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A robustez e versatilidade da tecnologia dos dutos flexiveis para a indlstria
petrolifera offshore foram decisivas para a conquista de recordes consecutivos no que se
refere alamina d' agua de explotagdo. Em algumas aplicacdes, essa tecnologia € a Unica
disponivel e adequada, mas, por outro lado, a predicdo do comportamento mecanico
dessas estruturas quando fletidas ainda se constitui em um grande desafio para o
dimensionamento, por exemplo, afadiga.

Desse modo, essa dissertagdo apresenta um novo modelo de elementos finitos
tridimensional e ndo linear paraanalise local de dutosflexiveis. Este modelo, aém de ser
capaz de representar todos os arames de tragdo e todas as camadas da estrutura, permite
ndo sO aplicar cargas axissimétricas, mas também momentos fletores.

A efetividade do modelo proposto é corroborada pela satisfatoria concordancia
dos resultados numeéricos com medidas experimentais obtidas através de testes nos quais
uma amostra de duto flexivel é submetida a cargas de tracdo pura e também tragdo

combinada com flex3o.
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The robustness and versatility of the flexible pipeline technology for the offshore
oil industry were decisive for the achievement of consecutive records regarding the water
depth. In some applications, this technology is the only available and suitable, but on the
other hand, the prediction of the mechanical behavior of these structures when under
bending is still agreat challenge for design suitable, for example, to fatigue.

Thus, this dissertation presents a new three-dimensional and non-linear FE model
for local analysis of flexible pipes. This model, in addition to being able to represent all
the tension armor wires and al the layers of the structure, allows not only the application
of axisymmetric loads, but also bending moments.

The effectiveness of the proposed model is corroborated by the satisfactory
agreement of the numerical results with experimental measurements obtained through
testsin which aflexible pipe sample is subjected to pure tension load and also combined

tension with bending.

vii



TABLE OF CONTENTS

CHAPTER L.INTRODUCTION ..ottt 1
11 MOTIVATION ..ot sr e s 1
1.2 OBIECTIVE ..o 6
1.3 DESCRIPTION OF THE CHAPTERS........ccoii 6

CHAPTER 2.FLEXIBLE PIPE. ... 7
2.1 FLEXIBLE PIPE STRUCTURE........ccot ittt 7
2.2 LOCAL ANALYSISOF FLEXIBLE PIPES........ccooiieeeeeec e 12

CHAPTER 3.PROPOSED NUMERICAL MODEL FOR THE FLEXIBLE PIPE....... 25
3.1 INTRODUCTION ....ooiiiiitiiiiiieiin e s 25
3.2 FEMODEL FORTHE CORE OF THE PIPE .......cccccoiiiiiiiiceeeeeece e 27
3.3 FEMODEL FOR THE ARMOR WIRESAND ANTI-WEAR TAPES......... 29
34 FEMODEL FORTHE OUTER LAYERS........ccooii 30
3.5 MODELING THE CONTACT BETWEEN LAYERS.........cccooiiiiiii 30
3.6 IMPLEMENTATION....cciiiiiei e s 32

CHAPTER 4.CASE STUDY ... 34
41 EXPERIMENTAL TESTS.....ci s 34
4.2 FEMESH. ... 37
4.3 PURETENSION ANALYSIS .. ..o s 39
4.4 BENDING COMBINED WITH TENSION ANALYSIS......ccooiiiiiiiieeee 44

CHAPTER 5.FINAL COMMENTS AND FUTURE WORK .........cccooiiiiiininiieens 74

REFERENGCES. ... 77

viii



LIST OF FIGURES

Figure 1.1. World Liquid Fuels Production and Consumption Balance (EIA - THE U.S.

ENERGY INFORMATION ADMINISTRATION, 2016). ......cccoveiireireeiieeieecieeeciee s 1
Figure 1.2. Offshore production (KOPITS, 2012). ......cccccceieeierieereseeseeseeseesseeseeseeseens 2
Figure 1.3. Floating Production Systems. (OFFSHORE MAGAZINE, 2016). ............... 2
Figure 1.4. FPSO Deepest Facilities and Petrobras achievements (adapted from
(OFFSHORE MAGAZINE, 2016)). .....cvuveeeseeseereesessesseeseessessessessessessesssessessessesssssenses 3
Figure 1.5. Flexible Pipein operation (adapted from (SUBSEA WORLD NEWS, 2017)).
.......................................................................................................................................... 4
Figure 1.6. Progression with water depth. ... 5
Figure 1.7. Examples of SHM solutions (adapted from (ELOSTA, et a., 2017))........... 5
Figure 2.1. Typical unbonded flexible pipe. (adapted from (LONDONO, et ., 2014)). 7
Figure 2.2. Manufacturing process of Carcass (adapted from (FACHINI, 2014)) .......... 8
Figure 2.3. Manufacturing process of pressure sheath (FACHINI, 2014) .........ccccceene.. 9
Figure 2.4. Manufacturing process of pressure armors (FACHINI, 2014) .................... 10
Figure 2.5. (a) Z-shape, (b) C-shape, (c) T-shape 1, (d) T-shape 2 (e) PSI (MY AZAKI,
1240 11 ) PSSP 10
Figure 2.6. Manufacturing process of tensile armors (FACHINI, 2014) ..........ccccc....... 11
Figure 2.7. Moment x Curvature graph (adapted from (LONDONO, et a., 2014))....... 17
Figure 2.8. Loxodromic and Geodesic curves (FERGESTAD & L@TVEIT, 2014)..... 18
Figure 2.9. Armor Wire — Stress COMPONENTS ........ccverueeeereesieseesieesresessseesseseesseenseens 20
Figure 3.1. FE Mesh Of all [ayerS........cccoveeeiice et 26
Figure 3.2. Local and Global Coordinate SyStemS..........cccvreririerieenienese e 26
Figure 3.3. Core Of the PIPE....cueie e e 27
Figure 3.4. — Position of the “fake layers’ added to the matrix of composite shell ....... 29
Figure 3.5. — Material Properties and FE model for the Outer Layers..........cccccevveneee. 30
Figure 4.1. Test overview with experimental apparatus (SOUSA, et a., 2015) ............ 34
Figure 4.2. Strain gauges installed // outer tensile armors (SOUSA, et dl., 2015).......... 36
Figure 4.3. Test layout (SOUSA, et al., 2015) .....c.ccceeireeceerieerie e seerie e eee e 36
Figure 4.4. Transverse actuator with a transverse displacement transducer (SOUSA, et
A, 2005) .ttt e b a e e ae b et et beebe e eneebe st eneenennn 37
Figure 4.5. Typical FE Mesh for the armor WITeS.........ccocoveeieneneeneceeeee e 38

iX



Figure 4.6. Boundary conditions with rigid behavior...........ccocovviiieiincnnerece e 38
FIQUIE 4.7. SNOES ...t 39
Figure 4.8. Experimental and Numerical Results - Pure Tension..........ccceceeeveeeveeennene 40
Figure 4.9. Contact SticKing POINES.......cccvoceiieie e 41
Figure 4.10. Tension vs axial elongation curves with different FKN values.................. 42
Figure 4.11. Strain of each outer tensile armors (central region // Tension only / 700kN)
........................................................................................................................................ 43
Figure 4.12. Normalized strainsin the external Wires...........ccccvceveevvncnneesesceeseennn 44
Figure 4.13. Model with Equivalent Beam ... 45
Figure 4.14. Locations of the beamsinthemodel ... 46
Figure 4.15. Transverse load vs transverse displacement: no-dlip response. ................. 47
Figure 4.16. Transverse load vs transverse displacement: no-dlip response. ................. 47
Figure 4.17. Transverse displacements, in mm, along the FE moddl............cccccevueneee. 49
Figure 4.18. Transverse Displacement over the length of the Shell-Beam modd!. ........ 49
Figure 4.19. Curvature - Numerical and Analytical/Experimental Results.................... 50
Figure 4.20. Normal Strain in all external armor wiresin the central region................. 52
Figure 4.21. Position of external armor wire #12 and #29..........cccocevvvvvnenieninseeene 52
Figure 4.22. Normal Strain in two diametrically opposed external armor wires........... 53
Figure 4.23. Normal Strain in three sections (bench shoes and central region).............. 53
Figure 4.24. Numerical, Experimental and Analytical Normal Strain...........cccccovvenee... 55
Figure 4.25. Normal Strain with pretension strain for different friction coef. ............... 56
Figure 4.26. Normal Strain without pretension strain for different friction coef. .......... 56
Figure 4.27. Normal Strain with pretension strain for different elastic dips. ................ 57
Figure 4.28. Normal Strain without pretension strain for different elastic dips. ........... 57
Figure 4.29. Normal Strain just from bending load............cccovvvvevieiiccnceece e, 59
Figure 4.30. Critical Curvature (Transverse Load = 25.5KN) ......ccccoviririieienienneennne 61
Figure 4.31. Moment vs. Curvature - MONOLONIC .......covvereerverrieriesieesie e see e e 61
Figure 4.32. Sticking Points // External Armor Wires (42mm) .......ccccecceveeveeceeseennenn 62
Figure 4.33. Moment VS. CUNVaIUre — CYClIC....cvvueiierieeee et ete e 63
Figure 4.34. Strain during slip-regime — EW-12.........cccooiiiriinineeeeeee e 64
Figure 4.35. Armor Wire — HySteretic Strain ........c.ooeevereeniesienee e 64
Figure 4.36. Selected nodes and its Coordinate SysStem.........cccvcevvevvrceeneesescee e 65
Figure 4.37. Intrados and EXIrados.........cccccueveerieieeiecse et 65
Figure 4.38. Armor Wire Movement —NOde 1........cccoovriiiriinieneeeee e 66



Figure 4.39. Armor Wire Movement — NOTE 2.........ccoovrinirienie e 66

Figure 4.40. Armor Wire Movement — NOJE 3........ccoooiriiiriine e 67
Figure 4.41. Sliding Distance Plot (700KN/Tension only) ........ccccvvevveceneeresceeseeennn 68
Figure 4.42. Sliding Distance PlOt (25KN) .......coviieiieieeeeseecie e 69
FIgUre 4.43. SNOB FEQIONS......coiuiiieriierieeie ettt sttt sa et b e eesneesee e e e 69
Figure 4.44. Sliding Distance — Bench Shoe 1. 70
Figure 4.45. Sliding Distance — Bench sSho€ 2...........cccveeveeie e 71
Figure 4.46. Sliding Distance — Outer Tensile Armor — Tension and Bending ............. 71
Figure 4.47. Numerical and Analytical SIip.......ccoooieeiiniinieicee e 72
Figure 4.48. Slip — ANalYtiCal Fit......ccooiiiiiieeceee e e 72

Xi



LIST OF TABLES

Table 4.1. Flexible Pipe Sample

Table 4.2 — Analytical and Numerical - AP ..o,

Xii



API
E&P
FE
FEA
FEM

Flexible pipe’'s annulus

FPSO
HDPE

IFPEN

0&G
PE

PA
PVDF
SHM
XLPE

NOMENCLATURE

American Petroleum Institute

Exploration and production

Finite element

Finite Element Analysis

Finite element method

Region between the pressure sheath barrier and an outer
polymer barrier.

Floating Production Storage and Offloading

High density polyethylene

IFP Energies Nouvelles, former French Institute of
Petroleum (Institut Francgais du Pétrole)

Oil and gas

polyethylene (PE),

polyamide (PA),

polyvinylidene fluoride (PVDF),

Structural Health Monitoring

crosslinked polyethylene

Xiii



LIST OF SYMBOLS

h Thickness

w Width

v Poisson'sratio

ne Number of tendons

E Elastic modulus of the material
a Lay angle

[ Moment of inertia

A Cross sectional area of the profile
L, Pitch of the tendon
L, Minimum principal moment of inertia
J: Torsional constant of the tendon
G Transverse shear modulus of the material
K Compacity factor
Tomax Limit shear stressin the contact interface
u Friction coefficient
T Adhesion
P, Contact pressure between layers
K Curvature
Kf Critical Curvature
Rgnenr Equivalent thickness of the shell
Gsnell Transverse shear modulus of the shell
Esnen Elastic modulus of the shell
o¢(P, ks, 0) Normal Axial Stress dueto Friction
a Average radius of the layer
My Friction moment or moment of internal friction
Elyg Full-dlip bending stiffness
El,, No-dlip bending stiffness

Xiv



Curvature at which lateral contact occurs between adjacent

Keontact tensile armor wires

r radius of tensile armor layer

R Bending radius

0 Circumferential angle of flexible pipe

S Deformed length of the helix on the torus

XV



CHAPTER 1. INTRODUCTION

1.1 MOTIVATION

Despite occasiona crises, the oil and gas (O&G) industry has demonstrated a
prolonged period of significant growth, following global demand for hydrocarbon energy,

asshownin Figure 1.1.

World Liquid Fuels Production and Z
Consumption Balance Cla
million barrels per day (MMb/d) MMb/d
132 Implied stock change and balance (right axis) i Forecast g
06 =\/0rld production (left axis) ! 4
04 —\/orld consumption (left axis) 3
92 i 2
90 ! 1
88 : 0
86 I -1
84 i -2
2011-Q1  2012-Q1  2013-Q1 2014-Q1 2015-Q1 2016-Q1  2017-Qf
Source: Short-Term Energy Outlook, April 20186.

Figure 1.1. World Liquid Fuels Production and Consumption Balance (EIA - THE
U.S. ENERGY INFORMATION ADMINISTRATION, 2016).

Although about 60% of O& G worldwide supply is extracted onshore, the
competition between different oil sources is noteworthy. Over the last decades,
offshore O&G production has increased compared to onshore production, as
indicated in Figure 1.2, and this increase relies greatly in the use of FPSOs and
semi-submersibles, which have al so been working on ever-increasing water depths,
as can be depicted in Figure 1.3 and Figure 1.4. There are severa reasons for that,
but, in short, the use of these floating vessels allows the devel opment of marginal

fields in remote locations, where a fixed platform would be impractical and/or



uneconomical. Besides, FPSOs can be relocated and reused, for example, in case of
field depletion.

Growing Growing
offshore = deepwater
production production

RN R R SR SR A e
Global Oil & Gas Supply 1970-2020 Offshore Supply by Depth 1970-2020

Figure 1.2. Offshore production (KOPITS, 2012).
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Figure 1.3. Floating Production Systems. (OFFSHORE MAGAZINE, 2016).
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FPS0 Deepest Facilities — Sanctioned, Installed or Decommissioned — As of March 2016

9 | Cidade de Séo Vicente Petrobras 2009 2120m
1 Turitella Shell 2016 2896m 10 Cidade de Paraty . Petrobras ‘ 2013 2120m
2 BW Pionner Petrobras 2012 2600m 11  Cidade de S3o Paulo Petrobras 2013 2100m
3 Dynamic Producer Petrobras 2011 2500m 12 PSVM BP ‘ 2012 2000m
4 | Cidade de Itaguaf Petrobras 2015 2240m 13  BC-10 Espirito Santo Shell 2009 1780m
5 Cidade de Mangaratiba  Petrobras 2014 | 2200m 14 Piranema Spirit Petrobras ‘ 2007 1600m
6 Cidade de Angra dos Reis | Petrobras 2010 2150m 15 | Capixaba Petrobras 2010 1485m
7 Cidade de Ilha Bela Petrobras 12014 | 2140m 16 Agbami NIPCO - Nigeria l 2008 1462m
8 | Cidade de Marica Petrobras 2016 2120m 17  P-54 Petrobras 2007 1400m

Figure 1.4. FPSO Deepest Facilities and Petrobras achievements (adapted from

(OFFSHORE MAGAZINE, 2016)).

In this scenario, the use of unbonded flexible pipes (or, ssimply, flexible pipes),
such as the one presented in Figure 1.5, instead of rigid (carbon steel) pipes, is often
advantageous due to several reasons astheir compliance with the movements imposed by
the floating vessels, the ability to absorb harsh environmental loads and easiness of
installation. In Brazil, these structures have been firstly used in 1977 with the early
production systems designed for Enchova, Garoupa and Namorado fields (FACHINI,
2014) in water depths close to 100 m. In 2016, more than 12,000 km of flexible pipes

werein operation in Brazil (MATOSO, 2016).




Figure 1.5. Flexible Pipein operation (adapted from (SUBSEA WORLD NEWS,
2017)).

According to (AMERICAN PETROLEUM INDUSTRY, 2014), aflexible pipeis
an assembly of a pipe body and end-fittings where the pipe body is composed of layered
materials that form a pressure-containing conduit and allows large deflections. Normally,
the pipe body is build up as a composite structure composed of metallic and polymers

layers.

Despite the successful use of these structures in offshore O&G applications,
offshore O& G fields are moving fast to water depths close to 3,000m (Figure 1.6) and,
consequently, there is a need to not only design flexible pipes capable of resisting the
loads associated with this scenario, but also to reduce the conservatism in their design.
Moreover, some of the first flexible pipes installed in deep and ultra-deep waters are
reaching or have aready reached their limit service lives and operators wish to extend

their use.
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Figure 1.6. Progression with water depth.

Despite the robustness and confidence attributed to flexible pipes, the
determination of their fatigue limits still deserves great attention. Among the main
requirements for areliable fatigue analysis, it could be highlighted the:

e Determination of the actual operating conditions (top tension, annulus

condition, internal pressure, curvatures etc.);
e  Structural analysis;

The determination of the actual operating conditions could be fulfilled by the
implementation, for instance, of severa SHM solutions, such as those from Figure 1.7.
Theterm SHM, i.e., Structural Health Monitoring, refers to monitoring systems that aims

to gain knowledge of the integrity of in-service structures on a continuous real-time basis.

Flexible Pipe ready for Flooding Detection System Scheme of amonitoring system for curvature

Figure 1.7. Examples of SHM solutions (adapted from (ELOSTA, et al., 2017)).




The structural analysis, as pointed out by several authors such as (SOUSA, et al.,
2012), (LONDONO, et al., 2014), (LIU, 2014), (XIQIA, et al., 2015), (TANG, et al.,
2015) and (SAEVIK, et al., 2017), ams to adequately predict the stresses and strains that
are induced in the flexible pipe layers by operational loads. Stresses are assessed by
relying on a set of different theories and assumptions, which, consequently, play a
decisive role in predicting fatigue damage.

In this scenario, the response of flexible pipes to bending is a key aspect, but,
despite being studied since practically the beginning of the flexible pipe industry, until
today there are still open discussions on this response which directly affects the global

and local mechanical analyses of flexible pipes.

Therefore, the challenge and importance of bending analysis for a robust and
game-changing technology, such as flexible pipes, is noteworthy. From this, came the

interest in the topic of this dissertation.

1.2 OBJECTIVE

This dissertation presents a FE mode to predict the structura response of a
flexible pipe subjected to pure and combined tensile and bending loads.

The model employs shell elements to represent all layers of the pipe and their
interactions are ensured with contact elements. The model was constructed using
ANSY S® Multiphysics package and its implicit solver. The results obtained with this
model are compared to those from experimental tests performed at COPPE/UFRJ.

1.3 DESCRIPTION OF THE CHAPTERS

In this dissertation, firstly, Chapter 2 presents the flexible pipe structure and the
state of the art of the local axisymmetric and bending analyses. Next, in Chapter 3, the
finite element model proposed in this study is described. After that, in Chapter 4, the
results from experimental tests performed at COPPE/UFRJ are presented and compared
to those obtained with the FE model. The responses of the pipe to tension and bending
combined with tension are studied enlightened by these results. Finaly, the main

conclusions of thiswork aswell as proposals for future works are stated.



CHAPTER 2. FLEXIBLE PIPE

21 FLEXIBLE PIPE STRUCTURE

Asdescribed by (BRAESTRUP, et al., 2009), unbonded flexible pipes are custom
designed and complex multi-layered structures, built from several helically wound
metallic wires or strips combined with concentric layers of polymers, textiles and fabric

tapes. Figure 2.1 presents the structure of atypical unbonded flexible pipe.

— Inner Carcass O\NE™
- Pressure Sheath

Pressure Armor Gy
Anti-wear Tape

InnerTensileArmor [ ][]
Anti-wear Tape

OuterTensile Armor [ [

Fabric Tape
External Sheath

Figure 2.1. Typical unbonded flexible pipe. (adapted from (LONDONO, et al.,
2014)).

The modularity is a remarkable quality in its construction. The layers of the pipe
are independent, but designed to interact with one another. Each layer can be made fit-
for-purpose and independently adjusted to best meet specific field requirements, which
are related to the use of the pipe, such as water and gas injection lines or production and

gas export lines.

Asshown in Figure 2.1, the internal structure of aflexible pipe usually comprises
an inner carcass, an internal plastic sheath, a pressure armor, anti-wear tapes, tensile
armors and an external sheath. Other layers may be present to address other structural
demands. In the following, a brief description of these main layersis presented, but more



details can be found, for instance, in APl RP 17B (AMERICAN PETROLEUM
INDUSTRY, 2014).

CARCASS

The carcass, the innermost layer, is designed to resist radial external loads
(crushing and hydrostatic pressure), and to serve as a mechanical protection for the
pressure sheath against, for instance, the erosion caused by the passage of solid fluid
particles such as sand.

The layer is manufactured by cold forming a flat stainless-steel strip into an
interlocking structure thusforming acorrugated profile (Figure 2.2). Thisstripislaid with

an angle close to 90° with respect to the axis of the pipe.

Figure 2.2. Manufacturing process of Car cass (adapted from (FACHINI, 2014))

It also should be noted that, unbonded flexible pipes can be rough-bore or smooth
bore, depending on whether the carcassis present or not, respectively.

PRESSURE SHEATH

The pressure sheath isapolymeric layer that isnormally extruded over the carcass.
The polymer extrusion process, as shown in Figure 2.3, is continuous. In order to avoid
any mechanical property loss, the extrusion temperature and sheath thickness are
respected within narrow manufacturing tolerances. The main function of this layer isto
seal the bore of the flexible pipe.



Figure 2.3. Manufacturing process of pressure sheath (FACHINI, 2014)

The design of the pressure sheath depends on the chemical compatibility with the
bore fluids, polymer aging, loads and permeation characteristics. According to the
(AMERICAN PETROLEUM INDUSTRY, 2014), this sheath is manufactured from
polyamide (PA), polyvinylidene fluoride (PVDF), high density polyethylene (HDPE),
polyethylene (PE), or crosslinked polyethylene (XLPE).

PRESSURE ARMOR

According to the (AMERICAN PETROLEUM INDUSTRY, 2014), the pressure
armor is astructural layer with alay angle close to 90° that resists internal and, possibly,
externa pressure and mechanical crushing loads. This layer structurally supports the
pressure sheath, as shown in Figure 2.4, and consists of an interlocked metallic

construction with typical cross-sections shown in Figure 2.5.

The design of the pressure armor depends on the loads that act on the flexible pipe
and, moreover, on the annulus conditions (pH, temperature, corrosive gases). Thetypical
material for thislayer is high strength carbon steel.



Figure 2.5. (a) Z-shape, (b) C-shape, (c) T-shape 1, (d) T-shape 2 (e) PSI
(MIYAZAKI, 2015)

TENSILE ARMORS

Thetensile armors are manufactured from thin high strength metallic wireslaid in
two or four layers and cross wound for torsional balance. The cross-section of these wires
isapproximately rectangular and typical lay angles vary between 20° and 55° with respect
to the longitudinal axis (Figure 2.6).

10



Figure 2.6. Manufacturing process of tensile armors (FACHINI, 2014)

The tensile armors are designed to sustain (totally or partialy) tension, interna
pressure and end-cap effects.

ANTI-WEAR TAPE

If two layers of armors are in direct contact, wear or fretting may occur between
them. As an example, in 20 years of operation, the tensile armor wires of aflexible riser
subjected to cyclic bending loads may present a cumulative slip of about 50 km as
mentioned by (FERGESTAD & L@TVEIT, 2014). Aiming at reducing this effect, anti-
wear layers are employed to reduce friction between layers and improve the fatigue
performance of risers designed to withstand dynamic loads.

These layers are usually positioned between the pressure armor and the inner
tensile armor layer and between the tensile armor layers by either extruded thermoplastic
sheath or tape wrapping. Furthermore, these layers are usually not leakproof and are
usually manufactured from polyamide (PA), polyvinylidene fluoride (PVDF) or high-
density polyethylene (HDPE) (AMERICAN PETROLEUM INDUSTRY, 2014).

EXTERNAL SHEATH

The external sheath is designed to keep thetensile armorsin position after forming
and protect the annulus of the pipe. This sheath is manufactured from a polymeric material
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such as high-density polyethylene (HDPE), polyamide (PA), or thermoplastic elastomer
(TPE) extruded over the tensile armor layers (AMERICAN PETROLEUM INDUSTRY,,
2014).

ADDITIONAL LAYERS

There are other layers that play important roles in certain structures and
applications such as high strength tapes, thermal insulation layers and intermediate
(anticollapse), sacrificia sheaths and protective sheaths.

High strength tapes are used to resist the excessive radia displacement of the
tensile armor wires that may lead to birdcaging failure (AMERICAN PETROLEUM
INDUSTRY, 2014). Insulation layers are included to provide afurther passive insulation
to reduce heat loss from the bore fluids. Intermediate (anticollapse) sheaths are used to
increase the pipe collapse resistance by preventing seawater pressure from acting directly
on the internal pressure sheath in the event of a breach in the outer sheath or end-fitting
outer sheath seal leakage. Sacrificial sheaths are located above the carcass or below the
pressure armor and are used to protect the pressure sheath. Finally, a protective sheath
may be placed above the outer sheath in order to have a redundancy and increase the

protection from external mechanical |oads.

More information about these and other layers can be found in (AMERICAN
PETROLEUM INDUSTRY, 2014) and (FERGESTAD & LGJTVEIT, 2014).

2.2 LOCAL ANALYSISOF FLEXIBLE PIPES

Based on the description presented in the previous section regarding the layers of
a flexible pipe, it can be depicted that the assessment of stresses, deformations and

stiffnesses of this structureis avery complex goal and requires specific models.

In this context, several analytica and numerical studies and models were
developed with the purpose of representing certain structural responses and, particularly,
the response to tensile (or, generaly, axisymmetric) and bending loads. In the next

sections, some of these works are briefly presented.
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TENSILE RESPONSE

Under tension load, the tensile armorstend to squeeze theinner core of theflexible
pipe, inducing normal compressive stresses in the carcass and pressure armor. It is noted
that the contact pressure tends to increase from the interface of the outer tensile armor
with the anti-wear tape to the interface of the internal tensile armor with the innermost
anti-wear tape, where the contact pressure is known as squeeze pressure. There is a
coupled behavior between tension and torsion, i.e. when theflexible pipeis under tension,
an axial rotation occurs, if the axial rotation of the pipeis alowed, or a reaction torque
can be imposed on the flexible pipe, if the axia rotation of the pipeis restricted.

In general, the available models predict well the main characteristics of the
response to tension and other axisymmetric loads, but, there are, however, some
uncertainties related, for example, to the axial-torsiona coupling.

The first models to predict this type of response in flexible pipes date from the
early 1980’s, but these first models often rely on parameters that had to be previously
calibrated to obtain adequate results. However, (FERET & BOURNAZEL, 1987), by
assuming that the pipeis composed of several concentric tubular and helical armor layers,
formulated a set of linear equations that govern the axisymmetric response of flexible
pipes. Thismodel served as abase to several analytica models employed by the industry,
such as the computational program FRAES, which is used by Petrobras to perform the
local mechanical analysis of flexible pipes under axisymmetric loading (BATISTA, et
al., 1989).

(WITZ & TAN, 1992) presents anonlinear analytical model for the axial-torsional
behavior of flexible pipes under moderate loads. This model considers the polymeric
layers as thin-walled cylinders and the response of the armors are governed by Clebsh-
Kirchoff-Love's equilibrium equations. Three different structures were analyzed: a
typical marine cable, a flexible riser and an umbilical cable. The results of the model
agreed well with those from tensile experimental tests.

(WITZ, 1996), presented a test campaign carried out with a 2.5in flexible pipe
including experimental data related to both the axial-torsional and flexura structural
responses of the pipe. The load vs displacement curves predicted by several analytical
models were compared to those from the experimental tests. In a general manner, all

results agreed well, but the response to torsion was better estimated with the models that
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considered separation between layers. Moreover, some discrepancy was observed in the
axial-torsional coupling response of the pipe.

(CUSTODIO & VAZ, 2002) proposed an analytical formulation for the response
of umbilical cables and flexible pipes subjected to monotonic loading of tension, torque,
internal and external pressures, improving the available model s by considering geometric,
material, and contact nonlinearities.

(RAMOS, 2001) presented an analytical formulation for the structural response of
flexible pipes subjected to combined loads of bending, torque, axia tension and internal
and external pressures. A work related to this study is presented (RAMOS, et al., 2004).

(RAMOS, et al., 2008) performed a set of tests with a 2.5 flexible pipe sample
under alternating axial tension with and without internal pressure. The influence of the
boundary conditions on the response of the pipe was also analyzed and discussed. The
results were compared to the previously proposed model of (RAMOS, et al., 2004).

(RAMOS, et al., 2014) presented some further investigations into the behavior of
the flexible pipe sample from the same full scale tests previously described in (RAMOS,
et al., 2008). This investigation considers repeatability and an evaluation over the axia
strains in the armor wires, highlighting that although uniformity is not fully observed in
practice, even considering only axisymmetric loads, analytical values can be used to
predict the average of experimental strain value.

Despite their computational efficiency and reasonable agreement with
experimental tests, analytical models rely on several simplifying assumptions that may
interfere in some aspects of the pipe' s response. These assumptions may be divided into
four groups (CUSTODIO & VAZ, 2002):

e Regularity of initial geometry;

e Reduction to simple plane cross-section analyses.
e Negligible effects of shear and friction.
e Linearity of the response.

Available numerical models do not consider some of these assumptions, but
usually demand high computational resources.

(CRUZ, 1996) developed a FE model in which the inner carcass, pressure armor

and polymeric layers are modeled with three-dimensional solid elements and the tensile

armors with three-dimensional beam elements. Contact between layers were addressed

with three-dimensional beam or truss elements. This model was employed to analyze the
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response of flexible pipesto tension and crushing loads. A preprocessor called GERFLEX
was also devel oped to generate FE meshes to be analyzed with the commercia packages
of ANSY S® (GERFLEX, 1995).

(SOUSA, 1999) employed the model proposed by (CRUZ, 1996) to study the
response of flexible pipes to other axisymmetric loads and bending. The numerical
responses were compared to those obtained with the analytica model of (BATISTA, et
al., 1989).

(SOUSA, 2005) proposed a FE model based on shells and beams finite elements
and node-to-node contact elements. This model was employed to analyze the response of
flexible pipes to different types of loads such as axisymmetric, bending and crushing
loads. The failure mechanisms related to axial compression and excessive external
pressure were also discussed. The predictions of the model were compared to
experimental measurements indicating reasonable agreement. A FE mesh generator
called RISERTOOLS was aso developed. The FE meshes are generated to be analyzed
with ANSY S® package.

(BAHTUI, et al., 2008) studied the response of afive-layer flexible pipeto cyclic
pure tension with a detailed nonlinear solid three-dimensional FE model developed for
ABAQUS/Explicit®. The model addresses contact nonlinearities and is compared only
with an analytical model, presenting good correl ation, but demanding great computational
cost.

(MERINO, et al., 2009), (MERINO, et al., 2010) and (MERINO, et al., 2016)
analyzed aset of testswith a4” flexible pipe sampleincluding pure axial tension and pure
torsion and torsion combined with axial tension, respectively. Numerical analyses were
conducted with the model proposed by (SOUSA, 2005) and the obtained results were
compared to those from experimental tests conducted at COPPE/UFRJ. These studies
evidenced the linear response of the pipe to tension and a nonlinear response to torsion,
which was credited to friction between layers. Furthermore, the impact of considering the
relative axia trandlation and rotation of the pipe’slayersalong itslength is pointed asthe
main reason for the discrepancies observed between the axial-torsional coupling
coefficients calculated by the numerical model and those estimated by traditional
analytical models.

(SAEVIK, 2011) proposed a moded for the axisymmetric response, adopting

formul ations based on large displacements and small strainstheory. At the end, the model
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is validated using data from atest of an 8in flexible riser briefly described. Besides this,
two aternative formulations are proposed for predicting bending stresses in tensile

armour wires.

(SOUSA, et al., 2013b) studied the response of a 2.5” flexible pipe subjected to
pure tension, torsion combined with tension, tension combined with internal pressure and
torsion combined with tension and internal pressure. Authors used a modified version of
the model proposed by (SOUSA, 2005) in which the contact between layers is ensured
with surface or line to surface contact elements. The predictions of the model agreed well

with the experimental measurements.

The study of (EDMANS, et al., 2012) presented a model based on shell elements
and ABAQUS/Standard®, the implicit non-linear solver of ABAQUS®. The model was

verified just for axisymmetric loads such as axia tension and internal/external pressure.

In (GONZALEZ, et al., 2015), the proposed model consists, mainly, of shell
elements and is evaluated under pure tension load. Only the carcass and the pressure
armor were modeled with rebar elements. In this study, ABAQUS/Explicit® was
employed.

BENDING ANALYSES

One of the main advantages of flexible pipes over conventional rigid steel pipes
is the capacity to withstand large bending curvatures without structural damage, whilst
maintai ning the necessary axia and pressure robustness. Contrary to the discussed almost
linear response to axisymmietric loads, flexible pipes have a hysteretic non-linear bending
response. This behavior is highly governed by the relative diding between adjacent
layers, especialy the tensile armor wires, which have their dliding prevented by the
interlayer friction that is largely related with interlayer pressures. In short, the bending
responseisalso related to the axisymmetric loading ( (KEBADZE, 2000), (CAIRE, 2014)
and (PERONNE, et al., 2015)).

Even though there are still open discussions on the response of flexible pipes to
bending loads, this response has been studied since practically the beginning of the
flexible pipe industry with analytical and numerical models and also experimental tests.
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The hysteretic behavior, when a pipe is subjected to bending loads, is represented,
approximately, by the non-linear moment vs curvature diagram presented in Figure 2.7.

A Moment PR

Figure 2.7. Moment x Curvature graph (adapted from (LONDONO, et al., 2014))

The response of the pipe to bending is governed by the relative slip mechanism
between the tensile armor layers (FERGESTAD & LATVEIT, 2014). When the imposed
curvature k is small, the interlayer friction prevents the relative slippage. Thisleadsto a
linear bending moment vs curvature relationship with an initialy very high tangent
stiffness. Thistangent stiffnessis called no-slip bending stiffness, E1,,;.

The moment needed to overcome the friction forces, Mg, is called the friction
moment or moment of internal friction. This moment depends on the contact pressure, P,
between the pipe layers and, consequently, on the axisymmetric loads applied to the pipe
such as axial tension and external and interna pressures (FERGESTAD & L@TVEIT,
2014), (LONDONO, et al., 2014) and (L1U, 2014).

Ascurvature increases, interlayer friction isprogressively overcome, alowing the
relative movement of the armor wires. Thisrelative movement leads to tangent stiffnesses
much lower than the no-slip value. The minimum value of this stiffnessis called full-dlip
bending stiffness, El;; (SOUSA, et al., 2015), and is mainly related to the bending
stiffness of the polymeric sheaths. The area within the hysteretic loop corresponds to the
energy consumed by internal friction during this process (L1U, 2014).
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Some recent studies, such as (SAVIK, 2011) and (LIU, 2014), however,
approximate the moment curvature relationship by a tri-linear curve and define three

regimes: stick regime; stick to slip regime and full slip regime.

It isimportant to highlight, in Figure 2.7, that the full slip regime is achieved with
twice the friction moment in case of curvature reversal. Moreover, Figure 2.7 aso
indicates the curvature at which lateral contact occurs between adjacent tensile armor
WITES, K.ontact- 1HIS CONtact causes a significant increase in the bending stiffness of the
flexible pipe, besides considerably increasing the stresses in the wires. The flexible pipe
is not designed to operate with such large curvatures (or small radius), which can be
estimate with equations presented in (SHI, 2014) and (FERGESTAD & L@TVEIT,
2014). Moreover, a minimum bending radius (MBR) has to be established for design
purposes. Thisradiusis calculated including safety factors, asdiscussed in (AMERICAN
PETROLEUM INDUSTRY, 2014). The minimum bending radius (MBR) is aso
experimentally assessed in (PESCE, et al., 2011).

All analytical models and, in a certain extent some numerical models, assume that
the tensile armor wires dlide over a torus following known paths, which are usually
geodesics or loxodromics of the torus. The geodesic is the curve that links two pointsin
the torus by following the shortest distance between them, while the loxodromic is the
curve that links two points of the torus always making an equal angle with each of its
meridians, i.e. cross section of the torus. Figure 2.8 exemplifies theses curves.

Loxodromic

Figure 2.8. Loxodromic and Geodesic curves (FERGESTAD & LOTVEIT, 2014).

The geodesic or loxodromic hypothesisis an open issuein the analysis of flexible
pipes to bending loads and the response will actually be confined between those two

Curves.,
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(FERET & BOURNAZEL, 1987) observed the bending hysteretic loop in a
flexible pipe and considered that the tensile armors move and behave elastically tending
to rearrange following geodesic lines. (FERET & MOMPLOT, 1991) updated the model
of (FERET & BOURNAZEL, 1987) by proposing a different equation to calculate the
normal curvature changes in the tensile armor wires, but also assuming the geodesic
hypothesis.

(BERGE, €t al., 1992) indicated that the geodesic hypothesis does not provide
adequate results for the stress state in the tensile armor wires. The authors proposed,
therefore, that the deformed configuration of these wiresfollowsloxodromic curves. New
equations to calculate the bending stiffnesses and interna friction moments in flexible

pipes are proposed as well as equations to cal cul ate the stress componentsin these wires.

(ESTRIER, 1992) unites the theories presented by (FERET & MOMPLOT, 1991)
and (BERGE, et al., 1992) by assuming that before the dlippage the wires follow a
loxodromic curve and after the dlippage follow a geodesic curve. Equations to estimate
the stresses in the wires of the flexible pipe are deduced and employed in the fatigue

analysis of aflexible pipe.

(KEBADZE & KRAINCANIC, 2000) presented an analytical model describing
the variation of the bending stiffness of an armor layer as afunction of curvature, friction
coefficient and interlayer pressures from the non-dlip to the full-slip bending regime.
Severa assumptions were adopted, such as: armor wires sliding only along their own axes
(loxodromic hypothesis), negligible contact pressure induced by bending itself, bending
conditions far from the terminations, equal static and dynamic friction coefficients, no
lateral contact between wires and negligible bending and torsiona stiffness of individual
armor wires.

(RAMOS JR. & PESCE, 2002) presented an anaytical model to represent the
structural behavior of a flexible pipe under axisymmetric and bending loads. (RAMOS
JR, et a., 2003) updated the model by proposing an equation to estimate the equivalent
bending stiffness of flexible risers and the bases behind its derivation. Besides this, a set
of equationsto estimate the slip of armor wiresin aflexible pipe under constant curvature

was also discussed.

(TAN, et al., 2005) presented a theoretical model based on the minimum strain
energy to study higher order effects in bent tensile armor wires. In short, the authors
presented the results, showing that this model demonstrates the effect of the wire cross-
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section size over its deflected configuration during bending. The anaytical study was
compared with a simplified FE approach in which just a supporting cylinder and two
identical wires (with one complete pitch length) are modeled. Finally, the authors warn
that their conclusions apply only to flexible pipe experiencing uniform bending and being

away from the constraint effect of the end fitting.

(FERGESTAD & L@TVEIT, 2014) states that the wire path is somewhere
between loxodromic and geodesic, and so the dynamic bending torsion and curvature in
each wire is somewhere between both paths. Also, according to this reference, assuming
harmonic helix motion and no end effects, an arbitrary cross-section of flexible pipe can
be divided into two zones where one part of the cross-section will be in the slip domain
(neutral line region), whereas the other will still be in the stick-domain (intrados and
extrados region). Another important highlight is that flexible pipe' s tension and external
pressure vary along its length, hence the critical moment and friction moment will also
change along its length.

(TANG, et al., 2015), presented a comparison between seven previous models
proposed to get in a standardized form the bending stress at the corner point of the armor
wire section. These models were compared also with a smplified FE model under a
constant curvature for an 8in flexible pipe. Despite improvements that may be necessary,
it isimportant to note the extreme importance of consolidating studies of this type.

In this context, it is important to mention that the bending load induces three
different stress componentsin the armor wires: axial stressesinduced by friction between
the layers, o;, normal bending stresses, o,,, (bending along the axis of least moment of
inertia of the wire, i.e. normal axis or x direction) and binormal bending stresses, gy,
(bending along the axis of greatest moment of inertia of the wire, i.e. binormal axisor y

direction) as presented in Figure 2.9.

Figure 2.9. Armor Wire— Stress Components
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In the present study, only few equationswill be used and presented as an analytical
reference purpose. The equations used to obtain the critical curvature and also the normal
axial strain due to friction come from (ESTRIER, 1992).

Regarding FE models, several of them have been presented in the last decades to
better understand the bending behavior of flexible pipes. It should be mentioned that the
complexity and computational cost of these models have increased considerably with the
processing capacity of computing. In order to simplify this complex anaysis, some

model s represented only few armor wires.

(SAVIK, 1993) proposes a FE model in which one tensile armor wireis modeled
with three-dimensional beam elements. Initially, the wire could move both longitudinally
(along its lay direction) and transversally. However, due to convergence issues, the
transverse tranglation was restricted and, consequently, the wire follows a loxodromic of

the supporting surface.

Over time, however, some models have been developed with the capacity to
represent all the armor wires and flexible pipe layers. In this scenario, it is possible to
highlight the already mentioned RISERTOOL S® initiative presented by (SOUSA, 2005)
for ANSYS®, which was used by several bending studies as (SOUSA, 2005),
(LONDONO, et al., 2014), (LODONO, 2013) and (SOUSA, et al., 2015).

More recently, some other FE models have been presented as (BAHTUI, et al.,
2009), (ALFANO, et al., 2009), (LEROY, et al., 2010), (PERDRIZET, et al., 2011),
(SANTOS, et al., 2015), (XIQIA, et al., 2015) and (TANG, et al., 2015). All these models
were developed in ABAQUSR®.

(BAHTUI, et al., 2009) and (ALFANO, et al., 2009) presented FE models of six
and seven-layered flexible pipes, respectively. Both models use an 8-noded linear brick
finite element for the plastic sheaths and anti-wear layers and a 4-noded doubly curved
thin shell element for the carcass. It is not clearly stated which elements are adopted for
the armor layer, which is fully represented in this study. Contact is addressed by using
the penalty contact method and Coulomb friction is aso assumed. The explicit-dynamics
solver of ABAQUS® was used due to the large number of contact surfaces.

The study of (PERDRIZET, et al., 2011) presents a FE model of a five-layered
flexible pipe with 7.0 m in length. This model adopts three-dimensional brick elements

to all armor wires and shell elementsfor the anti-wear layer. For theinternal and external
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layers of the pipe, it was briefly described the adoption of two equivalent kernels. In
addition to representing all the armor wires, thismodel can take into account non-uniform
curvature distribution along the pipe and used both ABAQUS® solvers. It should be
noted the use of IFPEN’s supercomputer due to the large number of DOFs (up to 2.5
billions) involved in the analysis. In specific regions, ABAQUS® /Explicit results exhibit
larger axial stresses than the test dataand ABAQUS® /Implicit solver. These differences
are the consequence of a dynamic effect of the ABAQUS®/Explicit simulation (short
simulated time adopted). In short, the authors considered ABAQUS®/Standard model as
aproper and an expert tool to be used to analyze specific configurations. (LEROY, et al.,
2010) also used and described the application of this FE model based on the explicit solver
of ABAQUS® and can be used for reference purposes.

The work of (SANTOS, et al., 2015) presents a FE model developed in
ABAQUS® to investigate the effect of the external sheath viscoelastic behavior on the
local bending response of flexible pipes, adding the effect of the time-dependent response
of the polymeric material. In order to obtain reliable material properties, a linear
viscoelastic model was calibrated for the HDPE (high-density polyethylene), using an
experimental campaign from a flexible pipe. In addition, contact is addressed based on
Coulomb friction model. The FE model uses a solid pipe with a bi-material helica
construction for the armor layers, by taking an artificial and totally compressible material
with aimost null mechanical properties to fill the voids between wires. This strategy
speeds up the numerical solution, as enable Abaqus to deal with surface-to-surface
contact models. The authors emphasize the synergy between the effects of Coulomb
friction between armor wires and the viscoelastic behavior of the polymer layers, in
particular the outer sheath. The structural damping in bending, considering the combined
effects, is superior to the simple sum of those from the separate effects.

(XIQIA, et al., 2015) briefly presented a short FE model of a seven-layered
flexible pipe with 1.8m in length, which is equivaent to 1.5 linear pitches of the outer
armor wires, developed in ABAQUS® and using its explicit solver. All layers of the
flexible pipe are modeled separately. The pressure sheath, anti-wear layer and tensile
armor layers are model ed with an eight-noded linear brick element and the pressure armor
is modeled with a four-noded doubly curved thin shell element using orthotropic
properties following the study from (SOUSA, 2005). Contact is accounted for by using a

penalty contact method and Coulomb friction model. In short, as expected, some analyses
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show that axisymmetric loads, as axia load and internal and external pressures, are the
main sources of the contact pressure, which changes the bending response of the studied
flexible pipe.

Unlike (XIQIA, et al.,, 2015), (TANG, et al., 2015 made use of
ABAQUS®/Standard, the implicit non-linear solver of ABAQUS®, to study the bending
response of a flexible pipe. The carcass and pressure armor layer were modeled as
orthotropic shells while the polymeric layers and anti-wear tapes were modeled as
isotropic shells with linear elastic properties. In order to eliminate end effects, authors
mention that the model should have three pitches of the helical tendons. In thiswork, just
one single armor wire was considered in this FE model, thus characterizing a simplified
model. As aready mentioned, this smplified FE model represented an 8" flexible pipe

submitted to a constant curvature and was compared to seven previous analytical models.

In addition to Finite Element Method, the studies from (SAVIK, 2010) and
(SAEVIK, 2011) presented two aternative numerical formulations to predict dynamic
stresses in the tensile armors of flexible pipes. The local elastic bending stresses of the
helically wound armors were treated by application of differential geometry, whereas
shear interaction from the interlayer stick-slip behavior was treated in two aternative
ways. MM (Moment Model) and SBM (Sandwich Beam Model). The MM formulation
considers the cross-section resultant in terms of the friction moment and SBM considers
the sandwich beam formulation for each individual tendon. These numerical studieswere
compared with experimental results from FBG (Fiber Bragg Grating) sensors embedded
in the wires, enabling a stress comparison.

Besides this, it should be noted two numerical models based on the Finite
Difference Method as (ZHOU & VAZ, 2017) and (LEROY & ESTRIER, 2001). (ZHOU
& VAZ, 2017) investigated the behavior of two armor layers of a flexible pipe under
bending. The numerical solution is determined by finite difference method. To ensure a
unified process of calculation, all formulas are smplified to build up a system of quasi-
linear partial differential equations. This bending study only includes the contribution
from tensile armor layers and is not able to determine when the slip exactly occurs and
the direction of these dlips for both two armor layers.

Despite the numerical models for bending analysis mentioned above, it is
important to highlight thelow availability of full-scaletestsfor validation in theliterature.

Many of the FE studies properly consider true referenced structures, but without the
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validation of bending tests. The main references with full scale bending tests and structure
datasheet are: (WITZ, 1996), (LONDONO, et al., 2014) and (SOUSA, et al., 2015),
respectively with a2.5", 9.13" and 2.5” flexible pipe samples.
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CHAPTER 3. PROPOSED NUMERICAL MODEL
FOR THE FLEXIBLE PIPE

3.1 INTRODUCTION

Finite element based modelstypically avoid the restrictions and simplifications of
analytical formulations, though increased accuracy generally coming with the cost of
greater computational expense. The availability of reliable genera-purpose commercial
software, such as ANSY S® and ABAQUS®, has increased the possibilities for creating
and analyzing complex unbonded flexible pipe models.

There are some studies, such as (LI, et al., 2013), presenting FE models that
consider al flexible pipe layers with a geometry quite close to the real flexible pipe
structure. Despite the advances in the computational field of recent years, these
approaches, however, are still costly regarding time and computer requirements.
Therefore, an approach capable of reducing the number of degrees of freedom involved
in the modelling of these structures and, at the same time, representing their response to

mechanical 1oading would be valuable.

Generdly, the main difficulties in constructing numerical models to the local
mechanical analysis of flexible pipes are the:

e Representation of all layers of the pipe including the complex cross-sections

of the inner carcass and the pressure armor.

e Adeguate modeling of the interaction between layers (sliding with friction,

possible gap formation etc).

e Suitable treatment of possible material nonlinearities.

e Frequent need to represent relatively long lengths of these structures to avoid

the effect of boundary conditions.

In this work, a FE model in which all layers of the pipe are modeled with shell
elements is proposed. Shell elements approximate a three-dimensional continuum with a
surface and may be efficient to model bending and in-plane deformations. Moreover, they
also have integration points throughout their thickness, which allows evaluating changes
in stress along this direction. Altogether, these characteristics alow a reduction in the
number of finite elements required to model the complex layers of the flexible pipe, such

asthe inner carcass and the pressure armor.
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The FE model was constructed in ANSY S® Mechanical FE package and agenera
view is presented in Figure 3.1 and the definition of the global and local coordinate axes
(X, Y, Z) employed in the development of the model is presented in Figure 3.2.

Figure3.1. FE Mesh of all layers

Figure 3.2. Local and Global Coordinate Systems
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32 FEMODEL FOR THE CORE OF THE PIPE

The core of atypical flexible pipe consists of an inner carcass, an internal plastic

sheath, a pressure armor and, possibly, an anti-wear tape, as shown in Figure 3.3.

Inner Carcass
Pressure Sheath

Anti-wear Tape

Anti-wear Tape

Fabric Tape
External Sheath

Figure 3.3. Coreof the pipe

Pressure Armor g\

Inner TensileArmor [ ][]

Outer Tensile Armor [__J[__]

Core of the
flexible pipe

In the work of (SOUSA, 2005), the inner carcass and the pressure armor are
modeled with shell elements by relying on an equival ence between the axial and bending
stiffness of these elements and those from the actual layers. This equivalence is based on
the analogy between orthotropic grids and shells presented by (TIMOSHENKO &
WOINOWSKY-KRIEGER, 1959) and leads to equivalent thicknesshgy,.; and

longitudinal and transverse modulus, Egp,.;; and Ggperp, Qiven by:

K-,

hshen = |12+ A

oo o= |12 A g
shell, — Lp R hshell

3-nJ;
G =—1.G
shellyy Lp . hshell
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where n, isthe number of tendons, L, is pitch of the tendon, A is the cross-sectional area
of the profile, E and G are the longitudinal and transverse shear modulus of the material,

J: isthetorsiona constant of the tendon; and K is the compacity factor given by:

L 1—v?
I(:lz'ntZ h3

(3.4)

where 1, isthe minimum principal moment of inertia

The lay angles of the inner carcass and the pressure armor are around 90° and,
consequently, these layers practically do not withstand axia load. Therefore, the values

adopted for the other components of Eg,, and G, can be assumed small, avoiding null

values that would lead to numerical difficulties.

According to (SOUSA, 2005), the equivalence between the stiffness of the helical
tendon and the orthotropic shell does not lead to an equivalence between stresses. Thus,
membrane, bending and shear stress correction factors are required for a proper stress

analysis of these layers. These stress correction factors are given by:

fozm fosz-h fosz't'hghell
Cm nt'A Ch nt.A Cs nt]6

(35)

Using the membrane and bending stresses calculated by the numerical model,
Oshetr, and as"he,lz, the extreme fiber stresses, agy;4, and 7g.q,,, in the tendons of the

inner carcass or the pressure armor are given by:
m — . am . ~b , = fO.
Ogria, = fem * Oshew, T fe) * Osheur, Tyridy, = fci * Tshellyy (3.6)

The interna plastic sheath and the anti-wear tape are modeled in (SOUSA, 2005)
with individual shell layers. Theinternal plastic sheath is extruded over the inner carcass
and has its material properties equal in al directions and, consequently, this layer is
modeled with isotropic shell elements. On the other hand, the anti-wear tape is wound
around the pressure armor and is not continuous along the length of the pipe. This layer

is thus modeled with orthotropic shell elements.
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In the model proposed in thiswork, however, in order to reduce the computational
cost, an equivaent shell layer for the core of the pipe is used. This equivalent layer is
constructed using layered shell elements and considers the equivalent properties
calculated for the inner carcass and the pressure armor and the geometrical and physical
characteristics of the internal plastic sheath and the anti-wear tape.

It should be noted, however, that layered elements do not allow the existence of
gaps between its layers and the equivalent thickness of the inner carcass and the pressure
armor are lower than their actual thickness. Hence, aiming at overcoming this difficulty,
“fake contact layers’, which employ materials with negligible stiffness, are used to fill
the voids between the inner carcass and the pressure armor and the surrounding polymeric
layers, as shown in Figure 3.4.

Carcass

. Fake contact layers
. Pressure sheath

Pressure Armor

Anti-wear Tape

. Tensile Armor
. Fabric Tape

External sheath

Figure 3.4. — Position of the“fake layers’ added to the matrix of composite shell

3.3 FEMODEL FOR THE ARMOR WIRESAND ANTI-WEAR TAPES

In the FE model proposed in this work, the tensile armor wires are individually
modeled with isotropic shell elements, as indicated in Figure 3.1, while the anti-wear
tapes between them are model ed with orthotropic shell elements.
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34 FEMODEL FOR THE OUTER LAYERS

As adopted for the core of the flexible pipe (section 3.2), the outer layers (Figure
3.5), i. e, the fabric tape and the external sheath, are modeled as a single outer layer with
layered shell elements. The tapes are modeled with orthotropic properties, as they are
wound around the axis of the pipe. On the other hand, the external sheath is modeled with
isotropic properties, asthislayer is extruded over the fabric tape.

Inner Carcass C\E\
Pressure Sheath

Pressure Armor g\

Anti-wear Tape
Inner Tensile Armor [ ][]
Anti-wear Tape

Outer Tensile Armor [ J[ 1]

Fabric Tape I
External Sheath O Ute r I aye r

Figure 3.5. — Material Propertiesand FE model for the Outer Layers

3.5 MODELING THE CONTACT BETWEEN LAYERS

The layers that constitute the core of the pipe and the outer layers are assumed to
be physically bonded. On the other hand, all contacts between the armor wires and the
concentric layers are modeled with contact elements that allow relative sliding with
friction between the surfaces in contact. These elements employ a contact detection
algorithm based on the pinball technique (ANSY S, 2016) and contact forces are eval uated
with the augmented Lagrangian method, which demands the use of a normal contact
stiffness and an allowabl e penetration tolerance in each interface (ANSY S, 2016).

The first step in defining the contact between two layersis to assign the contact
and target surfaces. In this work, all armor wires are set as contact surfaces and the
surrounding layers are set as target surfaces. The reason for this choice is mainly based

on the comparatively smaller area and better discretization of the armor wires.
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Furthermore, the decision to use the armor wire as a contact surface enables the properly
use of the contact post-processing tool focused on the armor wires.

The choice of the contact stiffness considers its impact on the convergence of the
model. Higher stiffness values decrease the amount of penetration, but can lead to theill-
conditioning of the global stiffness matrix and, consequently, to convergence difficulties.
On the other hand, lower stiffness values can lead to a certain amount of penetration and
may produce an inaccurate solution. Ideally, the goal isto employ acontact stiffness high
enough to enforce small penetration, but not as high to induce convergence difficulties.
In this context, ANSY S® Mechanical calculates through its solver appropriate values for
the normal contact stiffness and allowable penetration.

The value of this normal contact stiffness is afunction of the layers' geometries,
elements, meshes and materials. The contact stiffness proposed by the solver may be
modified by multiplying the calculated value by a factor known as norma penalty
stiffness factor, FKN. The impact of this factor and normal stiffness on the response of
the pipeisstudied in CHAPTER 4.

Theimpenetrability conditionissatisfied if penetration islower than the allowable
penetration value, which is given by (ANSY S, 2016):

TOLN = FTOLN - d,, (3.7)

where FTOLN is the allowable penetration factor and d,,,. is the depth of the underlying
shell element. According (ANSY S, 2016), if the underlying elements are shell, the depth
is four times the el ement thickness.

In thiswork, FTOLN and FKN are respectively set as 0.1 and 1.0, according to
the general guideline described in (ANSY S, 2016).

Friction is addressed with the Coulomb friction law, which is given by:

Tmax = Ti T 1 0p (3.8)

where 1,4, iSthe limit shear stress, 7; istheinitial adhesion, u isthefriction coefficient

and g, isthe normal contact stress.
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Just as for the normal stiffness, ANSY S® Mechanical calculates appropriate
values for the tangential contact stiffness and allowable elastic slip, which are stated,

respectively, as.
MU - PRES
— : b 3.9
KT = FKT TOLF (3.9
TOLF = SLTO - 1, (3.10)

where PRES is the contact normal pressure, TOLF is the alowable dlip, MU is the
interface coefficient of friction, FKT is amultiplying factor known as tangential contact
stiffness factor that can be used to change the tangential contact stiffness proposed by the
ANSY S® solver, SLTO is the allowable dlip factor, and L, is the average underlying
element length.

In this work, S_.TO and FKT ae respectively set as 0.01 and 1, according to the
general guideline presented in (ANSY S, 2016).

36 IMPLEMENTATION

The model is implemented in ANSY S® and uses shell elements for al layers,
specifically SHELL 181, a four-node element with six degrees of freedom at each node
(trandations in the X, y, and z directions, and rotations about the X, y, and z-axes). This
element supports geometric and material nonlinearitiesand relies on the Reissner-Mindlin
hypothesis. This element also includes a more accurate model of transverse shear
deformation. The difference between typical Kirchoff-Love shell element and a typical
Reissner-Midlin shell element like SHELL 181 in ANSY Sisthat any shell element based
on Kirchoff-Love shell theory does not account for transverse shear stresses. In short, the
resulting deformations using SHELL163 with Kirchoff-Love assumption might be
underestimated, especially in very thick shell structures (NELSON & WANG, 2004),
which is not the case, presumably.

All contacts between the armor wires and the concentric layers (core, anti-wear

and outer layer), in a total of 132 contact pairs, are modeled with contact elements
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(CONTA 174/TARGE170) that allow relative sliding with friction between 3-D surfaces
in contact based on Coulomb friction model.
All analyses are performed with ANSY S® implicit solver. This specific solver is

suitable for problemsin which time dependency of the solution is not an important factor.
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CHAPTER 4. CASE STUDY

41 EXPERIMENTAL TESTS

In order to verify the model, its results are compared with a set of full-scale tests
performed at Structures and Materias Laboratory (LABEST - Laboratério de Estruturas
e Materiais Fernando L. L. B. Carneiro) of COPPE/UFRJ — Rio de Janeiro — Brazil.
Figure 4.1 presents general view of the experimental apparatus.

>

Figure4.1. Test overview with experimental apparatus (SOUSA, et al., 2015)

The structure used in this test is a 2.5 flexible pipe sample with a free span of
5.82m, which is equivalent to approximately 10 linear pitches of the outer tensile armor
wires. The main properties of its layers are presented in Table 4.1.



Table4.1. Flexible Pipe Sample

Layer
(Material) Properties
Interlocked Carcass h=3.5mm Interlocked profile | = 23.1mm*
n, =1 A = 19.6mm’ E =192GPa
a = +87.6° v=0.30
Pressure Sheath h=5.0mm E = 330MPa v =045
Pressure Armor h=6.2mm Z profile | =173.4mm*
ng = A = 54.1mm? w = 8.0mm
a = +85.6° v=0.30 E = 205GPa
Anti-Wear Tape h=2.0mm E =345MPa v =045
Inner Tensile Armor h=2.5mm Rectangular profile h=2.5mm
ng =32 v=0.45 w =38.0mm
a =-30° E = 205GPa
Anti-Wear Tape h=1.5mm v =045 E =345MPa
Outer Tensile Armor h=2.5mm Rectangular profile h=2.5mm
n, =34 v =045 w =38.0mm
a = +30° E = 205GPa
Fabric Tape h =0.5mm v =045 E = 345MPa
External Sheath h=5.0mm v =045 E =215MPa

In this pipe, part of the outer plastic sheath was removed around its middle section
thus exposing the outer tensile armor wires. Strain gages were then fixed to each of these

wiresin itslongitudinal direction, as shown in Figure 4.2.

This lack of outer sheath certainly influences the bending response after the start
of dip. In any case, this phase was not reached during the bench tests. Therefore, the FE
model considered the outer layer intact, being able to properly represent the bending

stiffness after the start of the dlip.

Figure 4.3 presents a schematic of the experimenta apparatus. In this apparatus,
tensile loads are applied by a hydraulic actuator connected to one of the flexible pipe
sample's ends. This actuator has a total load capacity of 1000kN. Bending loads were
applied by a very stiff beam, which is linked to another hydraulic actuator (transverse
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actuator) and supported by two shoes that rests on the flexible pipe body, as shown in
Figure 4.3. The transverse actuator has atotal load capacity of 250 kN and the maximum
displacement of both actuatorsis 150 mm.

Figure4.2. Strain gaugesinstalled // outer tensile armors (SOUSA, et al., 2015)

Transverse actuator

Figure4.3. Test layout (SOUSA, et al., 2015)
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Figure4.4. Transverse actuator with a transver se displacement transducer
(SOUSA, et al., 2015)

In addition, there are severa displacement transducers (F2, F3, F4, F6, F7, F9 and
F13) as shown in Figure 4.3. Two of them (F2 and F3) are used to measure the axial
displacements of the pipe and both are fixed to one of the end fittings of the flexible pipe.
Transducer F13 is positioned at the middle section of the pipe to measure the centra
transverse displacement.

Two different load cases were tested with this apparatus, both subjected to
displacement control:

e Case 1, pure tension: the flexible pipe sample is tensioned until a maximum
load of 700kN. Thisload is approximately half of the estimated damaging pull
of the pipe. After that, three load cycles with total amplitude of 250kN and
mean value of 575kN are applied. Inthiscase, thetwist of the pipeisrestrained
at both ends.

e Case 2, tension combined with bending: a pre-tension of 700kN is firstly

imposed on the pipe followed by a maximum transverse load of 25kN. Three

load cycles from zero to maximum transverse load test are then applied.

42 FEMESH

After performing some FE mesh tests for the model representing the structure with

its 5.82 m, the cylindrical and concentric layers of the 2.5” flexible pipe were discretized

37



with 45 finite elements along their circumference and 582 elements along their length.
Each tensile armor was discretized with 2 finite elements along its width. Therefore, the
resulting FE mesh has around 450,000 nodes, |eading to a problem with around 2,700,000
degrees of freedom. Figure 4.5 presents a genera view of this FE mesh.

Figure4.5. Typical FE Mesh for the armor wires

In this FE mesh, two nodes are positioned in the axis of the pipe at their
extremities. These nodes arerigidly linked to the nodes in these cross-sections, as shown
in Figure 4.5 and Figure 4.6, thus simulating the boundary conditions imposed on the
experimental tests. In the pure tension analysis, one extremity isfixed and, in the opposite
one, only the axia trandlation is alowed. At this extremity, an axial displacement is
imposed to ssimulate the applied tensile load. In the bending combined with tension
analysis, the pre-tension is applied as in the pure tension case. The transverse load is
applied by modeling the shoes employed in the experimental tests, as shown in Figure
4.7.

Figure 4.6. Boundary conditionswith rigid behavior
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Figure4.7. Shoes

These shoes are modeled as a single rigid body. It should be noted that in a FEM,
certain relatively stiff parts can be represented by rigid bodies when stress distributions
and wave propagation in such parts are not critical. An advantage of using rigid bodies
rather than deformable finite elements is the computationa efficiency. Elements that
belong to the rigid body have no associated internal forces or stiffness and their
movements are determined by the six degrees of freedom (DOFs) of a pilot node. The
transverse force is applied by prescribing a transverse displacement (Y direction) at the
pilot node and the interaction between the shoes and the pipe is ensured with contact
elements that allow relative sliding with friction (Coulomb friction mode!).

Severa studies, such as (BAHTUI, et al., 2009), (S£VIK & BERGE, 1995),
(KEBADZE, 2000), (REN, et al., 2014) and (XIQIA, et al., 2015), mentioned the use of
afriction coefficient between layers equal to 0.1. Based on this, initially, al anayses are
performed using this value for the coefficient.

4.3 PURE TENSION ANALYSIS

Figure 4.8 presents the variation of the axial displacement at the extremity of the
pipe with the imposed tensile load. Two different curves are presented: experimental and
numerical (proposed FE mode!).
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Axial elongation of the flexible pipe vs tension
Pure Tension - 700 kN
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Figure 4.8. Experimental and Numerical Results- Pure Tension

The experimental tests indicate that, after accommodation, the response of the
pipeislinear until reaching the cyclic load phase. The accommodation may be related to
the anchoring conditions of the tensile armor wiresinside the end fittings (SOUSA, et al.,
2013a) and/or interlayer gaps (KEBADZE, 2000). During the cyclic loading, a small
hysteretic loop is aso observed, but, by fitting a linear regression curve to the
experimental load cycles points, an axia stiffness of 155 MNmm/mm is obtained with a
correlation factor of 0.984. This indicates that the experimental response of the flexible
pipe sample to the tensile axial load can be assumed linear. This linear behavior isin
accordance with the FE model, which aso shows alinear response with axial stiffness of
157 MNmm/mm.

It should be noted that the FE model, unlike the analytical model, does not assume
that the cross sections of the flexible pipe should remain in the same plan in the deformed
structure. In other words, the armor layers may slide relative to each other, presenting,
for example, different trandations and axia rotations from one layer to another in the
same cross section of the flexible pipe. Therefore, it isinteresting to observe the evolution
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of the contact conditions during the load application. Figure 4.9 shows the variation of
the number of contact sticking points along a wire of the outer tensile armor. In the
Coulomb friction model, two contacting surfaces can carry shear stresses up to a certain
magnitude across their interface before they start sliding relative to each other. This state
iIsknown as sticking. In this context, the contact sticking points are the quantity of contact
points not sliding. It should be noted that for sticking contact condition, the numerical
model allows small amount of dlip also known asallowable elastic lip. According Figure
4.9, thereisaremarkableincrease in the number of sticking pointswith low tensile loads,
when some contact points change its status from open to closed. After atensile load of
about 150 kN, this number is approximately constant. This response evidences the effect

of friction along the length of the wire.

Contact Sticking Points
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Axial Load (kN)

Figure 4.9. Contact Sticking Points

In addition, a sensitivity analysis on the effect of the friction coefficient influence
was performed considering vaues of 0.10, 0.15 and 0.20. In these analyses, all axial
stiffness remained amost constant and equal to 157MNmm/mm. Thus, the friction
coefficient does not impact the axia stiffness of the pipe, which is well-known and
indicated for examplein (MERINO, et al., 2016) and (GONZALEZ, et al., 2015).
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Another parameter that deserves attention is the normal contact stiffness factor,
FKN, described in CHAPTER 3. This parameter plays a significant role on general
contact behavior and its variation may modify the response of the FE model. Using a
normal stiffness factor, FKN, equal to 1, the normal stiffness between the armor wires
vary between 2000 and 2500 N/mm:g,

Overestimating or underestimating this value can greatly increase or decrease the
stiffness of the model, respectively. Thus, another sensitivity analysis was carried out by
considering FKN values of 0.25, 1.00 (suggested by ANSY S®) and 4.00. Figure 4.10
shows the results obtained and indicates an increase of the axial stiffness with the
increasing value of FKN. Factors of 0.25, 1.00 and 4.00 leads to axial stiffness of 125
MNmMmm/mm, 157 MNmm/mm and 170 MNmm/mm, respectively.

Axial elongation of the flexible pipe vs tension
Sensitivity analyses around Normal Stiffness Factor
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Figure 4.10. Tension vs axial elongation curveswith different FKN values.

The modd is thus dependent on the norma contact stiffness, but the value

suggested by ANSY S® led to an axial stiffness quite close to the experimental value.
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As afinal check, it is possible to compare the strains measured with the strain
gauges described in Figure 4.2 with the results from the FE model (considering the same
positions of the strain gages). Figure 4.11 presents the FE strains and Figure 4.12
illustrates the normalized strains obtained in the experimental tests and the numerical
model in each outer tensile armor wire. The normalized strain results are the strains
divided by the maximum tension load, i.e., strains divided by 700kN.

As showed in this section the numerical results concerning the axial stiffness of the
flexible pipe and axia strain of the external armor wires agreed well with the
experimental results, indicating that the proposed FE model is suitable to be used for this
kind of analysis.

Type: Normal Elastic Strain
Unit: mm/mm

Solution Coordinate System
Max: 0,0028237

Min: 0,0027769

L]

0,0032
0,0032
0,003125
0,00305
0,002975
0,0029
0,002825
0,00275
0,002675
0,0026

Figure4.11. Strain of each outer tensilearmors
(central region // Tension only / 700kN)



Normalized Strains from External Armor Wires
Pure Tension - 700 kN
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Figure4.12. Normalized strainsin the external wires

4.4 BENDING COMBINED WITH TENSION ANALYSIS

The imposition of the bending load in the tensioned pipe may induce the relative
sliding between its layers and, aming at properly accounting for this aspect, a fine FE
mesh, such as the one described in section 4.2, is needed to avoid convergence problems.
Moreover, this type of analysis requires more load steps than the pure tension case and
two extra contact regions, i. e., the contact regions between the shoes and the pipe, as
described in section 4.2, which demanded extra 134 contact pairs. Altogether, these
characteristics led to a problem with very high computational cost and, initialy,
unfeasible. Therefore, an alternative FE mesh was employed to reduce the computational
cost demanded by this analysis

In this alternative FE mesh, equivalent beams (BEAM 188 in ANSY S®) replace
part of the original FE model, as shown in Figure 4.13. These equivalent beams have the
same axia and no-dip bending stiffness of the flexible pipe. The axia stiffness was
evaluated in section 4.3, while the no-dlip bending stiffness was evaluated with the
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original FE model, as this analysis is linear and does not require many load steps to
converge. Thisno-dlip bending stiffnessis presented in the next section. Furthermore, the
equivalent beams are positioned in regions where no relative dip between the tensile
armor wires will occur, i. e., the pipe has constant axial and bending stiffness (no-dlip).
These regions have a total length of 2m, which are connected to the shell FE model by
employing rigid constraints at their extremities, representing 3 linear pitches of the outer

tensile armor wires, as shown in Figure 4.13.

2.00 m 1.82m 2.00 m
I >« > 1< > |
| = |ﬁl I
Bench Shoes  [JJl] Beam188 Top View
L]
C—t
FrontView

Figure 4.13. Mode with Equivalent Beam

Another difficulty is to evaluate the curvature along the FE mesh, as a three-
dimensional model isemployed. Thisdifficulty was overcome by adopting a central beam
with negligible stiffness whose nodes are connected to theinner layer of the flexible pipe,
as shown in Figure 4.14.

Finally, due to internal clearances in the experimental apparatus, the extremities
of the FE model are considered pinned, i. e., translations are restrained, but the rotation
around the X axis (Figure 4.13) is allowed.
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&

B central Beam

Figure 4.14. L ocations of the beamsin the model

BENDING STIFFNESSES

The transverse load vs transverse displacement experimental and numerical
curves, considering a pretension of 700kN, are presented in Figure 4.15. The transverse

displacements correspond to those from the mid-section of the pipe.

Asmentioned in section 4.1, threeload cycles are applied in the experimental tests
and they are considered (yellow markers) for a linear regression, as indicated in Figure
4.15. The angular coefficient of the straight line, which means the ratio between the
imposed transverse load and the transverse displacement, is 0.595 kN/mm with a
correlation factor of 0.998. The numerical response is also linear and agrees quite well
with the experimental data. The numerical ratio between the imposed transverse |oad and

the transverse displacement, is 0.592 KN/mm.
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Variation of Transverse Displacement in the middle section
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Figure 4.15. Transverse load vstransver se displacement: no-slip response.

(SOUSA, et al., 2015) idedlized the experimental apparatus as a beam of tota
length | subjected to an axia load P and two concentrated loads Q/2 (total load is Q), as
shown in Figure 4.16.

Q/2 Q/2
P A B

AN AN

a b a

Figure 4.16. Transverse load vstransver se displacement: no-slip response.

The transverse displacement along the pipeis thus given by:
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Q (4.1

C,-sinh(k-x)+ —--x,0<x<a
2.P

C, ~sinh(k-x)+C3~cosh(k~x)+2—QP-a a<x<
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V(X) = P 2|
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By considering the ratios obtained from the curves presented in Figure 4.15 in
Egs. 4.1 to 4.5, experimental and numerical no-slip bending stiffness of 120 kKN.n? are
obtained. According (SOUSA, et al., 2015), using the analytical model from (WITZ &
TAN, 1992), it is possible to estimate the anaytica no-dlip bending stiffness as 200

kN.m2. Figure 4.17 presents the transverse displacements obtained along the FE model
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and Figure 4.18 compares these displacements to those obtained in the experimental tests
aswell asthose calculated with Egs. 4.1 to 4.5 considering a bending stiffness of 120 kN
m?. Figure 4.18 indicates that all results agree quite well.

/

Type: Directional Deformation(Y Axis)
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Figure4.17. Transver se displacements, in mm, along the FE mode!.
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Figure 4.18. Transver se Displacement over thelength of the Shell-Beam mode.
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The curvature variation x(x) along the beam idealized by (SOUSA, et al., 2015)
can be calculated as:

v"(x) (4.6)

K0 = Hr Wy

where v(X) isgiven by Eq. (4.1).

The curvatures along the FE model can be directly obtained at the nodes of the
central beam and they are compared to those estimated with Eq. (4.6) in Figure 4.19.
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Figure 4.19. Curvature - Numerical and Analytical/Experimental Results

Figure 4.19. indicates that the numerical and analytical values for the curvature
agree well. In short, the curvature vary between the shoes of the test bench and has its
maximum values in the load application regions.
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REACTION FORCES

It should be mentioned that the imposed transverse load el ongates the flexible pipe
sample. Thus, an increase in the axial load acting on the structure is expected, adding an
extra axia load to the pre-tension load. This increase can be analytically estimate based
on the formulation presented by (SOUSA et al, 2015):

l
AP=¥U 1+6(x)dx—1 4.7)

where EA isthe axia stiffness and 0(x) is the rotation of the points along the flexible

pipe, which is given by:
k-C1~sinh(k~x)+&, 0<x<a
2-P

k-[C,-sinh(k-x)+C, -cosh(k- x)}, a< x <
009 = C,-sinh[k- (I = x)]+--- (4-8)
| )

<x<l-a
-+ C,-cosh[k- (I - x

—k-C,-sinh[k-(I —x)]—Z—QP, | —a< x<|

Table4.2 comparesthe axial reaction force predicted with Egs. (4.7) and (4.8) and
the force obtained in the numerical model considering a transverse load of 25 kN. The

obtained results again agree quite well.

Table 4.2 — Analytical and Numerical - AP

Transverse load of 25kN
model AP [N] Relative difference
Analytical 17770 N
3.4%
Numerical 18370 N
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STRAIN AND STRESS OF EXTERNAL ARMOR WIRES

Figure4.20 presentsthe strains obtained with the numerical model along the outer
armor wiresfor atransverseload of 20 kN. Thisfigure showsthat each wire hasadifferent
strain distribution.

Type: Normal Elastic Strain
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Figure4.20. Normal Strain in all external armor wiresin the central region

Figure 4.22 presents the numerical variation of the strains along two opposite
wires (named EW-12 and EW-29) between the shoe pads as described in Figure 4.21.
This figure indicates a strain variation between the shoes, due to the curvature variation
indicated in Figure 4.20. Moreover, it is aso noticed that the responses are out of phase,
because the wires in the extrados of the pipe are tensioned and those in the intrados are
compressed.

Top View
shoe 1 shoe 2
EW--12 =
= g TopView

Figure 4.21. Position of external armor wire#12 and #29
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Strain per location in the outer tensile armor layers
1073 MU = 0.10 & 20 kN
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Figure4.22. Normal Strain in two diametrically opposed external armor wires

Figure 4.23 presents the distribution of the strains along three different cross-
sections obtained with the numerical model.
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Figure 4.23. Normal Strain in three sections (bench shoes and central region)

53



In order to compare just the normal axia strain due to friction induced by the
bending load, the normal strain induced by the axial tension (axial pre-tension and extra
axial tension from the bending load) is removed from the numerical results presented in
Figure 4.23. These numerical results are compared with the experimental and analytical
model in Figure 4.24.

The analytical model adopted to estimate the normal strain is described by
(ESTRIER, 1992). According this work, the strain caused by the friction increases with
the contact pressure between the layers which constrains the sliding and induces residual
stress of tension or compression which is called Normal Axial Stress due to Friction,
ot (P, ks, 0).

In short, this stressis positive (tensile stress) in wires located in the extrados and
negative (compressive stress) in wires located in the intrados of the flexible pipe. The
value is also associated with the critical curvature as the slip reduces any further tension
increase at the extrados and compression increase at the intrados of the bent pipe, and so
slippage reduces further increases in the bending moment.

This stress component is given by (ESTRIER, 1992).

2'm-a®l
(u- PC) - sin(8), Kk < Kf
o, = n A tan(a) Z 4.9)

2-m-a*1
k 7;a 2 tan(a)z(ﬂ P;) - sin(6), K = Kf

where ais the average radius of the layer, A is cross sectional area of the tensile armor
profile, 6 isthe circumferential angle of flexible pipe, P. isthe Contact pressure
between layers, k is the Curvature and k; isthe Critical Curvature.

Figure 4.24 compares the numerical strains to those obtained from the analytical

model and experimental tests. These values correspond to those measured in the mid-
section of the pipe.



Strain in the outer tensile armor layers.
without strain from pretension
Experimental, Numerical and Analytical
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Figure4.24. Numerical, Experimental and Analytical Normal Strain

The numerical and analytical results of the strainsin the wires are smaller than the
values measured experimentally. Among the main possible causes, we can suppose:
e decentralization of the region of strain gauges in relation to the bench shoes,

e non-uniformity and experimental uncertainty of strain measurement with strain
gauges as hoted in Figure 4.12.

o friction coefficient may play an important role for bending response of the numerical
model (this parameter may also be influenced by the corrosion of the armor wires);

e dlastic dip of 0.01, i.e. 1% of the underlying element, may still be too much for

accuracy purpose;
In order to evaluate the effect of friction coefficient and elastic dlip in strain

response, two sensitivity studies are presented respectively in Figure 4.25, Figure 4.26,
Figure 4.27 and Figure 4.28 where these parameters were varied.
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Strain of an outer tensile armor per Location
with strain from pretension
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Figure 4.25. Normal Strain with pretension strain for different friction coef.

Strain of an outer tensile armor per Location
without strain from pretension
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Figure4.26. Normal Strain without pretension strain for different friction coef.
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Strain of an outer tensile armor per Location
with strain from pretension
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Figure4.27. Normal Strain with pretension strain for different elastic dips.

Strain of an outer tensile armor per Location
without strain from pretension
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Figure4.28. Normal Strain without pretension strain for different elastic dips.
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Both the increase in the friction coefficient and the reduction of elastic dip,
increase the difficulty of convergence and the time required for solution. Elastic slip has
an even greater impact on convergence and solution time than the friction coefficient.

It is noteworthy that both parameters do not impact the pure tensile analysis and
itsinduced strains.

As presented in Figure 4.26 and Figure 4.28, elastic dip is also the most important
factor to impact the strain response.

Since the total normal strain in the armor wires are not too far from the
experimental values and considering also the limitation of available computational
capacity and the high computational cost for a cyclic analysis with dlip, the FE analyzes
for the cyclic part were run with the same parameters used before the sensitivity analysis,
i.e. dlowable dip factor and friction coefficient respectively 0.01 and 0.1.

Beforethe evaluation of slip and cyclic behavior, it isinteresting to notein Figure
4.24 that there is a clear offset with respect to zero. This is caused by the extra tension
induced by bending. The axial forceincrease, AP, Eq. (4.7), lead to an increase A¢ in the
strains acting in each tensile armor wire equal to:

Ae = AP - f; . (4.10)

where €,.,,4 isthe strain due to bending, and f; . is a coefficient that converts the tension

load imposed on the pipe into normal strainsin the considered layer.

Considering the increase in the axial tensile load from the numerical model, using its
factor f; . and Eq.4.10, it is possible to achieve the results of the Figure 4.29. It can be
noted that the normal strain induced by the bending is sinusoidal and symmetric with

respect to zero.
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CYCLIC BENDING LOAD AND HYSTERETIC BEHAVIOR

As described in section 2.2, the critical curvature is the curvature that initiate the
relative slipping of the armor wires. If this curvature is exceeded, the bending moment vs
curvature relationship becomes nonlinear. (ESTRIER, 1992) states that the critical
curvature can be estimated with the expression:

2
Ky = — 2 Tmax (4.11)
4 E-h-cos?(a)-sin(a)

T =P (4.12)

where 1,4, iSthelimit shear stressin the contact interface; u isthefriction coefficient; h
is the height (thickness) of the wire; a is the lay angle; P. the contact pressure between
layers; and the ). corresponds to the sum of the friction stresses in the outer and the inner

surfaces of thewire.

By considering the interlayer contact pressures estimated numerically with apre-
tension load of 700 kN, acritical curvature of 0.025m™ is calculated with Egs. (4.11) and
(4.12). Thetotal transverseload associated with this curvature can be cal culated with Egs.
(4.1) to (4.6), which indicates avaue of 25.5kN and amaximum transverse displacement,
Eq. (4.1), of 42mm. The curvature and transverse displacement curves obtained with Egs.
(4.6) and (4.1), respectively, are presented in Figure 4.30. Note that the maximum
curvatures occur in the load application sections, while the maximum displacement
occurs in the mid-section of the pipe.

It is worth remarking that a total transverse displacement of 42mm cannot be
imposed by the transverse hydraulic actuator and, therefore, the cyclic bending response
of the pipe can only be estimated numerically. Hence, the transverse load was increased
to 51.5 kN and the bending moment vs curvature curve presented in Figure 4.31was
obtained.
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Figure 4.30. Critical Curvature (TransverseLoad = 25.5 kN)
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Figure 4.31. Moment vs. Curvature- monotonic
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Figure 4.31indicates that, after a curvature of about 0.025m™, the curve presents
a nonlinear response with decreasing bending stiffness, which suggests that the outer
tensile armor wires started to dlide relatively to the surrounding layers. This is
corroborated by Figure 4.32, which presents the variation in the number of sticking points
with the imposed transverse displacement. If no relative sliding is occurring, the number
of sticking points should have remained constant (or amost constant) along the analysis,
but thisfigureindicatesthat, for transverse displacements higher than 42 mm, the number
of sticking points decrease significantly. Therefore, relative diding starts at a curvature
of about 0.025m™.
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Figure 4.32. Sticking Points// External Armor Wires (42mm)

After reaching the maximum transverse load, thisload is reversed and the bending
moment vs curvature curve presented in Figure 4.33 was obtained. Initially, the pipe
presents abending stiffness equal to the one of the no-dlip region of the monotonic loading
phase. The wires start to dlide after imposing a bending moment equivalent to two times
the one applied in the monotonic phase. If the load is again reversed, an analogous
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response is observed and, moreover, a residua curvature is noted when no bending
moment is acting on the pipe and vice versa.
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Figure 4.33. Moment vs. Curvature— cyclic

After performing a linear fit in the points referring to the full-dlip regime, a
stiffness of 1.007 kN.m2 is reached. This value is very close to the analytical value
calculated in (SOUSA, et al., 2015) which is 1.09 KN.m2.

This response is aso consistent with the hysteretic mechanism described in
CHAPTER?2 and the graph agree with the estimate that the full slip regime is achieved
with twice the friction moment in case of curvature reversal.

Regarding the dlip regime, it isimportant to note the asymmetry of the bench shoes
with respect to each armor wire, i.e. the same armor wire may have a tendency to dlip
close to one shoe and not in the same manner close to the other shoe depending on the
angular position that is encountered when passing close to the shoe.

Using Figure4.21, itisnoteworthy that the external armor wire 12 passes by shoel
with its path close to neutral line and passes by shoe2 with its path close to intrados (top
region). It is possible to note the nonlinear shape and hysteretic behavior in normal strains
presented in Figure 4.34. In this graph, the right axisisincluded, allowing to know if itis

in the neutral line or not, the Xmax and Xmin locations correspond to the neutral line.
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Strain per Location intrados
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Figure4.34. Strain during sip-regime— EW-12

Selecting anode of external armor wire 12 close to the bench shoe2, it is possible

to present the hysteretic strain in Figure 4.35.
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Figure 4.35. Armor Wire—Hysteretic Strain



Once presented these facts about the normal strain, it isimportant to evaluate the
wire path configuration.

This is performed by making an evaluation of the relative displacement of three
selected nodes of the external armor wire #12 using its local coordinate system as

presented in Figure 4.36.

Node 1
t
& —» Node 3
Node 2 x-
Nodal Location Local Coordinate System

Figure 4.36. Selected nodes and its Coordinate System
The displacement results from these nodes are presented in Figure 4.38, Figure

4.39 and Figure 4.40. The angul ar referenceincluded in these graphs are according Figure
4.37.
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Figure 4.37. Intrados and Extrados
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Figure 4.39. Armor Wire Movement — Node 2
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Relative Displacement
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Figure 4.40. Armor Wire Movement —Node 3

Based on Figure 4.38, Figure 4.39 and Figure 4.40, it is possible to note that the
armor wire displacements presented a displacement amost exclusively in the tangentia
direction of the wire. In short, the wire keeps its displacement following its lay angle and
this characteristic is basically the loxodromic path, as described in Chapter 2.

In addition to the finding that the transverse displacement is negligible, a change
in the longitudinal displacement rate for nodes 2 and 3 is remarkable.

This change occurs between 30kN and 20kN, which is close to 25.5 kN relative
to the load for the critical curvature.

Thus, it is possible to suppose that the dlip behavior of the wires can also be
approximated by a bilinear curve.
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In order to have a better overview about the slip phenomenon covering al the
wires of the external armor, it is valuable to present another contact tracker, the sliding
distance of the contact pairs. Thetotal dsliding distanceis defined asthe amplitude of total
accumulated dlip increments (a geometrical measurement) when the contact status is
sticking or sliding. It should be mentioned that this value contains contributions from the
elastic dip and the frictiona dlip.

It is possible to evaluate the dip distance with its respective location in the
numerical model. In Figure 4.41, it is presented the result for the external armor wirein

the tension only condition.

Sliding Distance

Type: Sliding Distance - Top/Bottom - Layer 0
Unit: mm

Time: 5

0,034672 Max
0,030819
| 0026967
| 0,023114
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= 0011557
0,0077048
0,0038524
0 Min

Figure4.41. Sliding Distance Plot (700kN/Tension only)

It ispossibleto seein Figure 4.41 that thereis no tendency of armor wire slip over
a specific location of the armor wire path when the pipe is under pure tension.

On the other hand, when under bending, as presented in Figure 4.42, it is
noteworthy the dlip starting over the armor wires near the neutral line, and the opposite,
i.e. no slip, happening in Extrados and Intrados location. This is in accordance with the
analysis performed for the three nodes of armor wire 12 in Figure 4.38, Figure 4.39 and
Figure 4.40.
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Sliding Distance
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Figure 4.42. Sliding Distance Plot (25kN)

The armor wire path behavior is according with the study of (BERGE, et al., 1992)
with indicated that the geodesic hypothesis does not provide adequate results and
proposed, therefore, that the deformed configuration of these wires follows loxodromic
curves. Anyway, it should be noted that for great curvatures the expected tendency is that
the dlip begins to behave like a geodesic.

In addition to thisvisual analysis of tendency and location of armor wiredlip, itis
valuable to post-process the numerical results of this contact tracker in order to evaluate
relationship between the angular position of the wire, the curvature and the slip value.

For this, al external armor wires nodes below both shoe regions were selected to
be further evaluated as described in Figure 4.43.

Figure 4.43. Shoeregions
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The contact tracker is therefore defined according the angular position presented
in Figure 4.37.

Thefirst analysisisfocused on thelocation called bench shoe#l and it is presented
in Figure 4.44.

Armor Wire Slip — Bench shoe 1
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Figure 4.44. Sliding Distance (total) — Bench shoe 1

As expected, it is remarkable one more time the peak of dip close to the neutral
line (-180°, 0° and 180°). Besides this, there is a clear sinusoidal response of the dlip.

The results of bench shoe#l is very close to the result present in Figure 4.45 for
bench shoe 2.
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Armor Wire Slip — Bench shoe 2
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Figure 4.45. Sliding Distance (total) — Bench shoe 2

In addition, it is possible to evaluate the peak results of slip from Figure 4.44 and
Figure 4.45 to evaluate in 2D graph and check the influence of curvature. Thisresult is

presented in Figure 4.46.
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Figure 4.46. Sliding Distance — Outer Tensile Armor — Tension and Bending
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In Figure 4.46, it is noteworthy the increase of the dlip rate after the critica
curvature.

Knowing that before the critical curvature, the flexible pipe presents a constant
bending stiffness and knowing that elastic dip parameter has influence on the strain
behavior of the numerical model as presented in Figure 4.27 and Figure 4.28, it ispossible
to assume that the negligible slip rate before the critical curvature can be attributed to the
diding tolerance (elastic dlip) in the stick regime as defined in CHAPTER 3.

Thus, the numerical model must deal with a small and unavoidable pre-dlip
depending on the numerical method adopted. This behavior of the numerical model is
presented in Figure 4.47. It is possible to foresee alinear or bilinear formulation, taking

into account the critical curvature and the circumferential angle of flexible pipe, 6.
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Figure4.47. Numerical and Analytical Slip

A fitted curve from the results of the present study is presented in Figure 4.48.
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Figure 4.48. Slip — Analytical Fit (absolute value from the resultant)

The main formulation available in literature is from the work of (FERET &
BOURNAZEL, 1986), which assumes the geodesic path, and states the following

equation for the slip in tangential direction.
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, cos?(a) (4.13)

A= ka sin(a) cos(0)

It isimportant to highlight, however, that according the authors that used Eq.4.13
as (FERET & BOURNAZEL, 1986) and (FERET & BOURNAZEL, 1987), the
derivation of al these equations is valid for a flexible of great length and bent with a
constant curvature. Asthisis not the case of the studied full-scale test, the formulation is
not suitable for comparison purposes.

In the same way, the parameters that may affect the dlip rate are not explored in
the literature. There is only brief evaluation, which is presented in (TAN, et al., 2005),
that statesthat the dlip would have arelation with the cross-section area of the armor wire.

Although extremely promising, a more comprehensive study on the armor wire

dlip and bending are necessary and some further works are proposed in CHAPTER 5.
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CHAPTER 5. FINAL COMMENTSAND FUTURE
WORK

This chapter presents some final comments and some suggestions for future work.

FINAL COMMENTS

The first part of the analysis describes the axial tension analysis using the shell
based model. In this model, the tensile armor wires were individually modeled while the
neighboring layers were modeled with composite shells in order to reduce the
computational cost.

The model considers geometrical and contact nonlinearities, with friction
considered using the Coulomb friction law. After aset of analyses, the model isvalidated
through a comparison with afull-scale test used as case study for this work.

In short, the good agreement presented between the numerical and experimental
results highlighted an adequate set-up of the model regarding material model, elements,
normal stiffness, friction coefficient and FE mesh, qualifying this model as suitable for
application in pure tension analysis.

The material model considering orthotropic properties using the analogy between
grids and orthotropic shells successfully established an equivalence of the stiffness,
agreeing with the studies that have aready used this formulation.

The application of Shell 181 elementsfor al the layers demonstrated not only the
consistency in terms of strain and stress, but also enabled the application of an equivalent
layer, combining for example four internal layers into asingle layer.

The spatial discretization of the tensile armor presented good results adopting two
elements per armor wire.

The model presented a high dependency on the normal contact stiffness and as
expected, dueto the quantity of contact pairs, if they were not well defined, this parameter
can generate amodel with a poor physical correspondence.

Regarding the friction, as noted, its coefficient presented no important role when
it comesto flexible pipe' s axia stiffness.

For the second part, the bending load, the requirement for refinement greatly
increases the computational time, which was attenuated by the adoption of beams for the

sections of small curvature and therefore linear and constant stiffness.
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The transverse response presented excellent agreement. Besides this, the strain
results from the model agree well with the analytical model and also experimental
behavior, being able to model the relative dip of armor wires and full-slip bending
stiffness. Some relative differences may be due to some uncertainties inherent with the
experimental test and also the numerical model as described.

Some events that were not treated in other models were herein incorporated thus
improving the capability of analysis over armor wire dlip.

Regarding the dlip behavior, the conclusion from this model ismore similar to the
theory proposed by (BERGE, et al., 1992) which states that the deformed configuration
of the armor wires follows loxodromic curves.

Finally, it should be emphasized that al conclusions should still be explored in

other configurations of bending loads and full scale tests.

FUTURE WORKS

The results from the present study are very encouraging to perform further
investigations and validations on the topic. Some topics for future works are proposed as

follows:

1) Perform full-scaletests with pure bending and bending combined with tensileload
with different structures, leading them to the critical curvature. It would be
interesting to perform these tests with non-uniform curvatures and also constant
curvatures. If the tests are performed with curvatures higher than critica
curvature, the external sheath should not be partialy removed asit will influence
the full dip bending stiffness. Besides this, the curvature could be directly
measured with an optical tracking system, as used in (PESCE, et al., 2011).

2) Conduct further parametric studies on the influence of the friction coefficient and
elastic dip parameter to the bending response. Check if the twist restraint can

change this behavior.

3) Evaluate how the corrosion state of the armor wires can influence the coefficient
of friction and consequently the critical curvature and the hysteretic behavior of

the structure.

75



4)

5)

6)

7)

8)

Compare the analyses with explicit and implicit solvers. Although (PERDRIZET,
et al., 2011) briefly mention the application of both for bending analysis, this
comparison should be further explored. Explicit dynamics solversare particularly
well-suited to solving sometypical types of highly-nonlinear anal yses as complex
and changing contact interfaces with significant sliding, and models with
nonlinear material properties. In this context, commercial explicit dynamics
solvers such as LS-Dyna include robust contact algorithms and material models
that can handle such problems without numerical difficulties, leading to an ease
of convergence with much less solver settings changes (pre-processing phase).
Despite these advantages, to have an accurate solution, it is important to avoid
dynamic effects, checking, for example, the kinetic energy and added system
damping. In a genera way, while implicit solvers are still the first choice for
statics problems, explicit solvers with appropriate transient time and damping
settings can be used to provide robust solutions to problems like the one of the

present work.

Compare the adoption of static friction models and dynamic friction models. The
only study with this kind of comparison is (SEVIK, et al., 2017), were a
numerical model with reduced quantity of armor wiresis performed and there is
no experimental validation.

Integrate local analysis with global anaysis, even though some studies already
exist as(TAN, et al., 2007), (TAN, et al., 2009), (SMITH, et al., 2007) and (LIU,
2014). 1t would also be interesting to evaluate the possibility of coupling local
analysis with global analysis through the ANSY S® Workbench and ANSY S®
AQUA.

Evaluate the viscoel astic behavior from polymeric layers as external sheath. The
only study with this kind of approach is (SANTOS, et al., 2015), which considers
a set of small-scale tests of HDPE to calibrate a linear viscoelastic model and be
used in FEM developed in ABAQUS®.

Evaluate the effect of creep of the polymers in bending behavior as briefly
highlighted by (LOTVEIT, et al., 1994).
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