators have
been used, with maximum displacement equal to $000and a maximum load equal to
4000 kN each one.

Both hydraulic systems are integrated with linesiable displacement transducers.

The applied load on the pipeline segments in aial lateral tests was measured using a
HBM load cell with a maximum load capacity of 508,koesides the load on the sliding

caisson used for landslide/fault tests was measwitbdan integrated load cell.

3.5. Pressure measurement at pipe soil interface

In order to measure the pressure distribution dtpgoe interface during lateral pullout

tests a 3150E pressure mapping sensor manufadiyrédkscan has been used (Fig. 19).
As shown in Fig. 20 and Fig. 29 the pressure senasrwrapped around the pipe for half
circumference to measure the soil pressure onidieeosiented toward the direction of pipe

displacement. The maximum pressure expected dthiggipe displacement was estimat-
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ed around 300 kPa. The flexible sensor sheet ugedlimension of 517 mm x 499 mm
with a sensing region of 369 mm x 436 mm, the $imesarea contain 2288 sensels spaced
in 8.4 mm in each direction, the operating presssi@ to 862 kPa. The data acquisition
system developed from Tekscan allows observingrandrding the distribution of pres-
sure as a function of time. Previous works usedessfully this sort of devices to measure

pipe-soil pressure interaction, O’'Rourke, T.D.le{E8], Da Ha [8].

44 gensels

52 sensels

3
v

Fig. 19. Pressure mapping sensor. Fig. 20. Schenfgpeessure sensor wrapping.

Fig. 21. Pressure sensor wrapped on pipe.

3.6. Monitoring instrumentation of landslide/fault tests

In order to measure the most important paramekatsdescribe the pipeline-soil interac-

tion the following instrumentation has been adopted
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» Pipe internal pressure monitored and controllethiwispecified values;

* Hydraulic jack displacements: monitored and cotg!

* Hydraulic jack loads: monitored;

» Soil surface displacement have been observed, lapsnaf image recording;

* Pipe deformed configuration displacements, by medrstrain gauges and laser
LVDTs;

» Local strains on pipe with strain gauges.

3.6.1.Soil surface deformations

Soil surface deformation has been analysed by @neeording as shown in Fig. 22. This
information is useful in order to study the sizetloé soil shear area at fault line and to

compare results of full-scale test with finite efarhanalyses.

Actuators

Fixed left caisson Fixed nght caisson
Pipe

Shding caisson

Fig. 22. Video recording of sand surface, to evalta surface deformation.
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3.6.2.Global pipe displacements and ovalization

Measurement of pipe displacement during landskdd/ftesting is rather complicated due
to the embedment conditions, in spite of that usaefarmation will be obtained if pipe de-
formed configuration could be evaluated during saisdisplacement and not only after
test, at soil removal. This measurement is comg@dcaue to the presence of soil which
does not allow using laser LVDTs or wire LVDTs. ®wercome such difficulties a meas-
uring procedure employing longitudinal strain gaigéepipe intrados and extrados Fig. 23,
and laser LVDTs (Fig. 24) has been employed. LVRAfesemployed to measure the longi-
tudinal displacement at pipe ends, while strainggauare employed to evaluate global de-
formation by measuring the local strain distribatid-ig. 25, by applying the following
formulation:

* Bending strain can be calculated according to {§q.

£+ — &_
(Eq. 1) €pending = >

* Bending curvature is obtained by:

2- €pending

(Ea. 2) kbending = oD

From the curvature and the initial pipe configuratit is possible to obtain by geometric
construction the pipe global deformation. A deddatinite element study has been per-
formed shown the adequacy to measure the pipe Igii#darmations applying the afore-

mentioned formulation. Additionally pipe axial gtreing can be calculated by:

€, t+e_
(Eq3) £a= +2
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The final pipe deformation has been measured afieh test and compared with above

calculations.
(zeneric instrumented section
_ _Extrados of _Intrados _ ~ Central caisson
Strain Gauge e Strain Gauge displacement
Fiied left caisson Fixed right caisson
Pipe
1
Shding caisson
N P 1m
; 20m 7S
B 247m .
Fig. 23. Strain gauges positioning plan.
Actuators
Fized left caisson Fixed right caisson
IVDT 1 Sliding caisson VDT 2

Fig. 24. Laser LVDTSs positioning to evaluate pipe idplacement at pipe ends.
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E- - : ~ ;
E- E-
Pipe

Fig. 25. Typical longitudinal strain distribution on pipe during landslide/fault bending test.

With reference to Fig. 26, pipe ovalization hasrbeeeasured according to the following
formula:

ODmax + ODmin

ODnominal

(Eq. 4) Ovality =

Fig. 26. Pipe ovalization scheme.

3.7.Data acquisition

The measurements of loads and displacements weredesl at 1 Hz.

© Giacomo Fenza 2015 73



PhD Thesis

3.8. Backfill preparation and density measurements

The caissons were filled up layer by layer (250 each lift) up to the established level.
For each layer, sand was compacted to a targeiveetdensity with a vibrating plate com-
pactor and density was controlled with a standarthchic cone penetrometer (DCP). The
relative density was estimated by means the reldhio%) = 189.93/(DPF>3 reported in
Mohammadi et al. [15]. In order to verify the rélat density estimations, at the end of
each tests embedded small containers of sand pthoety the caisson filling at the pipe
depth positions were extracted and weighed. A gmydement was achieved.

The moisture content was measured by weighingahd sontained in the aforementioned

containers, before and after the drying in an oven.

Before each test, the caissons were emptied tbdttem level in order to remove any pos-

sible residual stresses in the soil.

3.9. Characterization of soil properties

In order understand the mechanical behavior okthleseveral tests have been performed
in geotechnical laboratories, grain size distrimitisand equivalent test, standard proctor
test, several drained direct shear tests for twel$eof relative density.

Also tensile tests were performed to characteheesteel of the pipes used for the tests.
Therefore this chapter provides more informatioouttthe materials used in this study and

summarizes the findings from laboratory tests.
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3.9.1.Sand used in the full-scale tests

The quarry sand used for the tests was the sarbetinsupplies, to be sure of this, grain
size distribution were measured. The results ase/shn Fig. 27. This confirmation allows
considering all the data obtained from geotechriests performed on the first sand supply
suitable for the tests performed with the secomdl sapply.

Sand equivalent test confirms that the materiabimposed by 79.7% of sand and 20.3%
of silt.

In order to know the maximum dry unit weight ané ttorresponding optimum moisture
water content for a given compaction energy a stahgroctor test was performed, the
compaction curve (Fig. 28) shown that there isghty difference changing the moisture

content from 2% up to 10% that is near the satmati

100 \%\ 1st supply
:g '\ --------- 2nd supply
70
60
50
40
30
20
10

I:I T T 1
10 1 0.1 0.01

Grain size [mm]

Percent weight |%]

Fig. 27. Quarry sand grain size distribution. Measted for both supplies.
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Fig. 28. Compaction curve.

The specific gravity, the minimum and maximum voatios were determined and are re-

ported in
Table 2 to be respectivelysG 2.61, @ax= 0.692 @i, = 0.417. The minimum and maxi-

mum void ratios are determined in accordance witieAcan society for testing and mate-

rials standards ASTM-4254 and ASTM-4253.

Gs 2.61
enax 0.692
emn 0.417

Table 2. Specific gravity and void ratios of the garry sand.

Several direct shear tests have been performedawiéitical stress ranging from 17 kPa to

434 kPa both for P= 20% and D= 40%, values of density achieved during the $okde
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tests. In Fig. 29 and Fig. 30 are shown the dsbetar test data that exhibits a slightly dif-
ference for the two levels of compaction tested.
The dilative sand response is detected duringtieargests will have a key role in the un-

derstanding of soil response during axial pulliests.

Numerical simulations of pullout tests and expentak measurements on lateral pullout
tests indicated that the maximum stress aroungifiee section may range from 22 kPa to
300 kPa respectively for axial and lateral pullaxperiments. The sand strength parame-
ters among individual direct shear tests performetlis range varied as reported in

Table 3. Therefore representative average valieassumed: peak friction angle equal to
42°, residual friction angle equal to 36° and atiin angle of 10° used also for the numer-

ical models presented in this work.

£
=
E
-]
=
2
. E2]
5 2 Horizontal displacement [mm]
Horizontal displacement [mm]
——gv = 434 kPa —+—ov= 330kPa ——gv= 434kPa —t—ov= 330kPa
—+—gv= 191 kPa ——ov= 121kPa ——ogv= 191kPa ——ov= 121kPa
—#—gv= 52kPa ——ov= 17kPa —#—gv= 52kPa ——gv= 17kPa

Fig. 29. Laboratory direct shear tests on quarry sad with D, = 20%.
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E 08 -
£ 07
0.6
E 0.5
2 03
0 = 02
0 5 0.1
0 . = 00
D AR . B E —|:|_]
=50 4 2 - 5 02 -
! 3 4 2 Horizontal displacement [mm]
Horizontal displacement [mm]
—ov = 434 kPa ——ov= 330kPa —ov=434kPa =—w—gv= 330kPa
—#=gv = 191 kPa —=—ogv= 121kPa —#—ov= 191kPa —*—ov= 111kPa
——gv= 52kPa ——ov= 35kPa ——ov= 51kPa ——ov = 35kPa
——gv = 17 kPa —=gv= 17 kPa

Fig. 30. Laboratory direct shear tests on quarry sad with D, = 40%.

Soil parameters

dp 39°-44°
dr 35°-38°
Vp 8°-13°

Table 3. Soil strength parameters washed quarry sah

3.9.2.Pipeline material

The pipe adopted for testing is*8"pipe diameter, 5.56 mm wall thickness, X65 grade,
ERW,; produced by Corinth Pipe Works. Extensive malteharacterization has been per-

formed. Test specimens for landslide fault testscamposed by 5 pipes welded by manu-
al SMAW welding adopting the WPS specifically degd for the project. Fig. 31 shows

the tensile curves of the pipe material and
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Table 4 the tensile mechanical properties.

700 S
600 S
= 500 -
E:4DU .
5
E 300
Eh oo d | g" —};Eﬁi—l Transv.
=S N 8"-X65-2 Transv.
100 - —8"-X65-1Long.
—8&"-X65-2Long.
0 T '

1
2 025

0 005 01 015 02
Eng. stramm [-]

Fig. 31. Tensile curves of the pipe material adoptefor OD = 8" *® WT = 5.56 mm, X65 ERW pipes

adopted in full-scale testing

OD = 8.625", WT = 5.56 mm,

Pipe type
X65 grade, ERW
8-RB-
Specimen id. 8L-1 8L-2 8-RB-T1
T1
Direction Longitudinal Transversal

Rpo20 Yield Strength (MPa) 551 540 519 537
Rm Tensile Strength (MPa) 586 582 609 616

A% Elongation (%)* 16 18 24 24

(*) calculated over a gauge length of 65mm

Table 4. X65 base material tensile mechanical propges.
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4. Embedded pipes subjected to axial pulling action

4.1.Introduction

This chapter describes the experimental findingainbd from the three axial pulling tests
on steel pipes and the results from the numericalyaes of the experiments. The results
are discussed and also compared with currentlymmeeended methods for prediction of

axial loads on buried pipelines during ground moests.

In order to conform the results presented hereithéocurrent practice the axial soil re-

sistance is presented in the form of normalizedlasail resistance as defined below:

(Eq. 5) Ra = Ra/(yHnDL)
where:
* Ra!is the axial soil resistance;
* y:is the soil density;
e His the burial depth of the pipe springline;
* D s the pipe outer diameter;

* L is the pipe length;

while the displacement is normalized accordingftilewing relationship:

(Eq. 6) D’y = Da/D

where:

© Giacomo Fenza 2015 80



PhD Thesis

* Da is the pipe axial displacement.

The concept of dimensionless load and normalizeplatement has been used previously
by Audibert and Nyman [6], Trautmann and O’RourR4][ Paulin et al.[19].
The value of R, represents the average shear force around thenpipealized with re-

spect to the vertical effective stress given frbm $oil above the centreline of the pipe.

Test configuration Axial longitudinal pullout

Soil type Quarry sand

From 1600 to 1630 kg/frespectively for
Average density
Dr = 20% and Dr = 40%

Average moisture From 5.7% to 7.8%
Average internal friction angle dp = 42°,¢r = 36%
Caisson size 3mx3mx1.25m
Pipe size OD = 8% (219.1 mm), WT = 5.56 mm, length = 6|m

Pipe grade & Surface coating API5L X65, antioxidpaint and Apsacoat 104

Overburden ratio H/D =34

Loading rate Min = 0.1 mm/s, Max = 2 mm/s

Table 5. Summary of parameters in axial pullout tesng.
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4.2. Axial load vs. displacement response

In this section, results of horizontal soil reastimeasurements during axial pullout tests

are presented.

Internal
Relative Mass Water Overbur-
Test No. Test Pipe coating pres-
density  density content den ratio
sure
[-] [-] [%0] [kg/m?] [%0] [-] [MPa] [-]
1 Axial 1 35 1629 5.7 Antioxidant paint 0 3.4
2 Axial 2 23 1602 7.8 Antioxidant paint 0 3.4
3 Axial 3 30 1613 5.8 Apsacoat 104 0 3.4

Table 6. Summary of axial tests performed.

As summarized in Table 6 Test No. 1 and Test Nwer®ormed with the same coating dif-

fer for the relative density level, 35% and 23%pezgively, besides Test No. 1 and Test

No. 3 performed with higher relative density leddfer for the pipe coating. The com-

pared normalized load displacement response isshowig. 32 in which the first thing

you may notice is the difference between soil leeelkction obtained from Test No. 1 and

Test No. 3 respect to the soil level reaction mesbduring Test No. 2 performed with D

= 20%.
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1.50 —Test No. 1
_ ——Test No. 2
1.25 ——Test No. 3

1.00 s

Normalized horizontal soil
resistance (R',)

0 50 100 150 200 250 300 350 400 450

Horizontal pipe displacement [mm]

Fig. 32. Load displacement response, Tests Nos2] 3, during subsequent loadings after first load-
ing/unloading.

The second thing you may notice is the shape di eacove, that show the behavior of the
different pipe coating, the load displacement respaduring the Test No. 3 show a more
round shaped achievement of peak resistance cothfzatbe tests performed with antiox-
idant paint coating, for which an abrupt decreasgbiserved; this difference show a differ-
ent rate of decay of internal friction angle widspect the to the horizontal displacement.
In terms of peak soil resistance, considering tastee same level of compaction, the two
different surface finishes give a negligible diéiace.
In all cases the decay of load is achieved towardsymptotic residual value.
As highlighted in Fig. 33 peak solil resistance.®71 1.04 and 1.41 achieved in 15.4 mm,
11 mm and 38 mm for Tests Nos. 1, 2 and 3 respytiThe post peak Rvalues for a
common displacement of 350 mm is 0.94, 0.55 anl faOTests Nos. 1, 2 and 3 respec-
tively, which show again a lower rate decay ofin& friction angle for Test No. 3 respect

to the Test No. 1.
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Fig. 33. Load peak response in the peak region fdrests Nos. 1, 2, 3.

4.2.1.Axial pulling Test No. 1

1.50 - 14
_ —Load
S 125 — Speed|[ 12
£z 1.0 —
-ERUE T |z
B - 0.8 2
£ 2075 —
- : B '].ﬁ :‘a'
o L= _ =
£ 3 050 04 &
£
2‘5 0.25 - ——— L 0.2

0.00 _ _ 0.0

0 50 100 150 200 250 300 350 400 450

Horizontal pipe displacement [mm]

Fig. 34. Load displacement response, Test No. 1,rthg subsequent loadings after first load-

ing/unloading.
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The first axial pulling test was performed on anpadl sample embedded in sand with rela-
tive density equal to 35%. The load displacemeagmdim is reported in Fig. 34. The pipe
has been pulled in various stages along the lodigial pipe axis.

Phase 1, a displacement up to 225 mm with an actspeed of 0.1 mm/s was performed
and then the load was reduced to zero. A normafieedk load of R = 1.47 was recorded
for a displacement of 15.4 mm. The load increaapglly in the beginning, then a maxi-
mum in the load displacement curve is reached.rAlffie initial peak, the load progressive-
ly decreases; the rate of decrease is much sntiadlerthe initial load increase. At 225 mm
the load has been removed, a slight displacemeatusisrved in this unload phase.

Phase 2, from 225 mm to 275 mm displacement wagedpmogain with 0.1 mm/s of speed.
The load value returned very similar to the one®mded before the unloading of the pre-
vious part and the initial loading did not exhiaiprominent peak load. During the whole
axial displacement the load progressively reducesg the rate of load reduction contin-
uously decreasing. At 275 mm the load has beenvedioery small displacement is ob-
served in this unloading phase.

Phase 3, from 275 mm to 325 mm of displacemenspieed was increased to 0.25 mm/s,
no significant variations of load may be observggiain the load decrease and start from a
value closely to the ones of the last end phas82Btmm the load was reduced to zero.
Phase 4, from 325 mm to 425 mm, the actuator sp@sdncreased again to 1mm/s, and
alike results as the previous phase can be obseAtet5mm of displacement the load

was reduced to zero.

© Giacomo Fenza 2015 85



PhD Thesis

4.2.2.Axial pulling Test No. 2

1.20 - - 3.0
_ —Load
z 1.00 S —Speed - 2.5
22
‘g = 0.80 - L 2.0
B=
= W
2 2 0.60 - Ve - 1.5
23 0.40 - L 1.0
=
S 0.20 - L 0.5
z

0.00 e . —y . . 0.0

0 50 100 150 200 250 300 350

Horizontal pipe displacement [mm]

Fig. 35. Load displacement response, Test No. 2,rthg subsequent loadings after first load-
ing/unloading.

The second axial pulling test was performed oniatpd sample adopting the lowest level
of density achieved in this study (B 23%). The load displacement diagram is reparted
Fig. 35. The pipe has been pulled in various stagpyy the longitudinal pipe axis.
Phase 1, a displacement up to 200 mm with an actgpeed of 0.1 mm/s was performed
and then the load was reduced to zero. A normaljisedk load of R = 1.04 was recorded
for a displacement of 11 mm. The load increaseislisam the beginning, then a maximum
in the load displacement curve is reached. Afterititial peak, the load progressively de-
creases; the rate of decrease is much smallerthigainitial load increase. At 200 mm the
load has been removed, a slight displacement isrebd in this unload phase.
Phase 2, from 200 mm to 250 mm of displacemensplatement was applied again with

0.1 mm/s of speed. The load value returned verijlaino the ones recorded before the un-
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loading of the previous phase and the initial logdiid not exhibit a prominent peak load.
During the whole axial displacement the load pregreely reduces, being the rate of load
reduction continuously decreasing. At 250 mm tlallbas been removed, very small dis-
placement is observed in this unloading phase.

Phase 3, from 250 mm to 300 mm of displacemenspleed was increased to 1 mm/s, no
significant variations of loads may be observedaiAghe load is seen to decrease and start
from value closely to the ones of the last end phas 300 mm the load was reduced to
zero.

Phase 4, from 300 mm to 350 mm, the actuator sp@adincreased again up to 2 mm/s,
and alike results as the previous phase can bevausevhile a slightly smoother transi-
tion up to the regime load is observed. At 350 nidigplacement the load was reduced to

Zero.

4.2.3.Axial pulling Test No. 3

The third axial pulling test was performed on atedasample embedded in a sand with
relative density equal to 30%. The load displacendggram is reported in Fig. 36. The
pipe has been pulled in various stages along thgitladinal pipe axis.

Phase 1, a displacement up to 200 mm with an actgpeed of 0.1 mm/s has been per-
formed and then the load was reduced to zero. fMatized peak load of R= 1.41 was
recorded for a displacement of 38 mm. The loadeia®es rapidly in the beginning, then a
smooth transition to a maximum in the load disptaeet curve is reached. After the initial
peak, the load progressively decreases, the rateaéase being much smaller than the in-

itial load increase. This rate of decrease is loaeo to the ones observed for the previous
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two tests, involving painted pipes. At 200 mm tbhad was removed, very little displace-

ment is observed in this unload phase.

1.50 - - 1.6

_ ——DLoad

2 125 - ——Speed | | 14

~ - f - 1.2

E-71.00 -

g El 00 | 10

£ 2075 - L 0.8

TE L 0.6

= 5 0.50

z = L 0.4

'.'E 0.25 4 L 0.2
0.00 . . il | . 0.0

0 50 100 150 200 250 300 350 400

Horizontal pipe displacement [mm]

Fig. 36. Load displacement response, Test No. 3,rthg subsequent loadings after first load-
ing/unloading.

Phase 2, from 200 mm to 250 mm of displacemensgieed applied was again with 0.1
mm/s. The load value returned to slightly lowernes compared to the ones recorder be-
fore the unloading of the previous phase and thialiloading did not exhibit a prominent
peak load. The initial peak value it is not reachgdin. Nonetheless it appears evident that
the upon reloading the diagram does not repressithple continuation of the preceding
load phase but rather reproduces, in a reduced,staimilar behaviour as observed in the
Phase 1, where a smooth transition to a load paakpnesent.
During the entire displacement of the Phase 2dhd Hoes not reduce sensibly. At 250 m
the load has been removed, very little displacenseoibserved in this unload phase.
Phase 3, from 250 mm to 300 mm of displacementspgezd was increased up to 0.25

mm/s, slight decrease of the maximum loads may liserwed. Again the load has a
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smooth transition when approaching the maximumesgliNo significant load variations
are observed through the 50 mm displacement. And®he load was reduced to zero.
Phase 4 and Phase 5, from 300 mm to 375 mm, thatactspeed was increased again to 1
mm/s, and similar behaviour as in Phase 3 was wbdeAt the end of Phase 5 the load

has been reduced to zero.

4.3. Prediction of axial soil resistance

The axial soil resistances obtained in this stumtydifferent soil compaction levels and
pipe coating are compared herein with those condpusing the formula given in ASCE

[4], ALA [5], PRCI [20] guidelines for cohesionlessils as reported in (Eq. 7):

(Eq. 7) T, =7nDHY (HTK) tané

where:
e D = pipe outside diameter;
* H =depth to pipe centerline;
» y = effective unit weight of soil;
» K=K = coefficient of pressure at rest for ASCE and ALA
« K = effective coefficient of horizontal earth prass which may vary from the val-
ue for at rest conditions for loose soil to valasshigh as 2 for dense dilative soils

(Wijewickreme et al. [32]);

d = interface angle of friction for pipe and soif*w;
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* ¢ =internal friction angle of the soil;
» f = coating dependent factor relating the interin@tion angle of the soil to the
friction angle at the soil-pipe interface.
K can be determined experimentally as ratio betwkereffective horizontal stress and the
effective vertical stress. Kin absence of experimental results it can be obeththrough

the empirical equation (Eg. 8) by Jaky (1944):

(Eq. 8) Ko = 1-sind

Representative f values for various types of exigoipe coatings are provided in the
Table 7 ALA [5].

Pipe coating f
Concrete 1
Coal tar 0.9

Rough steel 0.8

Smooth steel 0.7

Fusion bonded epoxy0.6

Polyethylene 0.6

Table 7. Friction factor f for various external codings [4] [5] [20].

In order to compare the results also the (Eg. dse&d in normalized form:
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(Eq. 9) T} = T,/(yHrDL)

Experimental findings obtained from Karimian [13mdonstrate that ASCE (Eq. 7) for co-

hesionless soils, in which K =k& 0.33, cannot predict satisfactory the soil reactvhen

a pipe is embedded in a compacted sand. This bwhean be explained by the dilative

behavior of the sand and due to the confinemette®oil around the pipe, the combina-
tion of these two conditions leads to a sensibteeiasing of the normal stress around the
pipe, much higher than cases of nondilative sod®placed soil compaction. The increas-
ing of normal stresses on the pipe surface duhiegakial pullout test is well described and

measured [13] in an increase of horizontal eardsgure coefficient (K) that after 10+15

mm pipe axial displacement remain nearly const@hése findings are introduced in the

(Eq. 7) by PRCI [20] in which is underlined thatay vary from the value at rest condi-

tions for loose solil to values as high as 2 forsaedilative soils.

These findings are confirmed by the experimenttd geesented herein.

4.3.1.Axial pulling Test No. 1

Test No. 1 load displacement data compared witlateopus provided from aforementioned
guidelines (Fig. 37) suggest an unsatisfactoryllet'@rediction with an error of 65% us-
ing ASCE and a right prediction using K = 2.8 mthran Kyax = 2 suggested from PRCI.
Friction factor suggested from

Table 7 for rough steel is 0.8, Karimian in his esiments measured 0.85, in the current

study a reasonable value of 0.9 has been usechasfaiothe numerical simulations.
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Fig. 37. Normalized load displacement response okE$t No. 1 compared with normalized ASCE and

PRCI predictions.

4.3.2.Axial pulling Test No. 2
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Fig. 38. Normalized load displacement response oE$t No. 2 compared with normalized ASCE and

PRCI predictions.

© Giacomo Fenza 2015 92



PhD Thesis

Also the comparison of Test No. 2 load displacendgata (Fig. 38) with ASCE guidelines
equation gives an unsatisfactory prediction witreemor of 49%. A right prediction can be

achieved using K = 1.6. Friction factor has beesduexjual to 0.9 also in this case.

4.3.3.Axial pulling Test No. 3

Test No. 3 load displacement data is compared ABCE and PRCI in Fig. 39. In this
case since peak soil resistance is only slighlg than the Test No 1 and the levels of soll

compaction are nearly the same K should be the sabhah cases.
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_ﬂ rﬁ“F"’"
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——PRCI (K=2.8.5=378)

0.00 : . -
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Fig. 39. Normalized load displacement response oE$t No. 3 compared with normalized ASCE and

PRCI predictions.

This suggests that friction factor equal to 0.@remended from
Table 7 for fusion bonded epoxy external pipe itas suitable for APSACOAT 104. It has

been assumed a friction factor equal to 0.85. Winith considerations, using @ K 0.33
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the error of peak soil resistance prediction isaéqo 66%, while K = 2.8 is a good value

for predict satisfactorily the maximum value oflgesistance.

4.3.4.General comments

Back calculation of K is not supported by experitabmeasurements in this work, but the
correlation between K back calculated and K meaktn@an Karimian [13] is taken as a
support of this procedure.

Value of K = 2.8 back calculated for Test No. 1 drest No. 3 is higher thankx = 2
suggested from PRCI, on the other hand is neaRkoback calculate for a full-scale axial
pulling test performed from Karimian [13] on blaststeel pipe embedded in high com-

pacted rivers sand.

4.4.Numerical modeling

The results obtained from full-scale axial pulloests performed on &® steel pipe with
two different surface finish embedded in quarrydshas been carried out to understand the
soil reaction during ground movements and as anpredry test before to perform the
landslide/fault full-scale tests that are main cosga of two relative displacements be-
tween soil and pipe, axial and lateral movements.

The experimental findings have been used to comtr@reneasurements with analytical
approaches available in literature and validate emical model developed to simulate

these tests.
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4.4.1.Finite element modeling

The numerical analysis was conducted using a cogialefinite element program
ABAQUS 6.14 version [1], accompanied from a subir@itwritten in FORTRAN lan-
guage in order to achieve the softening behavidth@soil.

A four-node doubly curved general-purpose shetiitdi membrane strains (S4) are em-
ployed for modeling the cylindrical pipeline crassction and an eight-node linear brick
(C3D8) are used to simulate the surrounding sall the rear wall of the soil caisson. The
model has the same dimension of the experimerdt &s depicted in Fig. 40 also the pipe
diameter and the wall thickness. The soil meshesrésult of sensitivity analysis conduct-
ed in order to reach a good compromise betweenracgwf results and velocity of simu-
lation, the dimension of the mesh is chosen fimeumd pipe with a constant increase to-
wards the boundaries of the model. No plastic ae&tions are expected for the steel pipe
therefore no particular refinement of the meshsisd, the size of shell elements in the cir-
cumferential direction has been chosen equal t@ 28n and 50 mm in the longitudinal
direction. The distance from the pipe crown andttpesurface is 2.9D, 1.32D from the
pipe invert to the bottom of the soil prism, 6.812 distance from the pipe axis and the lat-
eral walls.

The top surface of the prism represents the sofbse, others surfaces were in contact
with the internal surfaces of the soil caisson. Tioeles of the bottom surface are con-
strained for all translational directions; normalkedtion is constrained for lateral surfaces

except for the rear wall in which the constraiprsvided with surface to surface contact

3 Developed by Ioannis Anastasopoulos
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b) Rite element mesh of pipeline.

o 0 > 0.2191m

0.75m

0.4m

Lo

d) Finite element mesh of pipeline

c) Finite element mesh of soil prism cross-section.
cross-section.

Fig. 40. Finite element model of the axial pulloutest.

between soil surface and bulkhead surface in dodaliow the separation. These boundary
conditions are commonly used in models publishelitenature and represent a good ap-
proximation of experimental conditions. The intedanteraction between the pipe and the
surrounding soil is simulated with a contact altjor that include normal contact and tan-
gential friction coefficient in which separatiortexfcontact is allowed, a master-slave con-
tact algorithm between external pipe surface anldsadace has been used. ASCE guide-

lines [4] suggest a friction angle equal to @.8%tween the soil and a rough steel pipe,
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Karimian [13] for his rough steel specimens measW&5% with a direct shear test be-

tween soil and pipe. The numerical analysis coretlitd simulate Test No. 1 and Test No.
2, 0.9% was used. Fusion bounded epoxy coating has beshfasthe specimen of Test

No. 3 therefore ASCE guidelines suggest f = 0.8, ¥hlue also in the numerical model is
too low to permit reaching a reasonable resuterms of soil reaction, for the same rea-
sons aforementioned in the previous section fmctaxtor was used equal to 0.85.

An elastic model is used for the steel pipe maté@gause it is not expected plastic de-
formation on the other hand an elastic perfecthspt constitutive model with Mohr Cou-

lomb failure criterion was used modified by meam® taforementioned subroutine

(USDFLD) that take into account the strain softgnari the soil. This subroutine is based
on strain softening adjustments proposed by Anaptados et al. [2]. Referring on Fig. 41

the shear band in a direct shear test can be @edidormed after the peak point, there-
fore up to this point the shear strain can be asduamiformly distributed throughout the

whole height of the soil specimendHhence the plastic shear strain at peak point veill

5xp—0. . . .
y;’ = % After formation of the shear band it is assunteat all plastic shear defor-
S

mations take place within the shear band, whileréis¢ of the soil remains elastic, in this
case the use of finite element method may leadashndependent solutions but defining a
ratio between the real and the FE computed shesin gshe scale effect can be incorpo-

rated into the model in a reasonably approximatenaaand obtain the following relation:

VE =V + axgﬂ in which He is the height of the FE element.
FE
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Fig. 41. Typical variation of stress ratio and volme change with respect to horizontal displacemenhi

a direct shear test (Shibuya et al. [22])

In order to ease numerical stability, all simulasovere performed with a slight cohesion
equal to 0.1 kPa.

The analysis has been conducted in three stepslle®:fgeostatic stress is applied in the
initial step, the gravity loading in the first stapd maintained in the second step then the
axial pipe displacement in the second step. A umfaxial controlled displacement of the

pipe is imposed.

4.4.2.Axial pulling model of Test No. 1

The calculated soil loads on the pipe from the micakmodel are compared with meas-

ured soil reaction Fig. 42 (Test No. 1).
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Setting the model with the soil strength parametévsementioned (i.e. peak friction angle
equal to 42°, residual friction angle equal to 38t a dilation angle of 10° used also for
the other numerical models presented in this wag$uming 0.9 as friction factor then a
parametric analysis has been carried out varyiagritial value of K (not measured exper-
imentally). This analysis demonstrates that a valuateral earth pressure aroung (khat
means ~0.33 in this case) is inadequate to reaxlpehk soil reaction measured experi-
mentally. For this reason and considering the catiga applied on the sand it is reasona-
ble assume K = 1 as measured from Karimian indststwith high level of compaction ad
as assumed from Jung [12].

With this plausible assumption the load displacenodtained from the numerical simula-
tion is in good agreement with experimental datatie first 50 mm of pipe displacement.
In experimental findings after the peak point reaclioad progressively reduces as high-
lighted in a previous section, on the the contramnerical model demonstrate the inability
to describe that response introducing only theesariy response by means the subroutine
mentioned before.

The experimental results show a secondary phenameath known in the research. From
large displacement interface shear tests it is kntvat after the initial soil dilation the
normal stress will reduce with increase in disptaept. This phenomenon is called fric-
tional degradation behavior and it was observeddweral soil element tests such as buried
pipes from Weerasekara and Wijewickreme [30], pdpeing from White and Lehane
[31]. The reduction in diameter due to Poissonfectfis not sufficient justify this stress
reduction in axial pullout tests as experimentednfiVijewickreme et al. [32].

This phenomenon can be explained as the contraessociated with wear and tear of

grain asperities leading to particle rearrangenmemarticular under large shear displace-
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ments (Luo et al. [14], Zeghal and Edil [33]). lerid988) affirmed that with the increasing

displacement, the finer particles may fill the spbetween larger particles increasing the
contact area. This increase will reduce the intetigle forces. With this mechanism, it is

also debated that the rate of particle crushingbelreduced with the increasing displace-
ment.

Although the frictional degradation behavior hagrbaidely observed, only few studies

have been performed to evaluate this phenomendetal Randolph et al. [21].

1.50
— _-Lllﬁ‘_____‘__-__-
s 125 -
£21.00 -
=
£ 2075
= E 0.50 -
g _ —Test No. 1
= 0.25 -
Z ——FEA
I]-I]I] T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 S0

Horizontal pipe displacement [mm]

Fig. 42. Normalized load displacement response oE$t No. 1 compared with normalized FEA analysis.

Therefore the model developed lack of this fricibdegradation assumes a constant soil
reaction after the point of softening. This resah be accepted as it goes in the direction
of the caution and at the same time does not orasdigt too much the residual soil re-
sistance. Horizontal and vertical stress resulig. @3 and Fig. 44 respectively) obtained
with numerical analysis and extracted from a césgation of soil prism show together an
increasing of normal stress around the pipe, the between horizontal stress and vertical

stress at the springline depth give a value of X2=
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Fig. 43. Horizontal stresses contour after 50 mm afxial pipe displacement related to the model of &

No. 1.
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Fig. 44. Vertical stresses contour after 50 mm ofxéal pipe displacement related to the model of Test

No. 1.
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4.4.3.Axial pulling model of Test No. 2
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Fig. 45. Normalized load displacement response o&$t No. 2 compared with normalized FEA analysis.

In this case the parameters used for the modek (pEtion angle equal to 42°, residual
friction angle equal to 36° and a dilation anglel0f) are the same used for the Test No. 1
except for the initial value of K. Known the lowlewvel of compaction of the Test No. 2
respect to the Test No. 1 and known that valuegrehgth parameters are nearly the same
in both cases the unique difference between thecages can be summarized in a differ-
ence of initial coefficient of horizontal earth psaire. After a parametric analysis K = 0.5
has been determined as reasonable value. The ieshttwn in Fig. 45.

At 50 mm of pipe displacement the numerical analgsve a value of K = 1.8. Horizontal

and vertical stresses are depicted in Fig. 46 a4 for that displacement.
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Fig. 46. Horizontal stresses contour after 50 mm afxial pipe displacement related to the model of &

No. 2.
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Fig. 47. Vertical stresses contour after 50 mm ofxéal pipe displacement related to the model of Test

No. 2.
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4.4.4.Axial pulling model of Test No. 3

Test No. 3 was performed in the same conditiorsodfcompaction achieved for the Test
No.1. With this in mind the only parameter thatgdoe varied into the model respect the
numerical analysis conducted for the Test No. théscoefficient of friction between pipe
and soil. As discussed before for the predictiosaff resistance using ASCE [4] and PRCI
[20] equations, suggested value of friction factgual to 0.6 for fusion bonded epoxy
coatings is not suitable for this case. Therefoleas been assumed a friction factor equal

to 0.85 also for the numerical model. The load ldispment result is shown in Fig. 48.
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Fig. 48. Normalized load displacement response oE$t No. 3 compared with normalized FEA analysis.

The numerical results of the horizontal and veltgteesses extracted at 50 mm of pipe
displacement are shown in Fig. 49 and Fig. 50 @halysis give a value of K = 1.9 com-

patible with a slightly lower axial soil reactioespect the Test No. 1.
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Fig. 49. Horizontal stresses contour after 50 mm afxial pipe displacement related to the model of &

No. 3.
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Fig. 50. Vertical stresses contour after 50 mm ofxéal pipe displacement related to the model of Test

No. 3.

4.5.Discussion of the results

After the analyses conducted with analytical arehthumerical approach is recommended

during preparation and performing of full-scaleeassnents to determine the interface fric-
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tion angle between soil and material of pipe andngasure experimentally variations of

stresses around the pipe to determine with moneracg:

» The friction factor between a specific soil ancgadfic pipe coating;
* The development of K during axial pullout test;

* The frictional degradation.

useful to perform more accurate numerical analgsis longer pipeline embedded in such

conditions.
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5. Embedded pipes subjected to lateral puling action

5.1.Introduction

This chapter describes the experimental findingsiobd from three lateral pulling tests
on steel pipes, the results from numerical modéte results are discussed and also com-
pared with current recommended methods for prexdtictif lateral loads on buried pipe-

lines during ground movements.

In order to align the results presented in thiglgtio the current practice the lateral soil re-

sistance is presented in form of normalized lateodIresistance as defined below:

(Eq. 10) R. = R./(yHDL)

and in some cases also the displacement is usestnmalized form:

(Eq. 11) D, =D./D

where:

* Rq:is the pulling load;

y: is the soil density;

H: is the burial depth of the pipe springline;

D: is the outside pipe diameter;

L: is the pipe length;
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e Dy.: the pipe lateral displacement.

The concept of dimensionless load and normalizeplatement has been used previously
by Audibert and Nyman [6], Trautmann and O’RourR4][ Paulin et al.[19].
The value of R represents the average shear force around thenpipealized with re-

spect to the vertical effective stress given from $oil above the centreline of the pipe.

Test configuration Horizontal lateral pullout

Solil type Quarry sand

From 1600 to 1645 kg/respectively for
Average density
Dr = 20% and b= 40%

Average moisture From 6.1% to 7.6%
Average internal friction angle dp = 42°,¢r = 36°
Caisson size 3mx3mx1.25m
Pipe size OD = 8% (219.1 mm), WT = 5.56 mm, length = 2.9 m
Pipe grade & Surface API5L X65, antioxidant paind &\psacoat 104
Overburden ratio H/D = 3.4
Loading rate Min = 0.5 mm/s, Max = 1 mm/s

Table 8. Summary of parameters in lateral pullout ésting.
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5.2.Lateral load vs. displacement response

Internal
Relative Mass Water Overbur-
Test No. Test Pipe coating pres-
density  density content den ratio
sure

[-] [-] [%0] [kg/m3] [%0] [-] [MPa] [-]
4 Lateral 1 22 1600 7.6 Antioxidant paint 0 3.4
5 Lateral 2 35 1640 6.1 Antioxidant paint 0 3.4
6 Lateral 3 35 1645 7.3 Apsacoat 104 0 3.4

Table 9. Summary of lateral tests performed.

In this section, results of horizontal soil reantimeasurements during lateral pullout tests
are presented. As summarized in

Table 9 Test No. 4 and Test No. 5 with the same paating differ for the relative density
level, 22% and 35% respectively, besides Test NmdiTest No. 6 with the same relative
density level (equal to 35%) differ for the pipeating.

The normalized lateral soil resistance Respect to the pipe displacement is shown in Fig.
51 for Test Nos. 4, 5 and 6. In each test the pgmebeen pulled and unloaded in various
stages and during these stages the velocity of gigggacement was increased from 0.1
mm/s to 1 mm/s but no effects were noticed. Thestaon increasing of the soil reaction in
all these tests is due to the constrained uplithefpipe with the aforementioned rails.

The difference in soil relative density betweentTés. 4 and Test No. 5 is detected in a

small difference of soil reaction for the first 26@m of pipe displacement (Fig. 51), after

© Giacomo Fenza 2015 109



PhD Thesis

this displacement there is an overlapping due e¢catthievement of the same soil compac-

tion.

@ ——Test No. 4

E 35 - —Test]‘\:u. 5 -

lg 10 ——Test No. 6

= 25

=3 ]

E EIU

215 -

& 10

E 5

s

Z I] T T T T T 1
0 250 500 750 1000 1250

Horizontal pipe displacement [mm]
Fig. 51. Load displacement response, Tests Nos546, during subsequent loadings after first load-
ing/unloading.
Moreover reducing the friction factor of externgbg surface by using a smoother coating
on the Test No. 6 lead to a slightly lower soilatgan respect to the Test No. 5. This small
difference detected also during axial pullout measients confirm comparable interfacial

friction angle among sand and two different pipatow tested.
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5.2.1.Lateral pulling Test No. 4
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g. 52. Load displacement response, Test No. 4,rthg subsequent loadings after first load-
ing/unloading.

The first transversal pulling was performed on anfeal sample adopting the lowest level
of soil relative density (P= 22%) tested in this study. The pipe has beefeguh two
phases along a horizontal direction, transverstid@ipe axis:

* Phase 1, up to 600 mm of displacement with a spE@db mm/s;

* Phase 2, from 600 mm to 1200 mm, with a speedsofrin/s up to 800 mm then 1

mm/s to the end.

This variation of speed did not result in an apjadgle variation of the soil reaction as clear
from the load displacement response reported in3zig
Between Phase 1 and Phase 2 the load was reduzerbtand the load value returned sig-
nificantly lower to the ones recorder before théoading of the previous phase for about

20% less.
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Fig. 53. Soil surface profile measured by laser snaing at the end of the transversal pulling test (€st

No. 4).

In Fig. 53 is graphically reported the measurenoésoil profile at the end of the test by a
laser equipment. Significant amount of soil dispthe vertical direction can be observed.
In general the soil subsidence left behind the piyéng its motion is lower than one pipe

diameter.
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5.2.2.Lateral pulling Test No. 5
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Fig. 54. Load displacement response, Test No. 5,rithg subsequent loadings after first load-
ing/unloading.

The second transversal pulling test was perfornred painted sample adopting the level
of soil relative density equal to 35%. The pipe basn pulled in three phases along a hori-
zontal direction, transversal to the pipe axis:

* Phase 1, up to 400 mm of displacement with a speéd mm/s;

* Phase 2, from 400 mm to 650 mm, with a speed offmdris;

e Phase 3, from 650 to 1250 mm, with speed of 0.53mup/to 800 mm then 1 mm/s

to the end.

Also in this case the variation of speed did nstilein an appreciable variation of the saill
reaction as visible from the load displacementwasp reported in Fig. 54.
Between Phase 1 and Phase 2 the load was reduzerbtand the load value returned sig-

nificantly lower to the ones recorder before théoading of the previous phase for about
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14% less. Again between Phase 2 and Phase 3 tthevermareduced to zero and the load

value returned lower to the ones recorder befarautitoading at about 7% less.
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Fig. 55. Soil surface profile measured by laser snaing at the end of the transversal pulling test (€st

No. 5).

In Fig. 55 is graphically reported the measurenoésoil profile at the end of the test by a
laser equipment. Significant amount of soil dispthe vertical direction can be observed.
In general the soil subsidence left behind the piypéng its motion is lower than one pipe

diameter.
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5.2.3.Lateral pulling Test No. 6
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Normalized lateral soil resistance
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Fig. 56. Load displacement response, Test No. 6,rthg subsequent loadings after first load-
ing/unloading.

The third transversal pulling was performed on ated sample adopting the level of soill
compaction equal to 35%. The pipe has been pullédo phases along a horizontal direc-
tion, transversal to the pipe axis:

* Phase 1, up to 620 mm of displacement with a speéd mm/s;

e Phase 2, from 620 mm to 1230 mm, with a speedSofrfin/s up to 800 mm then 1

mm/s to the end.

The variation of speed did not result in an apaglel variation of the soil response, the
load displacement response is reported in Fig. 56.
Between Phase 1 and Phase 2 the load was reduzerbtand the load value returned sig-
nificantly lower to the ones recorder before théoading of the previous phase for about

11% less.
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Fig. 57. Soil surface profile measured by laser soaing at the end of the transversal pulling test (€st

No. 6).

In Fig. 57 is graphically reported the measurenoésoil profile at the end of the test by a
laser equipment. Significant amount of soil dispthe vertical direction can be observed.
In general the soil subsidence left behind the pipeng its motion is lower than one pipe

diameter.

5.3. Distribution of soil pressure around the pipe

Pipe solil interface pressures measured with theosehekscan 3150E during the lateral
pulling tests have been computed, plotted for sdv&eps of pipe displacement and for
each lateral full-scale test.

The distribution of soil pressure increase durlmg pipe displacement as expected and also
there is clockwise rotation of the resultant pressie. at the beginning the resultant push-

es the pipe down, at around 30-50 mm of pipe digpleent the resultant is in the opposite
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direction of pipe movement, after 30-50 mm of pgigplacement the resultant push the
pipe up. This rotation may be observed in Fig./§, 72 and Fig. 85.

In accordance with analytical and numerical analysiesented in the next sections the
small plateau pointed out in Fig. 58 is the pealtatdéral soil resistance of a pipe in the
same conditions tested herein but without vertcalstrain. This affirmation is confirmed

by the distribution of pressure presented in is #&ction.

U p— s
35 {| —Test No. 5 1
10 ——Test No. 6

Normalized lateral soil resistance

0 250 500 750 1000 1250

Horizontal pipe displacement [mm]

Fig. 58. Small plateau in the curves of load dispt&ment response (Tests Nos. 4, 5, 6)

5.3.1.Lateral pulling Test No. 4

Fig. 59 shows the average of pressure distribwttdhe pipe soil interface for several steps
of pipe displacement for the Test No. 4.
The maximum value of pressure increase during thieyt, from 120 kPa for 10 mm of

pipe displacement to 275 kPa for 830 mm of pippld=ement.
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Fig. 59. Average pressure distribution at pipe-soiinterface during Test No. 4.

In this case the distribution of pressure at pipe isterface develops in three principal
phases:
* Phase 1, before the yielding point (Fig. 60 and Bij the vertical component of
pressure resultant pull the pipe down;
* Phase 2, at the small plateau just before the hargléoehavior of the soil (Fig. 62
and Fig. 63) the vertical component of pressureltast is nearly to zero around 50
mm of pipe displacement, therefore is right to assat this displacement the soil
resistance as the maximum lateral resistance @baip the same conditions but
without vertical constrain;
* Phase 3, the vertical component of pressure regidtart to push up the pipe but

due to the vertical constrain the soil continuentoease its level of compaction in-
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creasing constantly the horizontal reaction as sfiom Fig. 64 to Fig. 71 which

highlights pressure distribution and respectivel ldsplacement value.
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Fig. 60. Load displacement response Test No. 4.

Highlight of 20 mm pipe displacement.

Normalized lateral soil resistance

Fig. 62. Load displacement response Test No. 4.

Highlight of 50 mm pipe displacement.
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Fig. 61. Pipe soil interface pressure distribu-

tion at 20 mm of pipe displacement.
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Fig. 63. Pipe soil interface pressure distribu-

tion at 50 mm of pipe displacement.
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Fig. 64. Load displacement response Test No. 4.

Highlight of 100 mm pipe displacement.
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Fig. 66. Load displacement response Test No. 4.

Highlight of 200 mm pipe displacement.
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Fig. 65. Pipe soil interface pressure distribu-

tion at 100 mm of pipe displacement.
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Fig. 67. Pipe soil interface pressure distribu-

tion at 200 mm of pipe displacement.
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Fig. 68. Load displacement response Test No. 4.  Fig. 69. Pipe soil interface pressure distribu-

Highlight of 500 mm pipe displacement. tion at 500 mm of pipe displacement.
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Fig. 70. Load displacement response Test No. 4.  Fig. 71. Pipe soil interface pressure distribu-

Highlight of 830 mm pipe displacement. tion at 830 mm of pipe displacement.
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5.3.2.Lateral pulling Test No. 5

Fig. 72 shows the average of pressure distribwttdhe pipe soil interface for several steps
of pipe displacement for the Test No. 5.
The maximum value of pressure increase during thieyt, from 150 kPa for 10 mm of

pipe displacement to 320 kPa for 760 mm of pippldement.

[kPa]0®

OPipe disp. 10 mm
OPipe disp. 20 mm
O Pipe disp. 30 mm
Pipe disp. 40 mm
O Pipe disp. 30 mm
OPipe disp. 100 mm
OPipe disp. 200 mm

OPipe disp. 648 mm

Pipe disp. 760 mm

Fig. 72. Average pressure distribution at pipe-soiinterface during Test No. 5.

Also in this case the distribution of pressureipesoil interface develops in three princi-
pal phases:
* Phase 1, before the yielding point (Fig. 73 and F&) the vertical component of
pressure resultant pull the pipe down;
* Phase 2, at the small plateau for a pipe displantsopial to 30 mm Fig. 76 show

that the vertical component of pressure resulmmiearly to zero, therefore also in
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this case is right to assume at this displacentensoil resistance as the maximum
lateral resistance of a pipe in the same conditirtsvithout vertical constrain;

* Phase 3, the vertical component of pressure regidtart to push up the pipe but
due to the vertical constrain the soil continuentwease its level of compaction in-
creasing constantly the horizontal reaction as sfiom Fig. 77 to Fig. 84 which

highlights pressure distribution and respectivel ldsplacement value.

40

—— Test No. 5 . .
35 e 10 mm of pipe disp. [kPa] go | WPipe section
30 48 i Pressure

270°

Normalized lateral soil resistance

0 100 200 300 400
Horizontal pipe displacement
[mm]

Fig. 73. Load displacement response Test No. 5.  Fig. 74. Pipe soil interface pressure distribu-

Highlight of 10 mm pipe displacement. tion at 10 mm of pipe displacement.
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Fig. 75. Load displacement response Test No. 5.

Highlight of 30 mm pipe displacement.
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Fig. 77. Load displacement response Test No. 5.

Highlight of 100 mm pipe displacement.
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Fig. 76. Pipe soil interface pressure distribu-

tion at 30 mm of pipe displacement.
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270°

Fig. 78. Pipe soil interface pressure distribu-

tion at 100 mm of pipe displacement.
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Fig. 79. Load displacement response Test No. 5.  Fig. 80. Pipe soil interface pressure distribu-

Highlight of 200 mm pipe displacement. tion at 200 mm of pipe displacement.
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Fig. 81. Load displacement response Test No. 5. Fig. 82. Pipe soil interface pressure distribution

Highlight of 648 mm pipe displacement. at 648 mm of pipe displacement.
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Fig. 83. Load displacement response Test No. 5.  Fig. 84. Pipe soil interface pressure distribu-

Highlight of 760 mm pipe displacement. tion at 760 mm of pipe displacement.

5.3.3.Lateral pulling Test No. 6

Fig. 85 shows the average of pressure distribuwtidhe pipe soil interface for several steps
of pipe displacement for the Test No. 6.
The maximum value of pressure increase during thieyt, from 110 kPa for 10 mm of

pipe displacement to 250 kPa for 1150 mm of pigpldcement.
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OPipe disp. 10 mm
O Pipe disp. 20 mm
O Pipe disp. 30 mm
Pipe disp. 40 mm
OPipe disp. 50 mm
OPipe disp. 200 mm
OPipe disp. 400 mm
Pipe disp. 880 mm

OPipe disp. 1150 mm

Fig. 85. Average pressure distribution at pipe-soiinterface during Test No. 6.

Confirmation of soil pressure distribution at pipal interface come also in this tests de-
veloping in three principal phases:

* Phase 1, around the yielding point (Fig. 86 and &1 the vertical component of
pressure resultant pull the pipe down;

* Phase 2, at the small plateau for a pipe displaseegual to 30 mm Fig. 89 show
the vertical component of pressure resultant isiyea zero, therefore also in this
case is right to assume at this displacement theesistance as the maximum lat-
eral resistance of a pipe in the same conditiomsvithout vertical constrain;

* Phase 3, the vertical component of pressure regidtart to push up the pipe but
due to the vertical constrain the soil continuentwease its level of compaction in-
creasing constantly the horizontal reaction as sfiom Fig. 90 to Fig. 99 which

highlights pressure distribution and respectivel ldsplacement value.
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Fig. 86. Load displacement response Test No. 6.  Fig. 87. Pipe soil interface pressure distribu-

Highlight of 20 mm pipe displacement. tion at 20 mm of pipe displacement.
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270°
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Fig. 88. Load displacement response Test No. 6.  Fig. 89. Pipe soil interface pressure distribu-

Highlight of 30 mm pipe displacement. tion at 30 mm of pipe displacement.
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Fig. 90. Load displacement response Test No. 6.  Fig. 91. Pipe soil interface pressure distribu-

Highlight of 50 mm pipe displacement. tion at 50 mm of pipe displacement.
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Fig. 92. Load displacement response Test No. 6.  Fig. 93. Pipe soil interface pressure distribu-

Highlight of 200 mm pipe displacement. tion at 200 mm of pipe displacement.
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Fig. 94. Load displacement response Test No. 6. Fig. 95. Pipe soil interface pressure distribution

Highlight of 400 mm pipe displacement.
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Fig. 96. Load displacement response Test No. 6.
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Highlight of 880 mm pipe displacement.
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Fig. 97. Pipe soil interface pressure distribu-

tion at 880 mm of pipe displacement.
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Fig. 98. Load displacement response Test No. 6.  Fig. 99. Pipe soil interface pressure distribu-

Highlight of 1150 mm pipe displacement. tion at 1150 mm of pipe displacement.

5.4.Prediction of lateral soil resistance

The horizontal soil resistances obtained in thislgtfor different soil compaction and pipe
coating are compared herein with those computeagusie formula given in ASCE [4],

PRCI [20] guidelines for cohesionless soils. Thenala is reported in (Eq. 12):
(Eq. 12) P, = Ny YHD

where:
D = pipe outside diameter;

H = depth to pipe centerline;
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y = effective unit weight of soil;
Ngh = Horizontal bearing capacity factor.

The two guidelines differ for the way to calculaig:

* For PRCI [20] the horizontal bearing capacity fadtw sand is equal to:

(Eq. 13) Ngw=a+by

wherea andb are given in the Table 1@.andb can be interpolated for intermediate val-
ues of¢p between 35° and 45° and should not be takenhass35° also if soil tests indicate

lower ¢ values.

Then for H/D values greater than those indicatethenrange, PRCI guidelines suggest a
maximum value of fyh: 15, 23 and 30 respectively for= 35°, 40° and 45°.

PRCI guidelines [20] affirm that as pointed outnfr@®’Rourke [18] the horizontal soil re-

sistance relationship can be applicate both foratiiy moist sand.

0} H/D range a b
35° 0.5to 12 4 0.92
05t06 5 1.43
40°
6 to 15 8 1
05to7 5 2.17
45°
7to 15 10 1.33

Table 10. Factors to calculate i, PRCI [20].

* For ASCE [4] the horizontal bearing capacity fadtwrsand is equal to:

© Giacomo Fenza 2015 132



(Eq. 14)

N

q

Wherea, b, c, d, are given inTable 11.

hn=a+ bx + cx? + dx3 + ex*

PhD Thesis

) X a b c d e

20° HD 2399 0439 -0.030 1.059(T0) -1.754(10)
25° H/D 3332 0.839 -0.090 5.606(T0) -1.319(10f
30° H/D 4565 1.234 -0.089 4.275(T0) -9.159(10)
35° HD  6.816 2.019 -0.146 7.651(T0) -1.683(10f
40° H/D 10.959 1.783 0.045 -5.425(f0) -1.153(10)
45° H/D 17.658 3.309 0.048 -6.443(f0) -1.299(10f

Table 11. Factors to calculate ), ASCE [4].

In order to compare the lateral soil predictionghvéxperimental the results also the (Eg.

12) is used normalized:

(Eq. 15)

Py =P,/(yHDL)

As discuss before, in this study the lateral falde tests have been performed constraining

the pipes along the vertical direction. Therefdrese analytical relationships shouldn’t be

used in this case as comparison. But from the thspplacement chart presented in Fig. 51

it can be noticed that for all experiments a smhiteau is present at around R 12, be-

fore the constant increasing of the soil resistambés suggest to be the maximum soil re-

sistance before the effect of vertical constraircasfirmed from the distribution of soil
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pressure around the pipe in the previous sectionitaseems confirmed from PRCI equa-

tion and numerical analysis with free uplift, pnetsal in the next sections.

5.4.1.Lateral pulling Test No. 4

Test No. 4 load displacement normalized data coetpatith normalized predictions (Fig.
100) show that PRCI give a peak soil reaction ihatightly lower than the small plateau
registered experimentally. ASCE relationships giagzrediction of soil resistance double
respect to PRCI and compared with the experimeetallts seems to reach a value too
high since the same value of soil resistance whagewaed during the test after a displace-
ment of 380mm when it is reasonable to assume ta siess due to the increase of soil

compaction considering the blocked uplift.

[ oY
=
I

3 —Test No. 4

£35{ | —ASCE

30 - —PRCI

S 25

20

2

=15

S 10

5

Z l] | T T T T 1
0 250 500 750 1000 1250

Horizontal pipe displacement [mm]

Fig. 100. Normalized load displacement response dést No. 4 compared with normalized ASCE and

PRCI predictions.
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5.4.2.Lateral pulling Test No. 5

Test No. 5 performed at level of compaction gre#itan that achieved for the Test No. 4
show a load displacement response quite similas,dbnfirm the main dependence from
the internal friction angle and from the effectiugit weight of soil as suggested from
ASCE and PRCI formula, that for all tests were meas equal to 42° angdin a range of
15.7 + 16 kN/m.

After this consideration it is possible to obseirv&ig. 101 that also in this case PRCI give
a peak soil reaction that is slightly lower thae #mall plateau registered experimentally

and ASCE relationships gives a prediction of sesistance double respect to PRCI.

@ 407 ——Test No. 5

§35 4 | —ASCE

£ 30 1 —PRCI

= 25 _,-P”'-F

Ezu . r/

=15 -

210

E

Z I] | T T 1

250 500 750 1000 1250

Horizontal pipe displacement [mm]

=

Fig. 101. Normalized load displacement response dést No. 5 compared with normalized ASCE and

PRCI predictions.
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5.4.3.Lateral pulling Test No. 6

e
[—]
|

3 —Test No. 6

5354 | —ASCE ,

£ 30 1 —PRCI

= 25 _f_,:—"'

T 20 +

2

=15

510

S

Z l] | T T T T 1
0 250 500 750 1000 1250

Horizontal pipe displacement [mm]

Fig. 102. Normalized load displacement response dést No. 6 compared with normalized ASCE and

PRCI predictions.
Test No. 6 performed at the same level of compaatiotest Test No. 5 but with a differ-
ent pipe coating. Despite this it is possible tgleet the effect of surface finish and com-
paring the experimental data with guidelines prgaiicextrapolate the same conclusions

mentioned for the previous test.

5.5. Numerical modeling of lateral pullout tests

The results obtained from full-scale lateral pulltests performed on 88 steel pipe with
two different surface finish embedded in quarrycshas been carried out to understand the
soil reaction during ground movements and as anpirery test before to perform the

landslide/fault full-scale experiments.
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The experimental findings have been used to comtr@reneasurements with analytical
approaches available in literature and validateumarical model developed to simulate

these tests.

5.5.1.Finite element modeling

The numerical analysis was conducted using a comatefinite element software
ABAQUS 6.14 version [1], accompanied from a subrautwritten in FORTRAN lan-
guage in order to achieve the softening behaviothefsoil, the same used with axial
pullout finite element model.

The lateral pulling tests performed can be consiien a plane strain condition, for this
reason the model was made in two-dimensional (2Dyitions. Two-node linear beam in
a plain elements (B21) are employed for modelirgy ¢hlindrical pipeline cross section
and four-node bilinear plain strain quadrilaterigingents (CPE4) are used to simulate the
surrounding soil. The model has the same dimensidhe experimental tests as depicted
in Fig. 103. The soil mesh is the result of sengjtianalysis conducted in order to reach a
good compromise between accuracy of results aratiglof simulation, the dimension of
the mesh is chosen finer around pipe with a cohgtarease towards the boundaries of the
model. No plastic deformations are expected forstee! pipe therefore no particular re-
finement of the mesh is used, the section is coegpos$ 32 elements. The distance from
the pipe crown and the top surface is 2.9D, 1.32infthe pipe invert to the bottom of the
soil prism, 3.13D the distance from the left sidi¢he pipe to the lateral wall, 9.5D the dis-

tance from the right side of the pipe to the |dtesal.
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0.2191m

0.75m

0.4m

b) Finite element mesh of pipe cross

a) 2D finite element mesh of sail.

section.

Fig. 103. Finite element model of the lateral pullat test.

Top surface of the prism represents the soil sarfathers surfaces were in contact with
internal surfaces of the caisson. Nodes of theobo#urface are constrained for all transla-
tional directions; normal direction is constrairfed lateral surfaces. These boundary con-
ditions are commonly used in models publishedtarditure and represent a good approx-
imation of experimental conditions. In additione thipe is constrained to move vertically.
The interface interaction between the pipe andthieounding soil is simulated with a con-
tact algorithm that include normal contact and &ntigl friction coefficient in which sepa-
ration after contact is allowed, the master-slagstact algorithm between external pipe
surface and soil surface has been used. ASCE f#P&CI [20] guidelines suggest a fric-
tion angle equal to 0.8*between the soil and a rough steel pipe, Karinid&j for his
rough steel specimens measured 0p8kith a direct shear test between soil and pipe Th
numerical analysis conducted in order to simulagetNo. 4 and Test No. 5, 0@®tas

used but the same analysis conducted withd0s3fowed that the force decrease by ap-
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proximately 2%. Fusion bounded epoxy coating wasdder the specimen of Test No. 6,
hence following suggestion of the aforementionedgjines a friction factor equal to 0.6
was used for the numerical analysis to simulate tbst. Using a friction factor equal to
0.85 as did for numerical model of Test No. 3 thiéreaction increase only of 5%.

An elastic model is used for the steel pipe matégause it is not expected plastic de-
formation on the other hand an elastic perfecthspt constitutive model with Mohr Cou-
lomb failure criterion was used and modified by methe USDFLD subroutine explained
in a previous section.

In order to avoid numerical instability, all simtitans were performed with a slight cohe-
sion equal to 0.1kPa.

The analysis has been conducted in three stepslle®:fgeostatic stress is applied in the
initial step, the gravity loading in the first stapd maintained in the second step then the
axial pipe displacement in the second step. A umiftateral controlled displacement of
the pipe is imposed.

In all cases i.e. Tests Nos.: 4, 5 and 6 strengthmpeters equal td, = 42°,¢, = 36° and

yp = 10° has been used.

The load-displacement response obtained from ngalesimulations are in good agree-
ment with the experimental findings. In all caseatsout 50 mm of pipe displacement each
experimental test present the same decreasingartdient resistance before the harden-
ing behavior called small plateau (Fig. 58), theh&vior has been properly confirmed
through the numerical analyses.

The model can well describe the phenomenon up d@dfitht 250+350 mm of pipe dis-
placement. After that the distortion of the soilsimenakes a wrong influence of the results

that are not in agreement with the experimentalltesHowever in real cases the pipe it is
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not constrained to avoid uplift as did in this exmental study, therefore the model is able
to describe the development of the phenomenon €hard — softening) in less than 300
mm on completion of which there is a steady saction as obtained from several au-
thors, Trautmann [24], Karimian [13] and in mostcakes 100 mm or 200 mm horizontal
pipe displacement is enough although displacentgmeak force is a function of pipe em-
bedment depth, this findings derives from datalmsearious research works of pipes or
anchor plate ([24] [25] [26] [16]). To evaluate nencally this behavior a simulation with-
out vertical constrain has been carried out andltseare shown below.

Fig. 104 shows the flux of the surrounding sand tduihe pipe displacement, the advanc-
ing front push the soil mass upward and behindetlera subsidence, this was also ob-

served in the experimental tests (Fig. 105).

Fig. 104. FEA result of pipe movement in sand  Fig. 105. Experimental result of pipe movement in

after 300 mm of pipe displacement. sand after 1200 mm of pipe displacement.

5.5.2.Lateral pulling model of Test No. 4

Relative density measured for this test was 20%ecto 22% measured during the prepara-
tion of the second axial test (Test No. 2) henaectimsistency of analyses K = 0.5 has

been used.
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Fig. 106. Normalized load displacement response dést No. 4 compared with normalized FEA analy-

sis.
The load displacement computed with numerical amslis compared herein with meas-
ured soil reaction of Test No. 4 (Fig. 106) showengood agreement.
A parametric analysis was carried out and varyirggdoefficient of lateral pressure from
0.5 to 1 led to a negligible difference equal to. ZPhis result demonstrates that initial K
does not affect results as for axial pullout tests.
In order to evaluate the soil response with pipe to rise up a numerical analysis was per-
formed removing vertical constrain. The result iegented in Fig. 107 and the value of
peak solil resistance correspond with the smalkeplatmeasured experimentally at around
50 mm of pipe displacement, supporting assertioadamn this work by interface pressure
analysis, i.e. this small plateau may be considéredpeak soil resistance of a pipe in the

same operating condition except for vertical caistr
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Fig. 107. Normalized load displacement response dést No. 4 compared with normalized FEA anal-

yses.

5.5.3.Lateral pulling model of Test No. 5

Test No. 5 was conducted at relative density etu&5%, the numerical analysis of this
experiment was conducted with initial K = 1 as #oial tests performed at the same soil
compaction level. The good agreement between axrpetal data and numerical results
are shown in Fig. 108.

For this test the numerical analysis conducted kémgothe pipe vertical constrain give a
level of peak soil resistance slightly less tham $mall plateau measured experimentally.

Normalized responses are compared in Fig. 109.

© Giacomo Fenza 2015 142



PhD Thesis

Normalized horizontal soil

0 50 100 150 200 250 300 350

Horizontal pipe displacement [mm]

Fig. 108. Normalized load displacement response dést No. 5 compared with normalized FEA analy-
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Fig. 109. Normalized load displacement response dést No. 5 compared with normalized FEA anal-

yses.
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5.5.4.Lateral pulling model of Test No. 6

Test No. 6 was conducted at relative density etu&b%, the numerical analysis of this

experiment was conducted with initial K = 1 as Tast No. 5 and axial tests performed at
the same soil compaction level. Friction factorada 0.85 was used in order to be coher-
ent with axial simulation conducted for the Test R@nd a negligible influence respect to
use 0.6 was found. The good agreement betweenimgrgal data and numerical results

are shown in Fig. 110.

For this test the numerical analysis conducted kemgothe pipe vertical constrain give a

level of peak soil resistance slightly less tham small plateau measured experimentally.

Normalized responses are compared in Fig. 111.
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Fig. 110. Normalized load displacement response dést No. 6 compared with normalized FEA analy-

sis.
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Fig. 111. Normalized load displacement response dést No. 6 compared with normalized FEA anal-

yses.

5.6. Experimental data compared with FEA analyses and PRI predictions

The comparison among experimental data, finite efgnanalyses conducted with and
without vertical constrain, PRCI predictions arensoarized in Fig. 112, Fig. 113 and Fig.
114. Peak soil resistance of PRCI predictions ¢denwith numerical analyses performed

without pipe vertical constrain, for all laterasts.
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Fig. 112. Normalized load displacement response dést No. 4 compared with normalized FEA anal-

yses and PRCI prediction.
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Fig. 113. Normalized load displacement response dést No. 5 compared with normalized FEA anal-

yses and PRCI prediction.
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Fig. 114. Normalized load displacement response dést No. 6 compared with normalized FEA anal-

yses and PRCI prediction.
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6. Embedded pipes subjected to landslide/fault tests

6.1. Introduction

This chapter describes the experimental findingainbd from four landslide/fault tests on
steel pipes and results obtained from numericalatsod’he experimental and numerical
results are discussed and compared in terms oftlmiigal strains. The following table re-

ports a summary (Table 12).

Test configuration Landslide/fault

Solil type Quarry sand

From 1600 to 1688 kg/ifor 1°' and 2° experiments.
No mass density values are available for
Average density
3 and 4" experiment.

D, from 21% to 40%

Average moisture From 5% to 8%

Average internal

dp = 42°,¢, = 36°
friction angle
Caisson size Whole length = 24.7 m, caisson widtim;-depth = 1.5 m
Pipe size OD = 8% (219.1 mm), WT = 5.56 mm, length = 36 m

Pipe grade &
API5L X65, antioxidant paint and Apsacoat 104
Surface coating

Overburden ratio H/D=3.1

Loading rate 1 mm/s

Table 12. Summary of parameters in the landslide/fat testing.
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Tests differ for internal pressure and relative sitgnof soil, the first two tests were per-
formed with D = 40% and 36% respectively, the second two test®pned with R =
21% and 29% respectively. Furthermore levels ofgue were tested, 0 MPa and 11.4
MPa corresponding to a usage factor of 50% of SMAlBtests were performed with un-

coated pipes.

6.2.Bending strain response

Internal
Relative Mass Water Overbur-
Test No. Test Pipe coating pres-
density  density content den ratio
sure

[-] [-] [%0] [kg/m’] [%] [] [MPa] [-]
7 Landslide 1 40 1600 5 Bare pipe 0 3.1
8 Landslide 2 36 1688 8 Bare pipe 11.4 3.1
9 Landslide 3 21 ND 8 Bare pipe 0 3.1
10 Landslide 4 29 ND 8 Bare pipe 11.4 3.1

Table 13. Summary of landslide/fault tests performe.

As described before, each pipe used for landsad#/test was instrumented with strain
gauges on 21 cross sections along the pipe sprentgi measure the longitudinal strain dis-
tribution on both the sides of the pipe i.e. extisatine and intrados line.

The difference in soil relative density betweentTds. 7 and Test No. 9 (unpressurized
pipes) is detected in a significant difference bfuth extrados and intrados longitudinal

strains. The maximum difference is detected apthe middle length as shown in Fig. 115
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and Fig. 116. Furthermore Test No. 8 and Test acdnducted again with difference in
soil relative density but with pressurized pipe$.41MPa) show once again a significant
difference both for extrados and intrados longiadistrains.

Comparison shows also lower strain values for testslucted at the same relative density
but with pressurized pipes. This means that far ligwel of internal pipe pressure the pipe-
line opposes the global deformation due to theziootal soil displacement more than an
unpressurized pipe.

No buckling were detected during tests therefore m@t possible to assess the beneficial
effect of the internal pressure that tends to cenawct the ovalization, resulting in an in-

crease of the critical bending strain at buckling.

1.5% —#—Test No. 7
—+—Test No. 8
{ 1.0% ——Test No. 9
g —m—Test No. 10
= =« = Fault lines
= 0.53%
=
E
£ 0.0%
—I]'.Sufrn T 1

-10-9 8-7-6-5-4-3-2-10122345467 8910
Longitudinal position [m]

Fig. 115. Extrados strains along pipe for 3200 mmentral caisson displacement, Test Nos. 7, 8, 9, 10.
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0.5% —a—Test No. 7
—t—Test No. &

E 0.0% —#—Test No. 9
ﬁ | —m—Test No. 10
E = - = Fault lines
g -0.5%
g] -1.0%%
=

-1.5%

-10-9 8-7-6-5-4-3-2-10122345467 8910
Longitudinal position [m]

Fig. 116. Intrados strains along pipe for 3200 mmentral caisson displacement, Test Nos. 7, 8, 9, 10.
6.3. Experimental tests

Several pictures of the first landslide/fault tast presented herein with particular focus on
soil deformation during lateral displacement of tcaincaisson pulled through two actua-

tors in a controlled displacement manner. Fig. 4J13hows the upper surface of soil at

b) Upper soil surface at 1800 mm of caisson dis-

a) Upper soil surface before the test.

placement.
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¢) Upper soil surface at 2800 mm of caisson dis- d) Upper soil surface at 3650 mm of caisson dis-

placement. placement.

Fig. 117. Soil deformation during lateral displacerant of central caisson.

1800 mm of pipe displacement (Fig. 117 b)) deforomabf soil was detected in a slight

subsidence due to the pipe bending and horizorgplatement. At 2800 mm (Fig. 117 c))

in addition to the subsidence at one side surfioeving is noticeable. At the end of the
test (3650 mm of caisson displacement) considerattemulation of soil at the opposite

direction of pipe movement can be appreciated.

After soil removal from the caisson a significaipgdeflection was observed and meas-
ured (Fig. 118). The horizontal pipe deformationthis result of soil displacement applied

by the sliding caisson and the uplift is the resiilthe vertical component of soil reaction

(a scheme is presented in Fig. 119 and in Fig..22&Yical component of soil reaction is

confirmed from pressure measurements at pipe st@tface during lateral pullout tests

(section 5.3).
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Fig. 118. Deformed pipe at the end of landslide/fdtLtest after soil removal, Test No. 7.

Pipe final
position

Fig. 119. Section scheme of maximum pipe displacenteat middle section, Test No. 7.
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Heave .
f Subsidence

Transition
zone

.

Fig. 120. Schematic surface failure [23].
At the end of first landslide test 1475 mm and &@® were measured as maximum pipe

displacement at the middle section for horizontahe and vertical plane respectively (Fig.

119). This uplift motion is maximum at pipe middiection and zero at constrained pipe

ends.
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6.3.1.Landslide/fault Test No. 7

Pipe specimen (for Test No. 7) assembled with & pggments welded by manual SMAW
welding adopting the WPS specifically developedtf@ project is schematically present-

ed in Fig. 121.

6961 mm 7322 mm 7678 mm 7322 mm 6960 mm
- e pe 000 4 000 e »

%

Fig. 121. Schematic assembly of pipe segments fpesimen of Test No. 7.

Test No. 7 performed with an uncoated pipe, withotdrnal pressure and relative density
of sand equal to 40% have been subjected to signifibending, achieving plastic defor-
mation mainly along the longitudinal direction iretrange of £ 1.5%.

No buckling or tensile rupture was observed anghslcross section deformations were
measured at the end of the test.

Several charts of strain distribution at extradesegatrix line, intrados generatrix line and
axial line are presented for various steps of caisisplacement from Fig. 122 to Fig. 125.
Some strain gauges failed during the test andtthess/alues for failed strain gauges have
been interpolated by the values of neighboringi@est Analyzing the results it can be ob-
served that in addition to a primary high straiotsfat pipe middle section) a secondary
(lower) spot is located aside from the fault liggashed lines in plots). The distance of this
secondary strain spot moves from an initial distaotabout 3000 mm towards the pipe

ends (for 600 mm of caisson displacement), to 50@0 from fault lines (for maximum
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caisson displacement attained of 3650 mm). Theaturg inversion point (zero longitudi-
nal strains) is located close to the fault lined again is seen to move towards pipe ends
for an increasing applied caisson displacement.

Starting from 600 mm of caisson displacement timgeaof strains was + 0.5% and as re-

ported in Fig. 126 the maximum calculated deflattdas around 400 mm.

1.5% —e—Extrados strain
. —a— Axial strain

E 1.0% —&— [ntrados strain
g 0.5% — - = FHanlt lines
— 0.0%
£
2 0.5%
Ex
=
I?‘
= -1.0%

-1.5%

-109 87 6-54-3-2-10123450678910
Longitudinal position [m]

Fig. 122. Distribution of strains along pipe for 60 mm central caisson displacement, Test No. 7.

At 1200 mm of caisson displacement the range airstrwas nearly £ 0.75% for a maxi-
mum deflection of pipe slightly less than 1200 nithen a range of strains was equal to +
1.25% was detected at 2400 mm of caisson displattewith a maximum pipe deflection
slightly more than 1400 mm.

At the end of the test, a pipe displacement of 3®50 was achieved with a range of max-
imum strains from +1.3% to -1.5% and a maximum pip#ection calculated as 1800 mm.

In all cases the calculated axial strain is netarigero.
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1.5% —e—FExtrados strain
. —m— Axial strain
E 1.0% —a—Intrados strain
E 0.5% — - = Fault lines
£
= 0.0%
=
=
-En -0.5%
=
=
= -1.0%
-1.5%

109 8§-76-54-3-2-101223 456 78910
Longitudinal position [m]

Fig. 123. Distribution of strains along pipe for 180 mm central caisson displacement, Test No. 7.

1.5% —e—TFxtrados strain
Lov A —8— A xial strain
E e / ——Intrados strain
% 05% =« = Fanlt lines
&
= 0.0%
=
=
En -0.5%
=
(=]
= _1.0% Y
-1.5% 1

-109 8§-76-5-4-3-2-101223456 78910
Longitudinal position [m]

Fig. 124. Distribution of strains along pipe for 2800 mm central caisson displacement, Test No. 7.
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1.5% —ae— Extrados strain
A —a— Axial strain

[i]
1.0% / —a— Intrados strain

— - = Fault lines

0.5%

0.0%

Longitudinal strain |%]

-1.0%

-10-9 8-7-6-5-4-3-2-1012234506782910
Longitudinal position [m]

Fig. 125. Distribution of strains along pipe at mainum caisson displacement of 3650 mm, Test No. 7.
Fig. 126 shows the evolution of pipe deflectiorvatious steps of pipe caisson displace-
ment calculated from the longitudinal strains valaecording to the procedure presented
in section 3.6.2. The pipe deflection initially gr® quickly and tends to slow down and

stabilize for high caisson displacements.

i-; —=Box displ =3.65m
Z:I] —+—Box displ =24m
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
0.2

——Box displ=12m

—a—Box displ =06 m

Pipe deflection [m]

-121H10-9 8-7 6-5-4-3-2-1012345678 9101112
Longitudinal position [m]

Fig. 126. Evolution of pipe deflection calculated ystrains, Test No. 7.
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Fig. 127 shows the calculated deflection of thedi@dsection during the caisson displace-

ment in which is clear the trend of pipe deformatio

2
£18 —-
S16
= F"_'__,_,.-F"_
Ep _—
212 7
[=}]
&1
=
£08 Vi
£ 0.6 /
5 0.4 /,
= 0.2
=)
0 0.5 1 1.5 2 2.5 3 35 4

Sliding caisson displacement [m]

Fig. 127. Evolution of pipe deflection at middle swion calculated by strains, Test No. 7.

At the end of the test after soil removal a spitagk of the specimen was observed. Af-
terwards measurements of horizontal and vertichédeon were carried out. In Fig. 128
the comparison between calculated and measuredipipemation is presented showing a
good agreement. Also a relevant uplift is presemetie vertical deflection diagram (Fig.

129) in which it can be observed that the midditise reached the initial sand level.
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18 —— Calculated after
1.6 spring-back
= 1.4 /_,__ ..\ ......... :'\-Ie,lasured after
.E 1.2 )"" \\ spring-back
2 10 e -
-+] )
= 0.8 N
N
< 06 ra N
= 0.4 ~ \'Q;
0.2 .;;1*’?5J N
0.0 += ~
-0.2

A121H10-9 8-7-6-54-3-2-1012345678 9101112
Longitudinal position [m]

Fig. 128. Pipe deflection on the horizontal planefeer soil removing calculated by strains and measwed

on field, Test No. 7.

1.4
g e e S L S S s e
=
T 1 /'/ \\"‘“x.
= ""\
E 0.8 f’f "“'-\__‘
ks - ™~
B N o e e e e g g g gy g g
=
£ 0.4 Pipe - Final position [
=]
= 02 - - = Pipe - Initial position| |

--------- Initial sand level
0 i i i i '

-12 .10 8 6 -4 -2 0 2 4 6 8§ 10 12
Longitudinal position [m]

Fig. 129. Pipe deflection on the vertical plane meared on field after soil removing, Test No. 7.

Using two LVDTs applied at the ends of pipe, thadibudinal displacement was also

measured, showing a symmetric shortening up to T@®@0of caisson displacement and a
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slight divergence after this point. The maximumepgxial displacement measured was

130 mm and 160 mm respectively for left pipe end aght pipe end.

0.1 I I

Eansl L1 L e Left pipeend |
€ ——R.ight pipe end
z
=]
3
oy
.-E N — -...-____
= — o
: ~—
3 JAG |
c .
-]
s
-n ]
= \ g

0

0.5 1 1.5 2 25 3 35 4
Sliding caisson displacement [m]

Fig. 130. Pipe ends shortening vs central caissorsplacement, Test No. 7.

Removed the specimen from the caissons the ovalizaf instrumented cross sections

.D. —Dmi
was measured and computed as rat#é%—"”".

2.2%
2.0% #
1.8% *
1.6%
1.4%
1.2%
1.0%
0.8%

o5 A TS
% AL T TNV
ore / ANV *{w YN

-0.2%

Pipe ovality [%]

-121110-9-8-7-6-5-4-3-2-10123 45678 9101112
Longitudinal position [m]

Fig. 131. Pipe cross section ovalization after thexperiment, Test No. 7.
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Some variations along the pipe can be observedinlB1 and a maximum value of 2.1%

at the middle section can be noticed.

6.3.2.Landslide/fault Test No. 8

Pipe specimen (for Test No. 8) assembled with & pggments welded by manual SMAW
welding adopting the WPS specifically developedtfa project is schematically present-

ed in Fig. 132.

7095 mm 7322 mm 7678 mm 7322 mm 7175 mm
— e e e e

%

Fig. 132. Schematic assembly of pipe segments fpesimen of Test No. 8.

Test No. 8 performed with uncoated pipe, with in&rpressure equal to 11.4 MPa and
relative density of sand equal to 29% have beejestdal to significant bending, achieving
plastic deformation mainly along the longitudinakdtion in the range of + 0.9%.

No buckling or tensile rupture was observed anghslcross section deformations were
measured at the end of the test.

A picture of soil deformation at the end of the iesshown in Fig. 133. Besides in Fig. 134

the comparison between pipe final deformation afesst No. 8 and Test No. 7 is shown.
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Fig. 133. Soil deformation occurred for 3200 mm ofentral caisson displacement, Test No. 8.

Fig. 134. Pipe final deformation after the Test No7 and Test No. 8.
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Several charts of strain distribution at extradesegatrix line, intrados generatrix line and
axial line are presented for various steps of caisisplacement from Fig. 135 to Fig. 138.
The strain values for failed strain gauges have leterpolated by the values of neighbor-
ing sections. Analyzing the results it can be olesgrthat in addition to a primary high

strain spot (at pipe middle section) a secondanyél) spot is located aside from the fault
lines (dashed lines in plots). The distance of sieisondary strain spot moves from an ini-
tial distance of about 3000 mm towards the pipesgfilk 600 mm of caisson displace-

ment), to 40005000 mm from fault lines (for maximgaisson displacement attained of
3200 mm). The curvature inversion point (zero ltugjnal strains) is located close to fault
lines and again is seen to move towards pipe emdarf increasing applied caisson dis-
placement.

Starting from 600 mm of caisson displacement tingeeof strains was + 0.45% and as re-

ported in Fig. 135 the maximum calculated deflattdas around 400 mm.

1.5% —e— Extrados strain
. —a— Axial strain

E 1.0% —— [ntrados strain
E 0.5% — - = Fault lines
= 0.0%
8=
2 0.5%
En
=
=
= -1.0%

-1.5%

-109 8 -76-54-3-2-10123450678 910
Longitudinal position [m]

Fig. 135. Distribution of strains along pipe for 60 mm central caisson displacement, Test No. 8.
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At 1200 mm of caisson displacement (Fig. 136) Hrege of strains was nearly + 0.7% for
a maximum deflection of pipe around 800 mm. Themrage of strains was equal to *
0.9% (Fig. 137) was detected at 2400 mm of caiskgplacement with a maximum pipe

deflection slightly more than 1400 mm.

1.5% —e— Extrados strain
. —a— Axial strain

E 1.0% —a— Intrados strain
E 0.5% — - = Fault lines
£
= 0.0%
=
=
'E“ -0.5% > 4
[=]
= -1.0%

-1.53%

-109 8 -76-5-4-3-2-1012234506 738910
Longitudinal position [m]

Fig. 136. Distribution of strains along pipe for 180 mm central caisson displacement, Test No. 8.

1.5%

—a—Extrados strain

—— M xial strain

1.0%

—ir— [ntrados strain

0.5% — - — Fault lines

0.0%

-0.5%

Longitudinal strain [%s]

-1.0%

-1.5%

-109 8-76-54-3-2-101223456 78 910
Longitudinal position [m]

Fig. 137. Distribution of strains along pipe for 280 mm central caisson displacement, Test No. 8.
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At the end of the test, a pipe displacement of 3200 was achieved with a range of max-
imum strains equal to = 0.9% and a maximum pipéedgbn calculated as 1300 mm.

In all cases the calculated axial strain is netarigero.

1.5% —e—FExtrados strain
. —a— A xial strain

E 1.0% —— [ntrados strain
E 0.5% — - = Fault lines
= 0.0%
=
2 05%
B
=
I;I‘
= _1.0%

-1.5%

-109 8§-76-54-3-2-1012234567 8910
Longitudinal position [m]

Fig. 138. Distribution of strains along pipe for 380 mm central caisson displacement, Test No. 8.

Fig. 139 shows the evolution of pipe deflectiorvatious steps of pipe caisson displace-
ment calculated from the longitudinal strains valaecording to the procedure presented
in section 3.6.2. The pipe deflection initially e quickly and tends to slow down for
high caisson displacements and in this experimasatbdeen detected an inversion of pipe
deflection going from 2400 mm to 3200 mm of pipspificement. This behavior can be
explained with the spring back of the pipe whenupéft leads the pipe towards the sur-
face of the soil with lower resistance. Fig. 140wk the calculated deflection of the mid-

dle section during the caisson displacement in wisclear the trend of pipe deformation.
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2.0 —=—Box displ =3.2m
1.8
1.6
14
1.2
1.0
0.8
0.6
0.4
0.2
0.0
-0.2

—+—DBox displ =2 4m

——Box displ = 1.2m

—e—Box displ = 0.6m

Pipe deflection [m]

-121H10-9 8§-7-6-5-4-3-2-10123 4567 8 9101112
Longitudinal position [m]

Fig. 139. Pipe deflection calculated by strains, B¢ No. 8.

E 1.2 /

=
206 /

Y

r g

0 0.5 1 1.5 2 2.5 3 35
Sliding caisson displacement [m]

Fig. 140. Evolution of pipe deflection at middle seion calculated by strains, Test No. 8.
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1.2 Measured after
1.0 spring-back

= . OO0 T O B B Calculated after
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1213109 8-7-6-54-3-2-1012345678 9101112
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Fig. 141. Pipe deflection on the horizontal planefeer soil removing calculated by strains and measuad

on field, Test No. 8.

At the end of the test after soil removal a spitagk of the specimen was observed. Af-
terwards measurements of horizontal and vertichédeon were carried out. In Fig. 141
the comparison between calculated and measuredipfpenation is presented, showing a
good agreement.

Using two LVDTs applied at the ends of pipe, thadibudinal displacement was also
measured, showing a symmetric shortening up tomMf0of caisson displacement and a
sensitive divergence after this point. The maxinipe axial displacement measured was

240 mm and 40 mm respectively for left pipe end iagiak pipe end.
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Fig. 142. Pipe ends shortening vs central caissoisplacement, Test No. 8.
Removed the specimen from the caissons the ovalizaf instrumented cross sections
.D —Dmi .. .
was measured and computed as ratle’—'@%. Some variations along the pipe can be

observed in Fig. 143 and a maximum value of 1.16%eamiddle section can be noticed.

1.4%

1.2%

1.0% 1

0.8% r
AL \ i\
o SV NTVTLATN
0.0% / ‘ Ty ‘d >

-0.2%

Pipe ovality [%a]

-121F10-9-8-7-6-5-4-3-2-101 234567 8 9101112
Longitudinal position [m]

Fig. 143. Pipe cross section ovalization after thexperiment, Test No. 8.
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6.3.3.Landslide/fault Test No. 9

Pipe specimen (for Test No. 9) assembled with & pggments welded by manual SMAW
welding adopting the WPS specifically developedtfa project is schematically present-

ed in Fig. 144.

6618 mm 7322 mm 7684 mm 7322 mm 6829 mm
-— e e e e »

%

Fig. 144. Schematic assembly of pipe segments fpesimen of Test No. 9.

Test No. 9 performed with uncoated pipe, withotrinal pressure and relative density of
sand equal to 21% have been subjected to bendthggving plastic deformation mainly
along the longitudinal direction in the range dd.¥%.

No buckling or tensile rupture was observed anghslcross section deformations were
measured at the end of the test.

A picture of soil deformation at the end of the iesshown in Fig. 145. Besides in Fig. 146
the comparison among pipe final deformation aftestTNo.9, Test No. 8 and Test No. 7 is

shown.
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Pipe Test No. &

Pipe Test No. 9

Fig. 146. Pipe final deformation after the Test N09, Test No. 8 and Test No. 7.
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Several charts of strain distribution at extradesegatrix line, intrados generatrix line and
axial line are presented for various steps of caisisplacement from Fig. 147 to Fig. 150.
The strain values for failed strain gauges have leterpolated by the values of neighbor-
ing sections. Analyzing the results it can be olesgrthat in addition to a primary high

strain spot (at pipe middle section) a secondanyél) spot is located aside from the fault
lines (dashed lines in plots). The distance of sieisondary strain spot moves from an ini-
tial distance of about 4000 mm towards the pipesgfilk 600 mm of caisson displace-
ment), to 6000 mm from fault lines (for maximumssain displacement attained of 3290
mm). The curvature inversion point (zero longitdistrains) is located close to fault lines
and again is seen to move towards pipe ends fon@aerasing applied caisson displace-
ment.

Starting from 600 mm of caisson displacement tingeeof strains was + 0.35% and as re-

ported in Fig. 147 the maximum calculated deflattdas around 500 mm.

1.5% —e—FExtrados strain
. —a— A xial strain

E 1.0% —— [ntrados strain
g 0.5% — - = Fault lines
—= 0.0%
8=
2 -0.5%
EX
=
=2
= _1.0%

-1.5%

-10-9 -8 -7-6-5-4-3-2-101223¢4546 78910
Longitudinal position [m]

Fig. 147. Distribution of strains along pipe for 60 mm central caisson displacement, Test No. 9.
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At 1200 mm of caisson displacement (Fig. 148) Hrege of strains was nearly + 0.5% for
a maximum deflection of pipe around 840 mm. Themrege of strains was equal to *
0.7% (Fig. 149) was detected at 2400 mm of caiskgplacement with a maximum pipe

deflection slightly more than 1200 mm.

1.5% —e—FExtrados strain
Lov —8— Axial strain
E e —&— Intrados strain
E 05% — - = Fanlt lines
g
= 0.0%
=
=
Eﬁ -0.5%
=
=
= -1.0%
-1.5%

-10-9 8-76-54-3-2-10123 45067 8910
Longitudinal position [m]

Fig. 148. Distribution of strainsalong pipe for 1200 mm central caisson displacementest No. 9.

1.5% —e— Extrados strain
\ —l— A xial strain

E 1.0% —— [ntrados strain
% 0.5% — - = Fanlt lines
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= 0.0%
=
=
Eﬁ -0.5%
o
=
= -1.0%

-1.5%

-10-9 8-7-6-5-4-3-2-101234546 728910
Longitudinal position [m]

Fig. 149. Distribution of strainsalong pipe for 2400 mm central caisson displacementest No. 9.
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At the end of the test, a pipe displacement of 3200 was achieved with a range of max-
imum strains equal to = 0.7% and a maximum pipéedgbn calculated as 1250 mm.

In all cases the calculated axial strain is netarigero.

1.5% —e— Extrados strain
. —a— Axial strain

E 1.0% —— [ntrados strain
g 0.5% — - = FHault lines
—= 0.0%
-
£ -0.5%
EX
=
=
= _1.0%

-1.5%

-10-9 -8 -7-6-5-4-3-2-1012234506728910
Longitudinal position [m]

Fig. 150. Distribution of strainsalong pipe for 3290 mm central caisson displacementgest No. 9.
Fig. 151 shows the evolution of pipe deflectiorvatious steps of pipe caisson displace-
ment calculated from the longitudinal strains valaecording to the procedure presented
in section 3.6.2. The pipe deflection initially e quickly and tends to slow down for

high caisson displacements. Fig. 152 shows theiledésl deflection of the middle section

during the caisson displacement in which is clbarttend of pipe deformation.
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Fig. 151. Pipe deflection calculated by strains, B¢ No. 9.
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Fig. 152. Evolution of pipe deflection at middle sgion calculated by strains, Test No. 9.
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Fig. 153. Pipe deflection after soil removing caldated by strains and measured on field, Test No. 9.
At the end of the test after soil removal a spitagk of the specimen was observed. Af-
terwards measurements of horizontal and vertichédeon were carried out. In Fig. 153

the comparison between calculated and measuredipfpenation is presented, showing a

good agreement.

Using two LVDTs applied at the ends of pipe, thadibudinal displacement was also
measured, showing a symmetric shortening up to b@@0of caisson displacement and a
sensitive divergence after this point. The maxinipe axial displacement measured was

106 mm and 30 mm respectively for left pipe end iagiat pipe end.
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Fig. 154. Pipe ends shortening vs central caissoisplacement, Test No. 9.
Removed the specimen from the caissons the ovalizaf instrumented cross sections

.D —Dmi .. .
was measured and computed as ratle’—'@%. Some variations along the pipe can be

observed in Fig. 155 and a maximum value of 0.8%idtle section can be noticed.
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Pipe ovality [%a]

Fig. 155. Pipe cross section ovalization after thexperiment, Test No. 9.
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6.3.4.Landslide/fault Test No. 10

Pipe specimen (for Test No. 10) assembled with e megments welded by manual
SMAW welding adopting the WPS specifically develdgder the project is schematically

presented in Fig. 156.

6618 mm 7322 mm 7684 mm 7322 mm 6829 mm
-— e e e e »

%

Fig. 156. Schematic assembly of pipe segments fpesimen of Test No. 10.

Test No. 10 performed with uncoated pipe, with rimé pressure equal to 11.4 MPa and
relative density of sand equal to 35% have beejestdal to significant bending, achieving

plastic deformation mainly along the longitudinakdtion in the range of £ 0.6%.

No buckling or tensile rupture was observed anghslicross section deformations were
measured at the end of the test.

Several charts of strain distribution at extradeseagatrix line, intrados generatrix line and
axial line are presented for various steps of caisisplacement from Fig. 157 to Fig. 160.
The strain values for failed strain gauges have leterpolated by the values of neighbor-
ing sections. Analyzing the results it can be olesgrthat in addition to a primary high

strain spot (at pipe middle section) a secondanyél) spot is located aside from the fault
lines (dashed lines in plots). The distance of seisondary strain spot moves from an ini-
tial distance of about 3000 mm towards the pipesgfilk 600 mm of caisson displace-

ment), to 5000+6000 mm from fault lines (for maximgaisson displacement attained of
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3220 mm). The curvature inversion point (zero ltugjnal strains) is located close to fault
lines and again is seen to move towards pipe emdarf increasing applied caisson dis-
placement.

Starting from 600 mm of caisson displacement tingeeof strains was + 0.25% and as re-

ported in Fig. 157 the maximum calculated deflattdas around 300 mm.

1.5% —e— Extrados strain
. —a— Axial strain

E 1.0% —&— [ntrados strain
g 0.5% — - = Fault lines
—= 0.0%
8=
2 -0.5%
EX
=
=2
= _1.0%

-1.5%

-10-9 -8-7-6-5-4-3-2-101223456 78910
Longitudinal position [m]

Fig. 157. Distribution of strains along pipe for 60 mm central caisson displacement, Test No. 10.

At 1200 mm of caisson displacement (Fig. 158) Hrege of strains was nearly + 0.4% for
a maximum deflection of pipe around 570 mm. Themrege of strains was equal to £
0.6% (Fig. 159) was detected at 2400 mm of caiskgplacement with a maximum pipe
deflection equal to 870 mm.

At the end of the test, a pipe displacement of 3220 was achieved with a range of max-
imum strains equal to = 0.6% and a maximum pip&debdn calculated as 950 mm.

In all cases the calculated axial strain is netarlgero.
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Fig. 158. Distribution of strains along pipe for 10 mm central caisson displacement, Test No. 10.
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Fig. 159. Distribution of strains along pipe for 280 mm central caisson displacement, Test No. 10.
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Fig. 160. Distribution of strains along pipe for 320 mm central caisson displacement, Test No. 10.
Fig. 161 shows the evolution of pipe deflectiorvatious steps of pipe caisson displace-
ment calculated from the longitudinal strains valaecording to the procedure presented

in section 3.6.2. The pipe deflection initially e quickly and tends to slow down for

high caisson displacements.
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Fig. 161. Pipe deflection calculated by strains, B&No. 10.
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Fig. 162 shows the calculated deflection of thedi@dsection during the caisson displace-

ment in which is clear the trend of pipe deformatio

_ 10

E0.9 —

o

208
= /

2 0.7
= -~
206 ~

2 0.5
.Eﬂ.;
0.

£ 03 /
gy 7

5 02 /

Eu:l /

0.0 0.5 1.0 1.5 2.0 2.5 30 35
Sliding caisson displacement [m]

Fig. 162. Evolution of pipe deflection at middle sgion calculated by strains, Test No. 10.
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Fig. 163. Pipe deflection on the horizontal planefeer soil removing calculated by strains and measwed

on field, Test No. 10.

© Giacomo Fenza 2015 182



PhD Thesis

At the end of the test after soil removal a spitagk of the specimen was observed. Af-
terwards measurements of horizontal and vertichéceon were carried out. In Fig. 163
the comparison between calculated and measuredipfpenation is presented, showing a

good agreement.

Using two LVDTs applied at the ends of pipe, thadibudinal displacement was also
measured, showing a symmetric shortening up torbf0of caisson displacement and a
sensitive divergence after this point. The maxinipe axial displacement measured was

100 mm and 55 mm respectively for left pipe end iagiat pipe end.
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Fig. 164. Pipe ends shortening vs central caissorsplacement, Test No. 10.

Removed the specimen from the caissons the ovalizaf instrumented cross sections

.D =D i .. .
was measured and computed as ratle’—’@fDﬂ. Some variations along the pipe can be
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observed in Fig. 165 and a maximum value of 0.52%rlg the middle section can be no-

ticed.

0.6%
0.5% f\

£ 0.4%

% 0.3% A v \L ﬁv L\

£ 02% /ﬂ \/ unun\
0.1% J/ ~<
0.0%

-121110-9-8-7-6-5-4-3-2-1012345678 9101112
Longitudinal position [m]

Fig. 165. Pipe cross section ovalization after trexperiment, Test No. 10.

6.4. Finite element modeling of landslide/fault testing

The numerical analysis was conducted using a cogialefinite element program
ABAQUS 6.14 version [1], accompanied from a subratwritten in FORTRAN lan-
guage in order to achieve the softening behavidth@soil.

A four-node doubly curved general-purpose shelitdimembrane strains (S4) are em-
ployed for modeling the cylindrical pipeline crassction and an eight-node linear brick
(C3D8) are used to simulate the surrounding sdie Todel has the same dimension of
the experimental tests as depicted in Fig. 166 thispipe diameter and the wall thickness.
The soil pipeline mesh is the result of sensitiatyalysis conducted in order to reach a

good compromise between accuracy of results aratiglof simulation, the dimension of
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the mesh is chosen finer around pipe with a cohgtarease towards the boundaries of the
model. A total of 34 shell elements around thendgdir circumference have been found ad-
equate to achieve convergence in the solution.sizeeof shell elements in the circumfer-
ential direction has been chosen equal to 20.3 nar2@ mm in the longitudinal direction
equal to 1/11of the pipeline outer diameter.

The distance from the pipe crown and the top saria®.63D, 2.07D from the pipe invert
to the bottom of the soil prism, 2.57D the distafrcen one side of the pipe to the same
side lateral wall, 16.2D the distance from the oside of the pipe to the adjacent lateral

wall. The overburden ratio was chosen equal t@a8.done with experimental tests.

Fig. 166 a). Finite element mesh of soil prisms.
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d). Finite element mesh of soil prism cross section
pipeline cross section.

Fig. 166. Finite element model of landslide/faultgsting.

© Giacomo Fenza 2015 186



PhD Thesis

Top surface of the prisms represent the soil sarfiee to move in all directions. Nodes of
lateral surfaces of the fixed soil prisms are fixedhe normal direction; the nodes of the
bottom blocked prisms are fixed in x-y-z directiofgult surfaces are in contact with
bulkhead elements modeled with eight node bricknelgs (type C3D8). Two bulkheads
are fixed and two free to slide on soil surfaceutemeously to the central caisson (Fig.
166 c)).

Besides displacement of central soil prism in xection (Fig. 166 a)) is imposed on lateral
surface nodes and on bottom nodes. Bottom nodedsardixed in y and z directions.

In addition, the pipe ends are constrained as satiesily reported in Fig. 14 for experi-
mental testing, leaving free pipe longitudinal siation and rotation. The interface interac-
tion between the pipe and the surrounding soilmaikated with a contact algorithm that
include normal contact and tangential friction dwe#nt in which separation after contact
is allowed, the master-slave contact algorithm eetwexternal pipe surface and soil sur-
face has been used. Different roughness betweepatett pipes tested in landslide/fault
experiments and painted pipes tested in axial areddl pullout experiments were negligi-
ble, therefore tangential friction coefficient wased equal to 0.9*as done for axial and
lateral models.

The interface interaction between soil surfacefait line is simulated with a contact al-
gorithm include normal contact and tangential ioict Tangential friction was used equal
to the peak internal friction angle i.e. tan 42°.

Lastly the interface interaction between bulkhead &ault surfaces include only normal
contact and neglect tangential friction becauses ihot crucial for the purposes of the

study.
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The mechanical behaviour of the steel is describemligh a large strain von Mises plastic-
ity with isotropic hardening and the behaviour lo¢ tsoil is described through an elastic
perfectly-plastic constitutive model with Mohr Couib failure criterion modified by
means the USDFLD subroutine explained in previ@aeiens.

In order to avoid numerical instability, all simtitans were performed with a slight cohe-
sion equal to 0.1 kPa.

The analysis has been conducted in three stepslle®:fgeostatic stress is applied in the
initial step, the gravity loading in the first stapd maintained in the second step then the
central soil prism displacement in the second sfepniform lateral controlled displace-
ment of the soil prism is imposed by displacinglthsement and sidewalls.

For the case of pressurized pipeline an intermeditgp of internal pressure application is
considered (after application of gravity and beftite soil prism displacement is activat-
ed).

For modeled Tests Nos.: 7, 8 strength parameteral éof ¢, = 42°,¢, = 36°,y, = 10° has
been used.

Longitudinal strains obtained from numerical anat/are in good agreement with the ex-

perimental findings. Detailed comments are preseméhe next sections.

6.4.1.Landslide/fault model of Test No. 7

Relative density measured in the experimental Nest7 was 40% hence for consistency
of the analysis K = 1was used. Pipe internal pressuthis test was zero.
Fig. 167 and Fig. 168 shows the soil deformatiotheffinite element model for a caisson

displacement of 1000 mm in which surface heavind) @epression are in agreement with
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the experimental results. Fig. 169 and Fig. 17Gqme pipe stress and longitudinal strain
distribution respectively for 1000 mm of centraissan displacement, showing a maxi-
mum von Mises stress value equal to 572 MPa andvanmum strain value of 0.8%, the
highest stress and strain distribution are conatedrat around the middle section and at
around three meters from the fault lines towargee mnds. No local buckling or tearing
rupture can be observed.

Comparison between experimental data and numesgsalts of longitudinal strain distri-
bution is presented for several steps from Fig. tb7Rig. 174. At 200 mm of middle cais-
son displacement there is a good agreement botextoados strains and intrados strains
for a range of +0.15%. At 400 mm of caisson dispiaent a range of strains around
+0.3% can be observed, then from 800 mm of caiskgplacement strains of numerical
model start to be slightly higher than experimentaasurement as shown in Fig. 173 to be
more evident for 1000 mm of displacement (Fig. 17#4je reason of this discrepancy is
the lower pipe uplift determined with the numerisahulation than the uplift measured
during the experiment, so that lead to a highdrregistance and hence a higher pipe de-
formation of the numerical model. Despite this feténces in results are negligible and

numerical analyses are conservative.
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UT, Magnitude
1.005
0921

Fig. 167. Landslide/fault finite element model - sbdeformation. Sliding caisson displacement equab

1000 mm. Simulation of Test No. 7.

UT, Magnitude

L.,

Fig. 168. Landslide/fault finite element model - gie and middle soil prism deformation. Sliding caissn

displacement equal to 1000 mm. Simulation of TestdN 7.
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Fig. 169. Landslide/fault finite element model - gieline stress distribution. Sliding caisson displae

LE, LE2Z
SMEG, {fraction = -1.0)
(Awg: 75%0

ment equal to 1000 mm. Simulation of Test No. 7.

Fig. 170. Landslide/fault finite element model - gieline longitudinal strain distribution. Sliding caisson

displacement equal to 1000 mm. Simulation of TestdN 7.
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Fig. 171. Distribution of strains along pipe for 20 mm central caisson displacement, Test No. 7.
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Fig. 172. Distribution of strains along pipe for 40 mm central caisson displacement, Test No. 7.
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Fig. 173. Distribution of strains along pipe for 80 mm central caisson displacement, Test No. 7.
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Fig. 174. Distribution of strains along pipe for 100 mm central caisson displacement, Test No. 7.
Comparison between experimental and numerical ek shortening is depicted in Fig.
175, showing a divergence after 500 mm of caisssplatement leading to a slightly dif-
ference after this point. This behavior confirmtttree numerical model is more severe that

experimental.
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Fig. 175. Pipe ends shortening vs central caissoisplacement. Comparison between experimental and

numerical results. Test No. 7.

6.4.2.Landslide/fault model of Test No. 8

Relative density measured in the experimental Nest8 was 29%, also in this case the
coefficient of lateral pressure was assumed equdl tPipe internal pressure in this test
was 11.4 MPa.

Fig. 176 and Fig. 177 shows the soil deformatiotheffinite element model for a caisson
displacement of 1000 mm in which surface heaving) depression are in agreement with
the experimental result. Fig. 178 and Fig. 179 gmepipe stress and longitudinal strain
distribution respectively for 1000 mm of centraissan displacement, showing a maxi-
mum von Mises stress value equal to 586 MPa anebanmum strain value of 0.9%, high-

est stress and strain distribution are concent@tédo meters from the middle section and
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at around three meters from the fault lines towaige ends. No local buckling or tearing
rupture can be observed also in this case.

Comparison between experimental data and numesgsalts of longitudinal strain distri-
bution is presented for several steps from Fig. th8Big. 183. At 200 mm of caisson dis-
placement extrados strains of numerical model lagbtly lower than measured strains, on
the other hand intrados strains of numerical madelslightly higher than those measured.
At 400 mm of caisson displacement numerical anceergental extrados strains are in
good agreement, while numerical intrados straiessightly higher than those measured.
From 800 mm of caisson displacement strains of migalemodel start to be significantly
higher than experimental measurement at intrac@sads shown in Fig. 182. At 1000 mm
of displacement (Fig. 183) also numerical strainexirados line start to concentrate the
divergence respect measured strains at around ®tersnfrom the middle section and at
around three meters from the fault lines towarg® @nds. The reason of this discrepancy
is the lower pipe uplift determined with the nunsatisimulation than the uplift measured
during the experiment, so that lead to a highdrresistance and hence a higher pipe de-
formation of the numerical model. Moreover propstof soil used in the numerical model
are the same used in the previous model althoulglivee density achieved during the

preparation of the Test No. 8 was lower than teatihed during Test No.7.
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Fig. 176. Landslide/fault finite element model - dbdeformation. Sliding caisson displacement equab

1000 mm. Simulation of Test No. 8.

UT, Magnitude
1.061

L.,

Fig. 177. Landslide/fault finite element model - gie and middle soil prism deformation. Sliding caissn

displacement equal to 1000 mm. Simulation of TestadN 8.
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Fig. 178. Landslide/fault finite element model - gieline stress distribution. Sliding caisson displae

LE, LE2Z
SMEG, {fraction = -1.0)
(Awg: 75%0

ment equal to 1000 mm. Simulation of Test No. 8.

Fig. 179. Landslide/fault finite element model - gieline longitudinal strain distribution. Sliding caisson

displacement equal to 1000 mm. Simulation of Testad\ 8.
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Fig. 180. Distribution of strains along pipe for 20 mm central caisson displacement, Test No. 8.
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Fig. 181. Distribution of strains along pipe for 40 mm central caisson displacement, Test No. 8.
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Fig. 182. Distribution of strains along pipe for 80 mm central caisson displacement, Test No. 8.
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Fig. 183. Distribution of strains along pipe for 100 mm central caisson displacement, Test No. 8.

Comparison between experimental and numerical ek shortening is depicted in Fig.
184, showing a divergence after 350 mm of caissgplatement leading to a sensitive dif-

ference reaching 50 mm of difference at 1000 mwagfson displacement.
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Fig. 184. Pipe ends shortening vs central caissoisplacement. Comparison between experimental and

numerical results. Test No. 8.

6.4.3.Discussion of results

Full-scale tests performed didn’t show any kindrgture such as buckling or tearing.
Loads applied from soil have been able to bengibe over elastic strains reaching max-
imum values nearly 1.5% at the middle section,radtesoil mass offset of ~3600 mm.

Moreover a cross section ovalization with a maxinuaiue of 2.1%.

In all tests the most critical part of the pipelimeterms of strain was the middle section
while low strains were detected close to the fiods.

Larger strains were measured in tests with thedsglevel of relative density tested that
was around 40%.

Strain levels reached during tests have been cadpeth several equations present in lit-
erature i.e. DNV-OS- F101 [1[9], APl RP 1111 [3]daGresnigt [10] for unpressurized

cases.
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(Eq. 16) DNV: & =0.78 (5. —0.01) %2
h

Whereogy = 0.8 (girth weld factor) and, = 0.93 (maximum Yield strength to Tensile

strength ratio of the steel)

. _ wT
(Eq. 17) API: £, =0.5 (—OD)
o wT
(Eq. 18) Gresnigt:ec = 0.5 (E) —0.0025

In the current case aforementioned formulas gieddhowing values:

« DNV e =1.07%
« API e =1.27%
« Gresnigt e =1.02%

Despite these predictions no local buckling wergepbed neither in experimental tests nor
in the numerical analyses. Pressure tends to @tritra ovalization hence to oppose buck-
ling, increasing the threshold of critical straiigtrer than the case without internal pres-
sure. Experiments did not undergo on buckling,hsd tlid not permitted to appreciate the
effect of pressure.

General experimental findings show from strain glttat upon reaching a certain dis-

placement the strain growth rate reduces almozéto, a condition that can be associated
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to the maximum soil force applied on pipe durinigtiee displacement. Under these con-
ditions the pipe starts to move through the soil.

As result of soil movement applied on the specinpgre deformed laterally and subjected
to uplift, reaching the maximum vertical displacemat middle section (~650 mm) and
zero at constrained pipe ends. These results agstent with the vertical reaction meas-
ured by means pressure sensors sheet wrapped dheupighe in lateral tests.

Axial pipe ends displacement was also measuredrasequence of pipe deflection.

Numerical analyses of landslide/fault testing destiate a general agreement with exper-
imental findings but it can be observed a more igeaetion of the soil on the pipe during

the entire relative displacement because the I@& pplift measured undergo the pipe to
interact with a more stiff soil, hence a biggerepgeflection.

Numerical model can be considered reliable and a/ghght conservative prediction.
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7. Summary and conclusions

The aim of this thesis was to study the respondminéd steel pipes subjected to horizon-
tal ground movements. The work has been carriedrmlitding experimental full-scale
testing, numerical analysis for the investigatiow &valuation of the response of embed-
ded pipeline in sand under relative ground movement

The most of research conducted in this field comt¢ateral soil pipe interaction conducted
with small relative displacement and with relativemall diameter pipelines. Besides axial
soil pipe interaction experiments published inréitare are just few despite the complexity
of such relative movement needs a better underisigiod the mechanism interactions at
pipe soil interface.

For the reasons mentioned above solil testing fi@silhave been designed and assembled.
The first one is able to subject pipes under lavgal or lateral displacement whereas the
second one is able to expose a pipeline to a laledsElult movement.

Numerical models were developed in order to sineukatial, lateral and landslide/fault
full-scale testing. A finite element software, ABRQ 6.14, has been used in this study.
Parameters to characterize the soil used in theenoah models were obtained from ge-

otechnical laboratory testing.

The steps followed during the work may be summdrine

« Development of a facility able to perform both dvdad lateral full-scale testing on

8”58 pipe diameter.
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* Development of a facility composed by three caissalle to expose the pipeline
under a landslide/fault phenomenon.

* Measurement of pressure distribution at pipe swdrface during lateral full-scale
tests.

* Longitudinal strain measurements at extrados arichdos line during land-
slide/fault testing.

« Development of numerical models to simulate thewsase of buried pipes subject-
ed to axial, lateral displacement and landsliddfalvenomenon.

« Evaluation of different levels of soil compactiguipe coating and internal pipe
pressure.

« Evaluation of analytical equation suggested fromrezu guidelines used to predict
axial and lateral soil resistance for design okpie laid in areas subjected to per-

manent ground deformations.

7.1. Full-scale testing facilities

The first test facility consist of a 3 m lengthpBwidth, 1.25 m high (internal dimensions)
placed within a rigid steel frame equipped withyadaulic actuator of 25000 kN load ca-
pacity. This caisson allow to change the configarato conduct axial soil pipe interaction
and lateral soll pipe interaction.

The second test facility consist of three caissome: fixed having 8.35 m length, 4.35 m
width, 1.50 m high (internal dimensions) and onetia# caisson having 8 m length, 4 m
width, 1.35 m high (internal dimensions) placedaohorizontal concrete basement. Two

hydraulic actuator of 4000 kN load capacity (eank)dhave been used.
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Steel pipes having & outside diameter and 5.56 mm wall thickness haenhused in
each test.

The measurements during experimental testing iecludad and displacement of each ac-
tuator, pressure distribution at soil-pipe integfaluring lateral pullout testing, longitudinal
strain during landslide/fault testing. Observatairsoil surface deformation has been car-
ried out using cameras.

Density of quarry sand was controlled through aadyic cone penetrometer during soil
filling and compaction. The overburden ratio foigdxand lateral testing was taken equal
to 3.4, and 3.1 for landslide fault testing.

The tests were conducted to simulate: embeddedpiges in sand and embedded coated
pipes. On the whole three axial tests, three latesas and four landslide /fault tests have

been performed using the aforementioned facilities.

7.2. Axial pullout findings

A considerable difference in axial soil resistames measured considering the first test
conducted with P~ 20% and the second test conducted witk B0%. Whereas a slightly
difference in peak soil resistance was detectedgihg the pipe coating and maintaining
the same relative density although the frictioregrddation led to a different axial soil re-
sistance decreasing.

The variation of speed from 0.5 mm/s to 2 mm/sraitiresult in an appreciable increase or
decrease of soil reaction.

Axial soil resistance measured during experimetgsis are compared with peak soil re-
sistance predicted from current guidelines (ASCEaiid PRCI [20]). The ASCE formula

cannot predict satisfactory the peak axial soitllga&ving a value ~0.5 times less than the
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experimental result obtained with relative densitysoil equal to ~20% and ~0.33 times
less than the experimental results obtained wittive density of soil equal to ~40% for
both external surface finish. The PRCI formulaliéeao predict the peak axial soil load
using a value of K equal to 1.6 for test with<l0% and 2.8 for tests with; B 40%.

A three dimensional numerical model was developearder to simulate the experimental
axial full-scale tests using soil strength paramsetketermined during geotechnical labora-
tory tests. The effect of soil dilation has beesaskied and values of K determined numer-
ically are close to those back calculated with PR@hula. From the numerical analysis it
can be seen that the annular sand zone aroundigbdaspsubjected to an increasing of
normal stress at the pipe soil interface during @ipial displacement as results of soil dila-
tion and annular soil confinement. This soil bebavs responsible of an extra axial soil
reaction respect to a non-dilative sand and itderdirmation of experimental stress meas-
urements conducted by Karimian [13] [32].

The developed model is able to predict the axidlrssistance up to the peak of load, af-
terward become constant instead of follow the sdeweasing of soil reaction measured
experimentally. Numerical model can be considesdable and with a slight conservative

prediction.

7.3. Lateral pulling findings

A negligible difference in lateral soil resistane@s detected during the three lateral
pullout tests performed although two levels of smimpaction (P~ 20% and R~ 40%)
and two different pipe coating (antioxidant painddusion bonded epoxy) have been test-

ed.
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The variation of speed from 0.5 mm/s to 1 mm/sraitiresult in an appreciable increase or
decrease of soil reaction.

Lateral soil resistances measured during experahésdts are compared with the peak soil
resistance predicted through current guidelinesGQB$1] and PRCI [20]). Although the
pipe vertical uplift was constrained in the expemnts and aforementioned guidelines sug-
gest a formula for pipes free to rise during hamiab lateral movements of surrounding
soil, the comparison allow doing some remarks. Redkeaction predicted through PRCI
formula coincide with the first peak soil reactioreasured, that is the maximum soil re-
sistance of a pipe in the same condition testedimdyut without vertical constrain. This
affirmation is confirmed by the distribution of ggaire at pipe soil interface measured dur-
ing each test and also with numerical analysesk Ba&reaction predicted through ASCE
formula is double respect the value predicted WRCI formula and compared with the
experimental results seems to reach a value tdo hig

Pipe soil interface pressure measured with the daak8150E sensor shows an increase of
pressure distribution and a clockwise rotationhw tesultant pressure starting from +45°
and reaching -45°considering a pipe cross sectitmtive crown positioned at 90° respect
a horizontal plane.

A two dimensional numerical model was developedruter to simulate the experimental
lateral full-scale tests using soil strength par@msedetermined during geotechnical labor-
atory tests. The model is able to predict the #htsoil resistance with a remarkable preci-

sion up to 300/350 mm of pipe displacement.
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7.4. Landslide/fault findings

Two levels of soil relative density (~20% and ~408aye been tested both for unpressur-
ized and pressurized pipes during landslide/fasliting.

Soil loads applied through the central caissonldcgment were able to produce inelastic
bending deflection and a slightly cross sectionimation of the pipe but not any ruptures.
No buckling was detected despite higher level ciss reached during tests than critical
strains predicted by formulae for local bucklinggmostication.

In all these tests the most critical portion of iyge in terms of maximum strain is located
at the middle length section and the smallest vafugrain is located at the section close
to the fault line.

As a result of the four full-scale tests performie, increasing of soil compaction from the
lowest to the highest level tested led to an apglée increasing of longitudinal strain if
we consider the same offset of the central caidglomeover tests conducted with pressur-
ized pipes respect to unpressurized pipes presiemtea level of longitudinal strains con-
sidering the same level of soil compaction andsdr@e central caisson offset.

A three dimensional numerical model was developearder to simulate the experimental
landslide/fault tests using soil strength paranseterd tensile mechanical properties of the
steel pipe determined through laboratory tests. &tgal analyses have shown a general
agreement with experimental findings but with a ensevere soil load on the pipe during
the caisson displacement since the small pipetugiifulated undergo the pipe to interact
with a stiffer soil than the shallower soil.

Developed numerical model can be considered reliabt with a slight conservative pre-

diction.
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7.5.Recommendations for future research

Further research to understand the complex behavitire pipeline soil system involved

in permanent ground deformations would be necessary

« Additional longitudinal full-scale tests would bedispensable to determine the
evolution of the frictional degradation after theag soil resistance in relation to:
the solil dilation angle, the solil relative denstitye pipe surface finish and the pipe

outside diameter.

« Determine lateral earth pressure evolution at gipié interface during axial pipe
displacement in longitudinal full-scale tests itation to: the dilation angle of the
soil, relative density of the soil, surface finishthe pipe and pipe outside diameter.
A range of lateral earth pressure values for dfféioperating conditions would be

a good contribution for the reliability of numeri@nd analytical calculations.

+ Additional full-scale landslide/fault tests in orde assess more severe condition

of pipe solil interaction, increasing the level ofl selative density respect the max-

imum value reached in this study.
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