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Summary

Introduction

Purpose

Shell utilizes flexible risers in the North-Sea to connect Floating Production Storage and Offloading
units to the sub-sea infrastructure. The floating facility, shallow water and harsh environmental
conditions have been reasons to decide on flexibles. Unfortunately, flexible risers have a proven
sensibility to numerous failure mechanisms and in too many cases the predicted service-life is not met.

In general, failure of the flexible riser is either caused by extreme conditions—the giant once in a 100yr
wave—or by repetitive movements within (seemingly) safe margins; i.e fatigue. The latter is a big point
of discussion in the context of service-life prediction as most in-field conditions deviate from design
conditions. Main causes for deviation are outer sheath damage, the diffusion of gasses from the inner
bore and divergent environmental conditions. Also the accuracy of fatigue assessment methodology
needs improvement. To this date, behavioural software models cannot fully predict the motions and
stresses as a response to the loads imposed on the flexible riser system.

Shell was involved in numerous Joint Industry Projects to contribute to and benefit from industry
consensus on fatigue analysis methodologies. Full-scale experiments, knowledge and software de-
velopment were a major focus of Shell engineers from the first utilization of flexibles up to the late
nineties. Hereafter, focus shifted from research and development to outsourcing elaborate calculations
to riser manufacturers and specialist engineering consultants. Hence adequate judgement of fatigue
analysis reports remained as the in-house responsibility.

The incentive to refocus on flexible riser fatigue analysis and to develop knowledge and tools was a
recent premature flexible riser replacement in the North-Sea. The situation was triggered by changed
in-field conditions leading to insufficient fatigue life. However, dissection of the strength governing
tensile armour layer and subsequent small-scale testing did not confirm this analysis result. Hence
it was expected that costly consequences of over-conservative fatigue analyses —early replacement
as well as over-dimensioning new designs— can and should be avoided in the future by restoring
in-house expertise.

To establish this, Shell requested for a knowledge boost, an in-house software model and a renewed
approach to address specialist consultants. Firstly to improve safety judgements after sudden in-field
condition changes. Secondly to accommodate flexible riser fatigue analyses for future projects.
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A knowledge boost, an in-house software model and a renewed approach to address specialist con-
sultants combined with the criteria for a successful research project resulted in the following research
objective:

Studying Conservatism in Flexible Riser Fatigue Analysis and Development of an Engineering
Model to Study Influencing Parameters of Local Wire Stress

Project Scope & Methods

The Offshore Structures department is responsible for managing structural design and integrity analy-
ses for offshore field developments scattered around the globe. Hence the operational safety throughout
the service life of a particular structure or structural element. Flexible risers operated in the North-Sea
have a fatigue-critical design due to their slenderness combined with harsh operational conditions.
Consequently, integrity management of flexible risers is governed by failure prevention through metal
fatigue of the tensile armour wires.

In present work, integrity management is defined as: identifying changed in-fleld conditions and
deciding on a safe but cost-effective approach to match the flexible riser service life to the desired
field life. The riser design, fatigue analysis and monitoring & inspection strategies can all three
contribute to finding the best possible strategy. Not all aspects are fully investigated; new designs
are not within the scope of present work. However, knowledge inquiries and model development raises
the potential of future in-house fatigue analyses for field development concepts considering flexible
risers.

First, the focus of a literature review was on industry visions and fatigue life assessments. Hence
fatigue analysis methodology —with a special focus on local modelling— was thoroughly investigated
because this is the Shell and industry accepted method to define and assess fatigue life.

Secondly, a new strategqy was developed to stretch the fatique life after identifying a significant
in-fleld changed condition. This guideline incorporates in-house analysis activities to enhance the
collaboration with specialist consultants.

Changed environmental and operational conditions should be incorporated in the fatigue analysis
within the limits of fixed geometry parameters. A local model captivates the direct influence on stress
levels in the fatigue-critical tensile armour wires as a result of these new conditions. For the purpose
of doing a pre-analysis independently, a new in-house analytical model was developed: ABC Fatigue.

Finally, a benchmark case-study illustrates the purpose, methodology and conclusions of such pre-
analysis by analysing a typical flexible riser designed for North-Sea environmental conditions.

Literature Review

Integrity Management

Corrosion of armour wires has been thoroughly studied for the last 10-15 years. Currently the assumed
dry-annulus conditions are usually not present during the service-life of the riser. A couple of serious
failures of flexible risers were caused by corrosion of armour wires. The most important observation has
been that all failed risers suffered from damaged outer sheaths hence the best way to avoid corrosion
fatigue is to prevent breaches.
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Manufactures of flexible risers highly recommend monitoring techniques able to deliver in-field data.
Strain monitoring, by embedding strain sensing optical fibers, continuously measures strain rates in
multiple wires around the circumference. The remaining fatigue life capacity is subsequently obtained
from rainflow-counting the number of load cycles and strain amplitudes. At the end of a design life it
is easy to evaluate life time extension options. Also this information can act as a solid basis to when
unexpected conditions are encountered such as other bore conditions but also loads on the tensile
armour wires.

Design specifications should be very specific and continuously evolve to account for unexpected mech-
anisms where application are used under new conditions. Verification of the riser system design
assumptions is expected to evolve into monitoring the following:

e Metocean conditons (design input parameter)

e Vessel motions, especially heave and translational movement at tie-in location (design input
parameter)

e Bend stiffener deflection for high risk applications (response parameter).

e Integrity of the annulus (design versus actual condition).

Fatigue Analysis Methodology & Conservatism

Fatigue analysis is defined as research that encompasses global dynamic motions and local stress
in the tensile armour wires. Existing methodologies lack the consistency and level of transparency
that is required to independently demonstrate the level of safety and conservatism in new flexible
riser designs. The Fatigue Analysis Methodology Guidelines were a major step into reaching industry
accepted methodology. This document is the main deliverable from the Real Life Joint Industry Project,
managed by MCS. Their approach generally starts with simpler conservative calculations that can be
safely applied to a riser designed far below the fatigue critical limit. For fatigue critical designs, more
accurate and comprehensive methods are advised. Paragraph 2-2-1 and 2-2-2 cite the most important
steps and assumptions associated to global and local analyses (Smith and Grealish).

This industry accepted design verification philosophy was not enough to completely resolve the technol-
ogy protection issue. Propriety of knowledge and models still characterizes the industry. Universally
recognized APl Spec 17) and APl Spec 17B are continuously updated to commingle consensus on
minimum requirements between operators, suppliers and requlators. Technology evolves; new materi-
als and new design design scenarios (deep water) introduce new failure mechanisms (Loback et al,
2010).

To ensure a fatigue life larger than the desired service life, the industry accepted fatigue analysis
methodology is used. This is a three-step procedure:

1. Dynamic analysis to couple metocean conditions and riser motions. The fatigue critical zone/cross-
section is detected for further analysis in the second step.

2. Quasi-static analysis to couple motions and stresses.

3. Fatigue life calculation transforms stresses to fatigue damage and includes additional safety.

The accuracy of calculation methodology is a topic of discussion; this calculation is over-conservative.
Checking the actual presence of cracks and other indicators of failure is challenging in operational
conditions. New initiatives such as embedding strain sensing optical fibers or frequent wire inspection
to identify wire break are promising developments in order to match calculations with the actual
damage accumulating in the material throughout its service life.
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Local Modelling

The local fatigue analysis converts the global loading at selected hotspots to stress in the armour
wires. The analysis requires a numerical model of the flexible pipe cross-section and an interface that
is compatible with the global to local transposition procedures.

The general requirements for LA models are outlined as follows:

1. Verified against full-scale measurements.
2. Capable of modelling tension and curvature ranges.

3. Preferably account for hysteresis effects, if not already addressed in the global or intermediate
analysis.

4. Take into account the effects of external pressure.

5. Stresses to be calculated at the four corners of the rectangular shaped wires normally used for
tensile armour.

6. Preferably output stresses at eight points around the circumference, so that directionality effects
can be considered.

Conservatism Indicators & Engineering Guideline

After identification of a changed condition a quick decision on a safe but cost-effective approach is
required. The fatigue analysis methodology steps are analysed to identify assumptions which alter
the level of conservatism. Furthermore, two hazardous scenario’s and their impact on fatigue life are
illustrated. A new approach is advised to support in-field flexible risers currently operated in the
North-Sea region.

Fatigue Assessment Analysis: Conservatism Indicators

An overview of 31 conservatism indicators used in the three-step fatigue analysis is presented. To
define these critical elements, literature on current methodology and local analysis techniques was
studied in a literature review. The local analysis has been deeply investigated hence analysis elements
are more detailed.

Advice: Engineering Guideline

Currently, Shell's actions after detection of a sudden hazard heavily rely on the advice given by
specialist consultants. Their advice and expertise are essential however the following initial actions
are advised to change the collaboration environment.

1. Collate and neatly store design conditions - i.e. all input values and model assumptions which
were used for the initial fatigue analysis prior to riser installation.

2. Rate all conservatism indicators with "simple” or "elaborate” (table 3-2)to determine the exten-
siveness of the initial fatigue analysis.

3. Determine the current and desirable quality of load data obtained from monitoring and inspection
activities. Collate and have them readily available in case a re-assessment is triggered.
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4. Pro-actively analyse high-risk riser systems and strive for optimal input through monitoring,
inspections and data management.

In case of a sudden hazard, fatigue life can be enhanced by implementing actual conditions instead of
initial predictions (loads) and by elaborating the model (formats and responses) where possible. Pre-
analyses and model runs can be done in-house, a verified model combined with recent operational data
can quantify the impact of changed input data. Subsequent collaboration with specialist consultant is
advised. ABC Fatigue's suitability for in-house pre-analyses is analysed trough model cross-validation
and verification.

ABC Fatigue: From fundamental Theory to Algorithm

A new analytical software model was developed to study the major sources of conservatism in local
fatigue analysis: ABC Fatigue. In general, two aspects can compromise the accuracy of a local fatigue
analysis:

1. Input parameters are not correct: design conditions deviate from actual in-field measurements.

2. The methodology and/or algorithm is not correct.

ABC Fatigue should be capable to run a reasonably accurate local fatigue analysis with a main purpose
to study parameter impact on wire-stress for pre-analysis and feed studies. Modelling the influence of
hysteresis and irreqular waves is desired. Furthermore, ABC Fatigue is based on analytical formulae,
a preferred feature to search for linkages between load and response parameters for different riser
cross-sections and load-cases.

Model A and B assess multiple wire-locations around the circumference and along the helix wire
assuming constant loading characteristics, i.e. constant axisymmetric loading and constant curvature.

Hysteresis is incorporated in Model C; extending the algorithm of Model B by including periodic
curvature to simulate regular and irregular wave patterns. This study is signified by diligent tracking
of wire positions and superposing the responses from curvature cycles.

Model A

The imposed loads in this analysis are internal pressure p;,, external pressure p,,¢ and external
tension Tey. The expected physical behaviour of the flexible riser in this axisymmetric analysis is
signified by:

1. Stress in the metallic armour wires g; for N helical layers i.
2. Contact pressures pc; and pc,i+1 pressing inside and outside of layers i.

3. Symmetric deformation of the riser cross section: elongation AL, expansion Aa and torsion Af.

The load is shared among the N metallic layers according to wire laying angle and helix radius.
A process of load transmission, based on the stress-strain constitutive relation for linear materials,
introduces contact pressure transmission trough the armour layers. The model response is based on
finding the radial, circumferential and longitudinal equilibrium and to define the load distribution
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among each metallic layer. The correct calculation of stress in the wires in this axisymmetric analysis
is mainly challenged by the helical shape of the armour layers and the composite character of the
flexible riser.

The approach by Feret and Bournazel (1987) still holds as the basis for most contemporary axisymmet-
ric analyses. Parameters, relations and assumptions proposed in this theory are also the fundamental
basis of Part A. The influence of torsion Af is assumed to be negligible and is not taken into account.

The algorithm of Model A can be summarized as follows:

1. An initial expansion Aag and elongation ALy are assumed to simulate a constitutive response.

2. The wire-stress in each layer i as a response to the imposed deformation is calculated and the
approximate values for wall tension ) F,,; and total pressure differential ) pg,; are derived
from wire-stresses.

3. The total wall tension F; and total pressure differential p; are calculated from the initial load
conditions.

4. Through an iterative approach the correct deformation, hence equilibrium, is determined by
checking Fy = Fqp and p; = pgp after each iteration cycle.

5. The final wire stresses are subsequently used to calculate the pressure differential p; through
each layer from the inner bore to the outer layer. Finally, the layer pressure differentials are
subtracted from the inner-bore pressure p;, to calculate the net contact pressures pc; between
each concentric layer.

Model B

For axisymmetric loads, analytical stress calculations are highly accurate. For a-symmetric deforma-
tion, or bending, a tenuous and non-linear stiffness characteristic compromises the stress-response
calculation. Hence, bending analysis did not converge to a general analytical model as presented for
axisymmetric analysis by Feret and Bournazel.

However, an acceptable approach has been developed. This method is based on the friction induced
axial shear stress and local bending of the individual wire induced by riser curvature. To evaluate
both responses, the riser section is viewed from the global (cross-section) perspective and the local
wire perspective.

The physical behaviour as a response to a curvature )y, or curvature radius R is signified by:

1. Friction stress or; an axial shear stress emerging during the wire stick-condition, reaching a
constant maximum value after reaching the full slip-condition.

2. Local bending stress gy, in two orthogonal directions H, and Hs, dependent global curvature.

3. Total alternating stress g, resulting from the superposition of friction and local bending stress.

Compressive and tensile forces emerge from bending the riser cross-section. A thin-walled steel
cylinder would show linear shortening of the compressive side and similarly elongation on the tensile
side as a response to curvature Q.

However, the layered and helical character of the flexible riser introduces non-linear strain behaviour
for each concentric layer i when following helix wire wrapped around the layer circumference. Friction
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stress oy and bending stress o;, are superposed with the static stress os calculated by Model A to find
the total wire stress o;. The global axis-system is labelled Xj 23 and the local (helix-wire) axis-system
as Hp23.

The algorithm of Model B can be summarized as follows:

1. Define additional geometry and curvature loading b, t and Qpqx.
2. Define friction coefficient and calculate critical curvature and

3. Calculate friction stresses by extending the domain of a quarter pitch to all 360 circumferential
locations.

4. Calculate lateral and transverse bending and superpose to find total bending stress for all
circumferential positions (.

5. Superposition of friction and bending stress to find total stress g, for all circumferential positions

Y.

Model C

In Model C cyclic curvature is introduced. Extreme response values are measured at cycle top and
crest to define the maximum stress range experienced in the numerous wires around the circumference.
A crucial uncertainty regards the direction and magnitude of wire slip and the relation with curvature.
Wire slip results in a major change of riser stiffness and non-linear stress accumulation in the wires
around the circumference.

The bending theory as used in Model B is continuously repeated for each curvature level Q(t) at
tiy1 = t; + At for i =0 — 2.

The assumed conditions used in this generic theory are as follows

1. A cyclic curvature Q(t) is applied to a local section with length [; the riser is repetitively bent
into a torus with up and downward orientation.

2. Quasi-static frequency domain: no dynamic acceleration and incorporation of mass.

3. Wire-slip only in longitudinal direction Hy: no change of wire laying angle in the bent state
according to loxodromic assumption.

Full-slip conditions:

1. Modelling one curvature load-cycle with constant curvature amplitude in the quasi-static fre-
quency domain.

2. Linear relationship between curvature increment dQ) and slip distance AH.

3. Wires are immediately in full-slip condition in the first time-step after curvature sign change
thus dQ = 0.

Stick-slip conditions:

1. Stick-condition pertains until axial shear force is higher than available friction force. At initiation
of first curvature increment and at maxima and minima of curvature reversals, wire slip is zero.

Master of Science Thesis Frederike Nugteren



viii

2. The stick region is delineated by the critical curvature; stick condition emerges as dQ < Q,
and pertains after sign change of dQ) until the sum of curvature increments is larger than the
critical curvature.

3. Ten cycles ¢, are modelled;

e Constant or Irregular Q.
e Instead of 2 reversals for a full cycle, reversals range between 1.75-2.25.

4. First cycle is identical to tenth cycle regarding amplitude and reversals.

ABC Fatigue: Model Validation & Verification

A clear distinction exists between the "Physical response” and the '‘Model response’. The former
being the real response seen under operational conditions and/or experiments, the latter obtained
from mathematical relations. Minimal differences are desired as model predictions hence fatigue
life estimates are consequently reliable and operational safety judgements —based on a fatigue life
re-assessment including updated conditions— can be made without hesitation.

Response parameters of Model A were cross-validated with Flexpipe, an industry accepted model used
and owned by Technip (Technip). Model B was cross-validated with Helica, a newly developed (Skeie
et al, 2012) and also industry accepted model by DNV.

The verification criterion is used to determine the suitability of ABC for pre-analysis; incorporating
in-fleld environmental and operational conditions to study their impact on stress range hence their
potential to raise the fatigue life of the flexible riser.

Model A: contact pressure and wire stress

The following validation statements can be made with regard to axisymmetric analysis:

e The model can accurately calculate the axial wire stresses from constant pressure and tension
existing in the first three metallic layers, i.e. for both pressure and tensile oriented armour,
within relevant operational domains.

e The response of the outer tensile armour is not validated. Load sharing relations defined for the
two tensile armours are tenuous, also in literature.

e Contact pressure between the first and second pressure armour is aligned with the design
calculations.

e Contact pressures between second pressure armour, inner tensile armour and outer tensile are
over-conservative. However the slope of the curves are aligned, indicating a correct method.
High values calculated by ABC Fatigue are presumably related to the the omission of plastic
layers.

Model B: stress range

In general, the sign of friction stress is correct for all circumferential locations and both inner and outer
tensile armour. However, assumptions were made to match the riser geometry and case-study data
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was presented in graphical forms. Hence, data-quality of the case-study compromise the reliability of
both validations. Based on data quality, the validation cycle of Model B-Helica is more trustworthy
than the second scheme used for Model B-Lifeb. Consequently, the latter does not influence model
validation statements.

The following statements can be made

e Response data presented by (Skeie et al,, 2012) studied the inner tensile armour thus no possible
comparison for outer tensile armour.

e The values of friction stress and total stress are within a 1-4% deviation range.

Verification

ABC Fatigue —a superposition of Model A and Model B— is currently not suitable for elaborate
in-house local analysis. Three out of six criteria are not satisfied. In theory, follow-up on the third
action presented in table 5-10 is sufficient to finalize a local model which is ready for data comparison,
e.g. with specialist consultants and riser manufacturers. This relatively simple enhancement would
enable in-house pre-analyses within the limit of the inner tensile armour. In addition, information
exchange is advised to design the post-processing application.

Benchmark Case-Study

A model experiment was carried out to signify the impact of changing design loads. This is evident
as in-field measurements —i.e. monitoring of operational and metocean conditions and inspections of
sudden and accumulated riser damage— prove deviations from initial predicted values used for flexible
riser design and corresponding fatigue life calculation.

Present work advises imitation of this experiment (or then called pre-analysis) by Shell engineers to
study the fatigue life margins of their flexible riser portfolio and to determine positive and negative
fatigue life contributions from various input parameters. Also the relative impact of each input parameter
is important to determine highly influential parameters which can potentially alter the fatigue life.
Elaborate analysis by specialist consultants should subsequently investigate these predictions by
generating accurate values —i.e. within the limits of current state-of-art model technology— resulting
in a strategy to alter the fatigue life in case of critical fatigue life.

The influence of environmental loads is studied by deviation of the curvature and tension ranges.
Operational load is signified by the inner-bore pressure. Parameter domains are derived from a 6
inch production riser operated by Shell in the North-Sea. Wire-stress accumulation, or stress-range,
is relevant as this parameter is proportional to fatigue life.

Research Questions and Methodology

Research Objective: Signify the impact of changing design loads.

Four research questions were formulated to study the influence of environmental and operational
conditions:

Question 1: What is the relative influence of pressure, tension and wire dimension the critical curva-
ture; i.e. magnitude of friction stress?

Master of Science Thesis Frederike Nugteren



Question 2: What is the influence of the bi-linear response behaviour, i.e. wire-slip?
Question 3: Which circumferential location governs the stress calculation?

Question 4: Is the maximum stress range always acting at the same circumferential location?
Six experiments were carried out:

Pressure range - Stress range

Tension range - Stress range

Wire width range - Stress range

Curvature range - Stress range (Benchmark pressure/tension)

Curvature range - Stress range (High pressure)

o LA W =

Curvature range - Stress range (High tension)

Influence of changing input parameters

Firstly, increasing pressure, tension and wire width all result in larger stress alternations for equal
curvature levels. Pressure has the largest influence followed by wire width and tension.

Secondly, curvature-wire stress relations are linear and positive for all wire locations and three
load conditions (Benchmark, high pressure, high tension) ¢, the slope of this relation increases for
circumferential positions ¢ towards the neutral axis at ¢y = 270 as expected according to initial friction
stress dominance and accumulating bending stresses for increasing curvature levels.

Thirdly, for this riser a pressure variation has a large impact on the curvature response compared to
tension. The low pressure curvature - high pressure curvature multiplication factor is ¢ = 0.88 and
the low tension curvature - high tension curvature multiplication factor is ¢ = 0.53.

Governance of friction stress

Increasing pressure, tension and wire width all result in a higher critical curvature value; i.e. wire slip
is delayed. Pressure is clearly dominating this mechanism. However, tension also contributes and for
other tension domains (deep water) this influence could become governing.

Circumferential maximum stress position

For a curvature value of Q=0.01 1/m (benchmark), the maximum stress is always located at the outer
fiber of the riser cross-section. The threshold value Q) indicating local bending dominance is not
reached.

The threshold curvature is Q = 0.027 1/m for the benchmark conditon. High pressurizing delays wire
slip and maintains the highest stress range in the wire located at the outer fiber. High tension brings
the threshold value Qp to 0.031 1/m.

Circumferential max moves to gy = 220° and the stress level is 10% higher than in the outer fiber
at ¢ = 180°. This is only 5% for the high-tension load-case. In high pressurized condition there is
no difference.

This mechanism raises the question: What wires eventually govern fatigue life?
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Irregular waves

Model C is not properly cross-validated. However, the impact of hysteresis was modelled indicatively;
a precedence of load-cycles definitely influences the relationship between curvature magnitude and
wire stress-range as expected.

Impact of changing design conditions

Fach pre-analysis should incorporate an investigation of the load parameters pressure and tension
cross—evaluated with an array of significant curvature domains. The study of this riser showed a
predominant influence from pressure. Diligent study of pressure logs and the reformulation of one or
multiple pressure load-cases can result in longer fatigue life.

Similarly the influence of friction coefficient is advised. The determination of this parameter is often
tenuous but the impact can be large (proportional to the critical curvature hence initial friction stress).

Also a pre-analysis for the given curvature ranges can point out the location of maximum wire-stresses
and the position of this maximum. If wire-slip and hysteresis are properly introduced by validating
Model C, this mechanism probably redistributes the maximum stress among the circumferential wires
hence lowering the stress ranges.

Conclusions

State-of-Art knowledge

Current knowledge development in the context of fatigue analysis of flexible risers is focused on
monitoring of operational data and incorporation of corrosion fatigue. The former can potentially reduce
conservatisms from the global and local analysis steps. The latter mechanism inevitably diminishes
the fatigue life however incorrect annulus environment predictions induce over-conservatisms.

A big step towards industry consensus and transparency of Fatigue Analysis Methodology was estab-
lished in the Real Life JIP (2006). However, propriety of software models is still the main compromiser
of model development and methodology consensus .

In the context of local modelling, three model theories can be used to simulate axisymmetric load-
response behaviour. Pioneering work published in 1987 still hols as the state-of-art analytical method.
Theory to simulate the rigourous bending behaviour is not converged and clearly published. Various
analytical models are used by manufacturers, research institutes and requlators for design and research
purposes. Their publications commonly refer to similar basic formulations with minor enhancements.
Most studies conclude with a satisfactory model-validation through full-scale experiments and/or ref-
erence models. However fundamental differences regarding slip direction, stick-slip mechanism and
cycle repetition are blurring true model fundaments, capabilities and limits.

To conclude, industry investigations are focused on stimulating data monitoring and management,
small-scale testing and stimulating tranparency of hysteresis formulations applied in the bending
model.
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Flexible Riser Integrity Guideline

Currently, Shell's actions after detection of a sudden hazard heavily rely on the advice given by
specialist consultants. Four actions are advised to change the collaboration environment. These actions
are based on implementing actual conditions instead of initial predictions (loads) and elaborations of
the local and global analysis models (formats and responses) where possible by determining the
extensiveness of fatigue analyses through a rating system based on 31 conservatism indicators.

Pre-analyses and model runs can be done in-house, a verified model combined with recent operational
data can quantify the impact of changed input data. Subsequent collaboration with specialist consultant
is advised.

ABC Fatigue: in-house local model

ABC Fatigue —a superposition of Model A and Model B— is currently not suitable for elaborate in-
house local analysis. Three out of six criteria are not satisfied. In theory, a tension domain enhancement
is sufficient to finalize a local model ready for data comparison, e.g. with specialist consultants and
riser manufacturers. This relatively simple enhancement would enable in-house pre-analyses within
the limit of the inner tensile armour.

Model C incorporates wire-slip and the stick-slip behaviour. However, this application is not validated
hence the study of irreqular waves and hysteresis was not possible in present work.

Case-study

The study of a 6 inch case-study riser showed a predominant influence from pressure. Diligent study
of pressure logs and the reformulation of one or multiple pressure load-cases can result in longer
fatigue life.

Recommendations

Restore balance

Currently, Shell's actions after detection of a sudden hazard heavily rely on the advice given by
specialist consultants. Their advice and expertise are essential however a new action plan is advised
to change the collaboration environment.

In addition, Shell can boost industry knowledge development by good data management, currently a
company focus point. Documenting all operational load, response and condition parameters stimulates
in-house model development and also enables a mutually beneficial collaboration with specialist
consultants. This simultaneously restores the balance of knowledge reliability on external expertise.
The specialist consultant averages the total stress around the circumference. Find out what averaging
assumption are being used.

Pre-analyses

Imitation of the case-study experiment is advised to study the fatigue life margins of Shell's flexible
riser portfolio and to determine positive and negative fatigue life contributions from various input
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parameters. Each pre-analysis should incorporate an investigation of the load parameters pressure
and tension cross-evaluated with an array of significant curvature domains. In addition, information
exchange is advised to design the post-processing application.

Similarly, the study of friction coefficient impact is advised. The determination of this parameter is
often tenuous but the impact can be large (proportional to the critical curvature hence initial friction
stress).

Also a pre-analysis for the given curvature ranges can point out the location of maximum wire-stresses
and the position of this maximum. If wire-slip and hysteresis are properly introduced by verifying
Model C, this mechanism can be studied. Ideally, this would redistribute the maximum stress among
the circumferential wires hence lowers stress ranges and fatigue life.

Model development

Model C extension is recommended to fully benefit from ABC fatigue when dealing with sudden
hazardous operational conditions. A full time-trace of tension and curvature and subsequent rainflow-
counting generates more realistic stress-ranges by including wire position changes and corresponding
friction and bending stresses. Full-scale measurements of curvature loads versus wire-slip responses
of the (inner) tensile armour required.

Although the inner tensile armour is assumed to be fatique critical, it is strongly recommended to
introduce a new relation for the axisymmetric response of the outer tensile armour. Cross-model
validation would be sufficient however full-scale validation experiments are advised.

Full-scale validation

A full-scale validation strives for alignment between experiment and model load-response variables.
Present work clearly presents an overview of all model variables hence relatively little effort is required
to design an experiment and to validate ABC Fatigue accordingly.

Furthermore, experimental data is required to validate ABC Fatigue up to industry standards. Cur-
rently, all three manufacturers of flexible pipe own a private test rig hence data is potentially generated
and exchanged. However there should be a clear incentive, such as JIP involvement, to retrieve test
data. Manufacturers are hesitant to disclose data other than presented in the JIP wrap-up report
and have full rights over all data even when tests are managed by independent test facilities such as
Marintek in Norway.
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Chapter 1

Introduction

This chapter will touch upon all main elements of the work carried out throughout this Master Thesis.
First section 1-1 elaborates on the study goals in terms of project criteria, the research proposal by
Shell and the resulting research objective.

Section 1-2 introduces flexible risers and their special characteristics compared to (normal) steel risers.
Also the three main research elements of present work are introduced: Integrity Management, Fatigue
Analysis Methodologies & Conservatism and Local Modelling.

Finally, section 1-3 summarizes the work that has been carried out in forms of the research methods
and report structure.

1-1 Purpose

The main study-goal was finalizing the Offshore Engineering master program and writing a Master
Thesis on an industry based research proposal. This was done in collaboration with TU Delft and Shell
Projects and Technology, Rijswijk. Their proposed study of fatique analysis of flexible risers raised
the potential of a fundamental and challenging research thesis in the context of structural mechanics.

1-1-1 Project Criteria: TU Delft

The following elements guided towards the delivery of a satisfactory research study to graduate as
a Master of Science in Offshore Engineering. The criteria for a successful 9-month research project
were defined as follows:

1. Finding and understanding relevant theory of structure mechanics.

2. Scrutinize the development of major themes and research area’s linked to this structure by
conducting a literature study.

3. Select the state-of-art knowledge basis for a mechanical model and include new theoretical
approaches.

4. Validate the model by using experimental data or cross-validation.
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2 Introduction

5. Find behavioural linkages by generating and studying model-data.

6. Conclude the study by presenting research methodology, results and recommendations.

This was achieved by modelling the mechanical behaviour of a flexible riser. Skills in preparing and
executing fundamental research, effective project management and designing for practical engineering
solutions were growing simultaneously.

1-1-2 Research Proposal: Conservatism in Fatigue Analysis of Flexible Risers

Shell utilizes flexible risers in the North-Sea to connect Floating Production Storage and Offloading
units to the sub-sea infrastructure. The floating facility, shallow water and harsh environmental
conditions have been reasons to decide on flexibles. Unfortunately, flexible risers have a proven
sensibility to numerous failure mechanisms and in too many cases the predicted service-life is not met.

In general, failure of the flexible riser is either caused by extreme conditions—the giant once in a 100yr
wave—or by repetitive movements within (seemingly) safe margins; i.e fatigue. The latter is a big point
of discussion in the context of service-life prediction as most in-field conditions deviate from design
conditions. Main causes for deviation are outer sheath damage, the diffusion of gasses from the inner
bore and divergent environmental conditions. Also the accuracy of fatigue assessment methodology
needs improvement. To this date, behavioural software models cannot fully predict the motions and
stresses as a response to the loads imposed on the flexible riser system.

Shell was involved in numerous Joint Industry Projects to contribute to and benefit from industry
consensus on fatigue analysis methodologies. Full-scale experiments, knowledge and software de-
velopment were a major focus of Shell engineers from the first utilization of flexibles up to the late
nineties. Hereafter, focus shifted from research and development to outsourcing elaborate calculations
to riser manufacturers and specialist engineering consultants. Hence adequate judgement of fatigue
analysis reports remained as the in-house responsibility.

The incentive to refocus on flexible riser fatigue analysis and to develop knowledge and tools was a
recent premature flexible riser replacement in the North-Sea. The situation was triggered by changed
in-fleld conditions leading to insufficient fatigue life. However, dissection of the strength governing
tensile armour layer and subsequent small-scale testing did not confirm this analysis result. Hence
it was expected that costly consequences of over-conservative fatigue analyses —early replacement
as well as over-dimensioning new designs— can and should be avoided in the future by restoring
in-house expertise.

To establish this, Shell requested for a knowledge boost, an in-house software model and a renewed
approach to address specialist consultants. Firstly to improve safety judgements after sudden in-field
condition changes. Secondly to accommodate flexible riser fatigue analyses for future projects.

1-1-3 Research Objective
A knowledge boost, an in-house software model and a renewed approach to address specialist consul-
tants combined with the criteria for a successful research project as stated in section 1-1-1 resulted

in the following research objective:

Studying Conservatism in Flexible Riser Fatigue Analysis and Development of an Engineering
Model to Study Influencing Parameters of Local Wire Stress
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1-2  Project Scope

Engineering responsibility incorporates ensuring the integrity of all analysed structural components.
The life-cycle of a flexible riser is initiated with a robust riser design and a fatigue life always larger
than the service life (multiplied by a factor). A selection of operational and environmental conditions is
monitored continuously and the integrity is reqularly checked through inspection. Both measures are
used to identify changed conditions and this might induce a re-assessment of fatigue life, the necessity
of this action is based on the judgement of Shell engineers. Figure 1-1 shows the sequence either
resulting in continued service or riser replacement as a result of changed in-field conditions.

Design Monitoring Fatigue Analysis Shell
& Inspection (@ (2 (@ £ 3 (@ Judgement
Fatigue Life Fatigue Life FS:!FF'C'eS;
> Changed Global Locall Fatigue Life 3 a lgous ife
Service Life Conditions Modelling Modelling calculation Service Life 2 Riser
Replacement

Figure 1-1: Action sequence induced by changed in-field conditions; resulting in continued operation
or riser replacement.

In present work, integrity management is defined as: the identification of a changed condition and
deciding on a safe but cost-effective approach. Integrity management organizes and steers the en-
gineering work and can be considered of great importance. The riser design, fatigue analysis and
monitoring & inspection strategies can all three contribute to a more reliable judgement. However,
not all aspects are fully investigated in present work. Figure 1-2 indicates all focus points of this
research, the three main elements in yellow.

Integrity management | FIRST ¢
I | |
; ; . ; Monitoring
Riser Design Fatigue Analysis &lspection | T SECOND
I I| |
Global Local FotigueLife| | | | | T
Modelling | | Modelling | | Caleulation | | | | | TR THlRD ______

Figure 1-2: Scope of present work

First, this thesis touches upon integrity management. A new approach is developed to stretch the
fatigue life after identifying a significant in-field change. Secondly, fatigue analysis is studied because
this is the Shell and industry accepted method define and assess fatigue life. Thirdly local modelling
has a major focus. This second step of the fatigue analysis procedure allows for studying changed
environmental and operational conditions and its direct influence on stress levels in the fatigue-critical
tensile armour wires. For this purpose, a new analytical model was developed: ABC Fatigue.

Consequently, new designs are not within the scope of present work. However, knowledge inquiries and
model development raises the potential of future in-house fatigue analyses for development concepts
considering flexible risers.
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1-2-1 General: Flexible Risers

A flexible riser is a multilayer pipe with layers of different materials. The pipe connects a subsea
production unit to the processing facility on the sea-surface. Often this is a floating facility such as a
Floating Production Storage and Offloading unit, exerting horizontal and vertical motions on the riser.

Other than a rigid steel riser a flexible riser can perform under high-dynamic conditions — ie. it is
able to withstand large and cyclic bending moments without failure. In addition, the riser is capable
of resisting tension arising from static and dynamic axial loads equivalent to steel risers.

Desired mechanical properties are highly influenced by the composite structure of the riser cross-
section; all layers respond to loads from self-weight, internal and external pressure, floater-movements,
waves and current in a synergistic way. Layers are either metallic (M) or plastic (P); principal functions
are described in table 1-1 and depend on layer-material and layer-configuration. A typical riser cross-
section is depicted in Figure 1-3a.

Table 1-1: From the riser bore to the outer sheath: layer properties

Name Material  Configuration Function

Carcass M Profiled steel strips Resistance to collapse
Inner Liner P Continuous Confining product

Pressure Armour M /-shaped wires, short pitch Resistance to pressure(s)
Tensile Armour M Rectangular wires, long pitch  Mainly axial resistance
Outer Sheath P Continuous Protection

Anti-wear Sheath P Continuous Prevention of metallic-wear

Anti-Wear Sheath

Riser stiffness

\‘\\

1
i

NN

Outer Sheath

|

\\_‘.\.

k\/\z( -

0 Q2% Riser Curvature

(a) Concentric layer composition (b) Bi-linear bending stiffness

Figure 1-3: Flexible Riser characteristics

As shown in figure 1-3a, steel layers are also present in the flexible riser. However, the steel layers
are helically shaped and separated with plastic layers to confine fluids and gasses from the inner-bore
and to prevent corrosive sea-water ingress. Load-sharing and slip between plastic and metallic layers
introduce a bi-linear bending stiffness, see figure 1-3b. The initial riser stiffness can be compared to
a rigid steel pipe and stress-strain response follows linear Euler Beam Theory.

The tensioned side of the riser is connected with the compressed side through the helix wire and
wire-slip is induced after passing a critical curvature value Q.. as the material is pulled towards the
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outrados. Now the stiffness of the metal helix is no longer contributing to the global stiffness of the
riser section and the flexible riser can be subjected to large curvature radit without yielding the metal
wires. This characteristic is the reason that for North-Sea shallow water and harsh environmental
conditions, flexible risers are essential to establish a safe connection between the subsea infrastructure
and production facility.

1-2-2  Integrity Management

Integrity management is necessary to prevent riser failure caused by metal fatigue of tensile armour
wires.

The initial riser design ensures a fatigue life larger than the planned service life of the flexible riser for
the predicted environmental and operational conditions. Scheduled and continuous checks of relevant
parameters will detect changes. A strategy is needed to first make a reliable judgement about the
impact of these conditions on the fatigue life and secondly to take proper measures to guarantee a
fatigue life larger than service life for the new situation.

Currently, the following steps usually characterize such situation:

1. Condition change is detected and first judgement is made about impact on fatigue life.
2. Specialist is involved. If advised, re-assessment of fatigue life is initiated.

3. Initial design conditions are used and new conditions are incorporated, usually with a negative
impact on the fatigue life. Continued service or riser replacement is advised.

4. Specialist advice governs the final decision by Shell engineers.
Hesitance while judging the impact of changed conditions on the fatigue life is not desirable. Industry

and especially operator’s visions on integrity management activities are studied in chapter 2 and
analysed in chapter 3.

1-2-3  Fatigue Analysis Methodology & Conservatism

Fatigue life is essentially defined as the number of cycles of stress or strain a structure or structural
element can sustain before failure of the material occurs. In practice fatigue life often refers to the
number of years for which safe operational conditions are ensured.

To ensure a fatigue life larger than the desired service life, the industry accepted fatigue analysis
methodology is used. This is a three-step procedure:

1. Dynamic analysis to couple metocean conditions and riser motions. The fatigue critical zone/cross-
section is detected for further analysis in the second step.

2. Quasi-static analysis to couple motions and stresses.

3. Fatigue life calculation transforms stresses to fatigue damage and includes additional safety.

Figure 1-4 shows a concise overview of the input data or source required for each process step, usually
a calculation, and the output parameters subsequently used in the next step.

The accuracy of calculation methodology is a topic of discussion; this calculation is over-conservative.
Checking the actual presence of cracks and other indicators of failure is challenging in operational
conditions. New initiatives such as embedding strain sensing optical fibers or frequent wire inspection
to identify wire break are promising developments in order to match calculations with the actual
damage accumulating in the material throughout its service life.

Master of Science Thesis Frederike Nugteren



6 Introduction
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Curvature Reversals Stress Ranges Max Reversals
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I T T

OUTPUT Damage 0-1

; Local S-N curve Fatigue Damage
HROCESS Gichal Modelling Modelling application calculation

A A A A

Loads &
INPUT Loads & Riser Cross-section Small scale Miner’s Sum
Configuration tests
geometry

Figure 1-4: QOverview of three-step fatigue analysis of flexible risers

Conservatism

Values that are highly variable or uncertain are generally overestimated to ensure safe margins
between the actual capacity of a structural element and the engineering prediction. As a result,
conservatism "builds up” in the calculation after each decision regarding input values; e.g. average
load intensity, material deterioration, stochastic number of repetitions, changing utility rate, potential
damage and so on. Secondly, the used software packages are never able to completely predict the
mechanical responses hence conservatisms build up likewise in each step.

1-2-4  Local Modelling

This second fatigue analysis step couples motions (curvatures) and wire stress ranges and finds the
fatigue critical helix element. For Shell this is currently the largest "black-box" hence their proposal
was focused on development of an in-house local model.

All elements in the cross-section are individually modelled to determine their contributions to the riser
axial, radial and bending stiffness.

Two assumptions can be made in the context of conservatism:

1. Local Models are completely able to model the response behaviour. What matters is the false
tnput.

2. The methodology/algorithm is not correct; what matters is to revise the formulae and validate
with experiments or operational data.

Under the first assumption, a local model can be used to study the influence of changed input pa-
rameters representing changed conditions. Does it matter that we were a bit wrong in the initial
global analysis (curvature and tension levels), the planning of operational conditions (pressure) or the
available friction between layers (friction coefficient and contact pressure)?

The second assumption questions the methodology and the model. Knowledge development and
experimental or operational data generation are key to improve current algorithms of software models.
Shell can play a role as they did in the past by initiating experiments but also by investing in new
technologies able to extract response data from flexible risers during operation, something not possible
in the past.
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1-3 Research Plan 7

Both assumptions are worth studying, however this study will only focus on the first assumption, the
local model (ABC Fatigue) is completely able to model the response behaviour.

1-3  Research Plan

The scope of present work focuses on integrity management of flexible riser systems currently op-
erating in the North-Sea. An important method to ensure safe operation is the fatigue analysis
methodology hence the second point of interest. Finally, the second step of this procedure is further
investigated. These three research elements are hierarchical structured as shown in figure 1-2. This
section elaborates on the research methods and report structure.

1-3-1 Methods

First a literature review was conducted to study the three main elements of present work: integrity
management, fatigue analysis methodology & conservatism and local modelling.

Secondly, the impact of changed conditions on the fatigue analysis steps are analysed . This resulted
in a guideline to support engineers responsible for taking adequate measures after sudden condition
changes are detected in fatigue-critical flexible riser systems.

Thirdly, a local model was developed able to convert curvature ranges to stress ranges; main goal
was to imitate state-of-art local model-techniques used by specialist companies and other industry
players. The model algorithm and validation methodology are presented.

Finally, a benchmark case-study illustrates the purpose of an in-house pre-analysis and the usefulness
of ABC Fatigue by analysing a typical flexible riser designed for North-Sea environmental conditions.
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1-3-2 Report structure

e Literature review
Chapter 2

1. Industry vision on Integrity Management.
2. Fatigue Analysis: Methodology & Conservatism.
3. Local Modelling: Fundamental theory & industry development.

e Analysis: Integrity Management, Fatigue Analysis and Local Modelling
Chapter 3

1. Qualitative analysis of Integrity Management & Fatigue Analysis.
2. Deliverable: New integrity management proposal (guideline).
3. Deliverable: Fatigue Analysis steps and their relation to conservatism.

e Model development: ABC Fatigue
Chapters 4 & 5

1. Theory

2. Algorithm steps.

3. Model validation.

4. Model capacity and limits.

e Benchmark case-study
Chapter 6

1. Research Questions and Methodology
2. Background & Hypothesis based on literature

3. Results: Impact of changed design conditions.

e Conclusions & Recommendations
Chapter 7

1. Deliverables and findings of present work.
2. Recommended directions for Shell engineering focus.

Frederike Nugteren Master of Science Thesis



Chapter 2

Literature Study

2-1 Integrity Management

From the early days (= 1970—1992), fatigue life was based on the fatigue limit criterion; i.e. none
of the occurring stress ranges were to exceed the given limit for non-welded, cold-formed, high yield
stress steel used in a dry environment. For this type of steel the limit is =~ 400-600 MPa. Cross-
section reduction due to metallic wear between tensile armour layer ultimately caused to fail this
criterion. Usually defined for 10° cycles for constant amplitude loading.

However, fatigue testing by Saevik showed the governing impact of fretting. The existence of this
mechanism introduced the standardization of plastic anti-wear sheaths between the metallic layers,
also eliminating the cross-section reduction due to wear.

The new fatigue limit, adopted from the mid-nineties, is based on the fatigue damage criterion. This
new approach also takes into account non-dry conditions which is more likely to be present in the
flexible riser annulus because of seawater ingress (outer sheath breach) and leakage of corrosive
gasses from the inner-bore. These are demonstrated regularly during maintenance operations.

2-1-1 Corrosion fatigue

Corrosion of armour wires has been thoroughly studied for the last 10-15 years. Currently the assumed
dry-annulus conditions are usually not present during the service-life of the riser. A couple of serious
failures of flexible risers were caused by corrosion of armour wires which were found on risers with
breaches in the top section near the splash zone or above sea level. Four risers failed with loss of
containment (1 in Africa and 3 in the North Sea region) and at least 3 near misses were reported
(2 in Norway and 1 in Africa). Also the influence of H2S has presumably caused failure of high
strength steel wires in at least 7 flexible flowlines in the North Sea, West Africa and Arabian Gulf.
All surprising failures as flowlines do not suffer from large dynamic motions hence the suspicion of
governing deterioration from H2S.

The most important observation has been that all failed risers suffered from damaged outer sheaths
hence the best way to avoid corrosion fatigue is to prevent breaches. As this is not a feasible
target, a second important observation were cases of risers which survived long periods with breaches.
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Unfortunately no clear correlations —only indicators such as breach location, type of damage and
riser configuration— have been found explaining this difference. (4Subsea)

To date no corrosion failures have been reported from risers with intact annuli. Multiple risers were
retrieved —e.g. a BP West-of-Shetland Gas Injection Riser replaced in 2008 (Charlesworth et al,
2011)— and dissected to complete the life-cycle showing no damage up to the expected level.

2-1-2  Operational data

Improvement of integrity management hence judgements of changed in-field conditions is an industry
focus. In 2009, Oil and Gas UK decided to extend their information of riser failures to a worldwide
pipe integrity database instead of focusing solely on the North-Sea. Statistics are now available
showing damage and failure covering 130 field developments across the world (Obrien et al., 2011).

Manufactures of flexible risers highly recommend monitoring techniques able to deliver in-field data.
Strain monitoring, by embedding strain sensing optical fibers, continuously measures strain rates in
multiple wires around the circumference. The remaining fatigue life capacity is subsequently obtained
from rainflow-counting the number of load cycles and strain amplitudes. At the end of a design life it
is easy to evaluate life time extension options. Also this information can act as a solid basis to when
unexpected conditions are encountered such as other bore conditions but also loads on the tensile
armour wires. (Dahl et al,, 2011)

Design specifications should be very specific and continuously evolve to account for unexpected mech-
anisms where application are used under new conditions. Verification of the riser system design
assumptions is expected to evolve into monitoring the following:

e Metocean conditons (design input parameter)

e Vessel motions, especially heave and translational movement at tie-in location (design input
parameter)

e Bend stiffener deflection for high risk applications (response parameter).

e Integrity of the annulus (design versus actual condition).

(Out, 2012)

2-2  Fatigue Analysis Methodology & Conservatism

Fatigue analysis is defined as research that encompasses global dynamic motions and local stress
in the tensile armour wires. Existing methodologies lack the consistency and level of transparency
that is required to independently demonstrate the level of safety and conservatism in new flexible
riser designs. The Fatigue Analysis Methodology Guidelines were a major step into reaching industry
accepted methodology. This document is the main deliverable from the Real Life Joint Industry Project,
managed by MCS. Their approach generally starts with simpler conservative calculations that can be
safely applied to a riser designed far below the fatigue critical limit. For fatigue critical designs, more
accurate and comprehensive methods are advised. Paragraph 2-2-1 and 2-2-2 cite the most important
steps and assumptions associated to global and local analyses (Smith and Grealish).

This industry accepted design verification philosophy was not enough to completely resolve the technol-
ogy protection issue. Propriety of knowledge and models still characterizes the industry. Universally
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recognized APl Spec 17) and API Spec 17B are continuously updated to commingle consensus on
minimum requirements between operators, suppliers and requlators. Technology evolves; new materi-

als and new design design scenarios (deep water) introduce new failure mechanisms (Loback et al,
2010).

2-2-1 Global Analysis

The key steps in the global analysis are as follows.

1. Collate the external environmental conditions for the fatigue loading.
2. Assemble a global structural analysis model of the flexible pipe system.
3. Simulate the global motions or load response of the flexible pipe system.

4. Collate the global responses for input to the local analysis stage.

The above steps should be subject to sensitivity and calibration checks in relation to the fatigue life
of the flexible pipe. The last step involves the transposition from the global to local analysis and is
listed here to convey continuity of the fatigue design procedure.

Pipe tension and measures of pipe bending —which may comprise of angular motions relative to an
interface or components of bending curvature or moment— are required for local analysis of the armour
wires:

The global load response is required at potential fatigue-critical locations where the pipe motion is
comparatively high. Locations include the following:

1. Topside interface between the flexible pipe and Floating Production Unit.
2. Hog and sag bends of a wave riser configuration.
3. Seabed touchdown of a catenary riser.

4. Other locations merited by the design of the flexible pipe system.

(Smith and Grealish).

2-2-2  Local Analysis

The local fatigue analysis converts the global loading at selected hotspots to stress in the armour
wires. The analysis requires a numerical model of the flexible pipe cross-section and an interface
that is compatible with the global to local transposition procedures. The general requirements for LA
models are outlined as follows:

1. Verified against full-scale measurements.
2. Capable of modelling tension and curvature ranges.

3. Preferably account for hysteresis effects, if not already addressed in the global or intermediate
analysis.

4. Take into account the effects of external pressure.
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5. Stresses to be calculated at the four corners of the rectanqular shaped wires normally used for
tensile armour.

6. Preferably output stresses at eight points around the circumference, so that directionality effects
can be considered.

There are significant uncertainties in the selection of the friction coefficient to be used in the local
analysis. This can be affected by issues such as temperature in annulus, wire/sheath surface condition
(new versus aged), lubricant condition (whether lubricants applied in fabrication are still active), wire
corrosion, annulus environment (wet or dry), variations between internal and external surface of wires.

Friction coefficients may be derived from small scale tests, though more typically they are derived from
full scale tests. The results from full scale tests can be used to calibrate friction coefficients in local
analysis models. Representative values of the friction coefficient vary between 0.1 and 0.2, although
higher values can be applicable under adverse conditions. Due to the uncertainties associated with
the friction coefficient it is recommended that an upper bound conservative value be applied. Use of a
higher value of friction coefficient will always be conservative.

(Smith and Grealish)
2-2-3  Fatigue Life Calculation

Mean stress correction

The mean stress level gy, is incorporated by correcting the stress range Ao to Ac* with the Goodman,
see 2-1, or Gerber relation.

&

Agt = — 2 2-1
% T+ o ( )
(1+R)
__U+R 222
T T =R, (2-2)
@ =20 (23
1—(Z)
R — Omin (2_4)
Umax

(Larsen et al, 2014)

S-N Curves

Small-scale experiments are carried out to construct the S-N curve typical for a single helix wire
under the apparent load and environmental (annulus) conditions.

Basquins equation 2-5 is the log-log relationship constructed by obtaining constants a and m from
small-scale experiments. With this relation, the number of allowable cycles can be derived from
evaluated stress ranges without testing.

logN; = loga — mlog(Ad¥) (2-5)
(Larsen et al, 2014)

Important characteristics are:
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1. Variability of stress reversals to failure

e Low variability for high stress ranges thus short lives

e High variability for low stress ranges and long lives
2. Environment

e Dry environment: infinite fatigue life for low stress ranges (knee in S-N curve).

e Corrosive: all cycles count (no knee) and increased significance of frequency.

The right S-N curve should represent both the correct material and the predicted annulus conditions.
Small-scale test conditions are generally split into two categories: fully reversed and pulsating tension.
The first based on zero mean stress and constant amplitude tension-compression reversals, the second
being pre-tensioned resulting in tension-tension reversals.

The tension-tension method is often used to simulate the friction-stress cycles. Combining the ever
tensioned condition, caused by the self-weight induced tension and inner-bore pressure, and the
friction stress reversals experienced axially by the individual wires. However, this method does not
include local bending stress.

Another experimental method of cyclic bending reversals is required to simulate local bending stresses.
This method is based on a pre-tensioned wire subjected to uni-axial lateral displacement reversals.
Industry focus on this type of fatigue testing has increased, joint industry project funding is used to
expand the variation of load and annulus conditions. (Fatemi)

The changed vision on annulus environment (corrosive instead of dry) particularly influences this
calculation. An issue with long-term fatigue is that some S-N curves are generated over a few days,
weeks or months were the some corrosion processes develop slowly. It is known from literature in
other industry fields that surface irregularities can lower the fatigue life with as much as one order of
magnitude (4Subsea).

Fatigue Damage

Fatigue damage is the quantity used to determine the service-life of a structure subjected to cyclic
loads. Corresponding to all relevant load conditions i two parameters are used to calculate the fatigue
damage:

e The number of reversals n obtained in the global dynamic analysis.

e The allowable cycles N derived in step 3.

The total damage accumulation per year is calculated with Miner's Sum, see equation 2-6.
N 0
Fatigue Damage = 121 ng*) (2-6)
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Fatigue Life

The fatigue life (in years) is derived from the total fatigue damage, a number between 0 and 1, and a
safety factor of minimal 10.
1

Fati Life = 2-7
atigtie Life Fatigue Damage - (10 + Additional Safety) (27)

If the fatigue life is more than the design life of the riser system, the outcome justifies a safe design.
Whereas the calculation should be revised for situations where the fatigue life is shorter than the
design life.

Fatigue Life > Design Life (2-8)

(Larsen et al, 2014)

2-3  Local Modelling

This study focuses on local modelling: fundamental theories, theory development and state-of-art
algorithms. This to understand and apply contemporary local modelling techniques for the development
of the new in-house model ABC Fatigue.

The industry-accepted approach splits flexible riser stress-analysis into two independent calculations:
Firstly an axisymmetric analysis (riser response to pressure and tension) and secondly a bending
analysis (response to uni-axial bending). Several relations and theories have been developed and
published separately hence considered likewise in present work.

Section 2-3-1 and section 2-3-2 sequentially present literature findings from different angles:

e Fundamental theory to explain the main characteristics of pressure, helix wires and global
bending.

e Summary of theory development in the research area'’s of flexible risers and analogous structures.

2-3-1 Axisymmetric Analysis
Fundamental theory

A parametric description of the helix wire (Stewart, 2007) is required to couple the riser axis-system
with the individual wire axis-system. Lancret's Theorem states that a curve is a helix when the ratio
between curvature and torsion is a constant. As the tensile and pressure armour wires are modelled
as helices, this theorem relates the longitudinal riser axis to the local helix position as well as the
initial curvature of the helix wires.

The theory of a thin-walled pressure vessel (Hibbeler, 2013) can predict the radial and axial de-
formation of a single-layer thin-walled cylinder subjected to internal pressure, external pressure and
axial tension. This theory is used to predict the equilibrium state after pressurizing and tensioning all
composite layers of the flexible riser.
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Theory development

First modelling of steel helix wires under axial loading was developed for cables, wire ropes and curved
rods. Initially, only rigid core models were used, later enhanced with compliant cores proportional to
an empirical factor (Oliveira et al., 1985).

Flexible riser theory development was initiated following the same fundamentals and introduced the
helix wires around a compliant core based on a measurable factor (Goto et al, 1987). Simultaneously,
studies emerged treating radial deformation as an independent factor based on material and geom-
etry parameters: equilibrium and continuity relations of all layers were now modelled as individual
elements with orthotropic stiffness (Feret and Bournazel, 1987). Also, a Finite Element based method
was developed with combined stiffness matrices for thin-walled tubes (plastic pipe) and bonded and
non-bonded helical layers (metal helix) (Lotveit and Often, 1990). A fourth method focused on con-
stitutive relations for thick-walled cylinders (plastic pipe) and three dimensional curved beams (metal
helix) (Witz and Tan, 1992).

To summarize, four different approaches have been developed to predict the axisymmetric behaviour
of flexible risers. The biggest challenge for all of them was to relate radial deformation to pressure
and axial tension. Due to inaccurate measurement results, the first approach by Goto et al. was
rejected. The final three approaches were based on the same key feature: radial deformation is
an unknown variable. Despite their fundamental differences, responses of these three approaches
converged to similar outcomes and were (and still are) all able to produce satisfying wire stresses,
interlayer contact pressures and gap formation (Witz, 1995), (Larsen et al, 2014).

2-3-2  Bending Analysis
Fundamental Theory

Quasi-static bending of beams considers a slender structure with constant cross section subjected to
lateral loading not changing over time. Initially, the flexible riser responds according to a perfect
elastic-plastic material characteristic; i.e. linear stress-strain responses in the strength governing
elements. Euler-Bernoulli Beam Theory describes a perfect distribution of load according to the
position of this element (tensile armour wire) with respect to the neutral bending axis (Hibbeler,
2013). Hereafter, slip is initiated hence releasing the load increment.

Theory Development

The assumption of proportionality between axial forces and wire sliding-distance was firstly applied
on a marine cable bent over a drum subjected to axial loads (Luchansky, 1969).

The sliding criterion based on interlayer friction was first introduced for helically reinforced cables
by Lanteigne (1985). The assumption of in-line layers was a major shortcoming of his work. Knapp
(1987), leading investigator of reinforced cables, introduced frictionless slipping to study bending of
the wire about its own axis and accumulated shear due to torsion. Circular wires were assumed, this
was a major deviation from the rectanqular wires used in flexible risers. In a second study by Knapp,
friction prevents all movement and the assumption of plane sections remain plane was introduced
resulting in a simple analysis of wire-strain and the deformed helical path. A useful insight for flexible
riser modelling. From the early nineties, research steered towards a different mathematical model and
diffraction from cables research.
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Various researchers —all dedicated to local modelling of flexible risers— were keen to find the
governing wire-deformation and wire-displacement as a response to global riser bending. Their
ultimate goal was to formulate a reliable general model for the prediction of wire stress.

Curved rods subjected to axial, banding and torsional loading including linear (Leclair and Costello,
1987) or non-linear (Out, 1989) constitutive relations were studied. Also the first general model for
wire-stress and wire-slip prediction was proposed assuming constant riser curvature and geodesic slip
direction (Feret and Bournazel, 1987). This model was enhanced numerous times (Feret and Momplot,
1991), (Mclver, 1992), (Witz and Tan, 1992). A generic summary of all previous work was presented
by Berge and Olufsen (1992). This work states that all the commingled generic formulae can be used
for design purposes but with caution and preferably cross-verified with multiple models.

Further theory development introduced layer interaction (Feret and Leroy, 1995), changed layer in-
teractions due to anti-wear layers (Out and von Morgen, 1997), a new model with coupled movements
and stresses of helical layers (Leroy and Estrier, 2001) and stress range diversion due to hysteresis
(Leroy et al., 2010).

Generic models for flexible pipes —i.e. umbilicals and risers— were developed in-house by flexible
pipe manufacturers NOV (Flexpipe), Technip (Life6)(Leroy et al, 2010) and Wellstream (no name).
But also by specialist consultants 4Subsea (no name) and MCS Kenny (Layercom) and by regulators
DNV (Helica) (Skeie et al, 2012) and research institutes Marintek (BFLEX) and the University of Rio
De Janeiro (no name) (Vargas-Londono et al, 2014). The latter being a new player in flexible riser
analysis considering deep-water flexible risers subjected to small curvature values and large tension
values.

A second generic handbook was made possible through the Joint Industry Project: Safe and Cost
Effective Operation of Flexible Pipes, 2011-2013 (Larsen et al., 2014) commingling state-of-art theories.
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Chapter 3

Conservatism Indicators and Engineering

Guideline

Three types of fatigue analysis are distinguished for further analysis:

1. New design - All variables can be changed iteratively until fatigue life criterion is met.

2. Sudden operational hazard - Monitoring and Inspection detected a significant condition change
and measures are required to keep risk within acceptable limits.

3. Life time extension - Service life is altered and thorough check of operational conditions is
required to ensure sufficient fatigue life.

Focus of present work is on sudden operational hazards and life time extensions. Both events require
a fatigue life re-assessment within the limits of the initial design.

After identification of a changed condition a quick decision on a safe but cost-effective approach
(definition of integrity management present work) is required. In this chapter, the fatigue analysis
methodology steps are analysed to identify assumptions which alter the level of conservatism. Fur-
thermore, two hazardous scenario’s and their impact on fatigue life are illustrated. A new approach is
advised to support in-field flexible risers currently operated in the North-Sea region.

3-1 Fatigue Assessment Analysis: Conservatism Indicators

Table 3-2 presents an overview of all conservatism indicators used in the three-step fatigue analysis.
To define these critical elements, literature on current methodology and local analysis techniques
was studied in a literature review. The local analysis has been deeply investigated hence analysis
elements are more detailed.

It is expected that simple model techniques result in conservative analysis results: i.e. elaborate
techniques can potentially solve an event of insufficient fatigue life.

Two events are likely to happen within the service life of the riser: outer sheath breach and gas
diffusion from the inner bore (literature review 2). Both resulting in a major change of the initial
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18 Conservatism Indicators and Engineering Guideline

conditions hence quick and adequate measures by the operator are evident after detection. For both
hazards table 3-1 presents (from left to right): a description of the condition change, the impact on
the re-assessment of fatigue life and conservatism indicator corresponding to table 3-2.

Table 3-1: Two common scenario’s: conditions and corresponding conservatism indicator jeopardising
fatigue life after re-assessment

Detected event (Hazard) Changed condition Impact on Fatigue Life No.
Outer sheath breach Non-dry annulus  Corrosion fatigue S-N curve 27
(Seawater in annulus) Self-weight increases  Changed dynamic behaviour 5-8
Interlayer contact pressure Changed friction conditons  19-22

Increased uncertainty Additional safety factor 31

Diffusion from inner bore ~ Sour-service (H2S + H20) Corrosion fatigue S-N curve 27
(H2S/H20 in annulus) Increased uncertainty Additional safety factor 31

Fatigue life reduction is a certainty after the introduction of corrosion fatigue. Whether the other
changed conditions have a positive or negative effect in this context is case dependent and should be
investigated likewise.

Life-time extension re-assessments are preferably carried out in accordance with updated operational
and inspection data. If no major changes are present compared to the design condition (proven with
up to data from monitoring and inspection activities), the service life can be stretched to its new value.

A case-study is presented in chapter 6 to show the impact of variable load parameters on the stress-
range experienced by the local wires. A 6" production riser recently re-assessed by a specialist
consultant was used for benchmark load and geometry parameters (Kenny).

3-2  Advice: Engineering Guideline

Currently, Shell's actions after detection of a sudden hazard heavily rely on the advice given by
specialist consultants. Their advice and expertise are essential however the following initial actions
are advised to change the collaboration environment.

1. Collate and neatly store design conditions - i.e. all input values and model assumptions which
were used for the initial fatigue analysis prior to riser installation.

2. Rate all conservatism indicators with "simple” or "elaborate” (table 3-2)to determine the exten-
siveness of the initial fatigue analysis.

3. Determine the current and desirable quality of load data obtained from monitoring and inspection
activities. Collate and have them readily available in case a re-assessment is triggered.

4. Pro-actively analyse high-risk riser systems and strive for optimal input through monitoring,
inspections and data management.

In case of a sudden hazard, fatigue life can be enhanced by implementing actual conditions instead of
initial predictions (loads) and by elaborating the model (formats and responses) where possible. Pre-
analyses and model runs can be done in-house, a verified model combined with recent operational data
can quantify the impact of changed input data. Subsequent collaboration with specialist consultant is
advised. ABC Fatigue’s suitability for in-house pre-analyses is analysed in chapter 5 trough model
cross-validation and verification.
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Chapter 4

ABC Fatigue: From Fundamental Theory to
Algorithm

This chapter elaborates on a new analytical software model developed to study the major sources
of conservatism in local fatigue analysis: ABC Fatigue. Through this model a local fatigue analysis
can be carried out studying a section along the flexible catenary. In practice, this small riser section
is showing the highest average stress levels in the global dynamic analysis, this model-part of the
fatigue analysis not within the scope of present work.

ABC refers to a composition of three local fatigue analysis elements:

Axisymmetric Analysis (Model A)
Bending Analysis (Model B)
Cyclic Analysis (Model C)

By combining Models A and B, stress dependence is signified by circumferential location only. Sec-
ondly, a "time-dependent” analysis is possible by combining Models A and C. Now response values
are dependent on both 'time" and circumferential location.

First, section 4-1 explains the purpose and interdependence of the three models. Secondly, sections
4-2 to 4-4 elaborate on the response behaviour, fundamental theories and algorithms behind Model
A, Model B and Model C. The purpose and structure of these three paragraphs is defined as follows:

Paragraph 1: Fundamental Theory - References

e Fxact assumptions and limitations described in general theory.

e All formulae used as a basis for the algorithm are stated in original composition but with
parameter naming corresponding to present work.

Paragraph 2: Response behaviour - Interpretation of theory

e Explains geometry, loads and responses by introducing parameters and corresponding
figures.

e Describes the complete response behaviour, regardless the ability to model it.
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22 ABC Fatigue: From Fundamental Theory to Algorithm

Paragraph 3: Algorithm - Application of theory and development of new model

e List of algorithm steps.

e Paragraphs elaborating on all steps including justification of the enhanced formulae and
assumptions.

e Model response predictions based on formulae.

A complete overview of the geometry, load and response parameters required to run ABC Fatigue and
their relation with Models A, B or C are listed in appendix AThe validated algorithms of Model A and
B are presented in B. Model C is not validated but used for indicative study only. This algorithm is
presented in appendix D.

4-1 Introduction to ABC Fatigue

The general function of a software model is to imitate the mechanical behaviour of a structure under
imposed loading in order to predict stress levels hence capacity and life-time of a (steel) structure.
Local fatigue analysis of flexible risers, scope of present work, focuses on predicting the armour wire
stress-levels as these wires are signifying the riser strength. Assuming contemporary global analyses
are capable of relating wave loads and riser motions and local models correctly match the global
output curvatures to local wire stress responses, two aspects still compromise the accuracy of this
calculation:

1. Input parameters are not correct: design conditions deviate from actual in-field measurements.

2. The methodology and/or algorithm is not correct.

ABC Fatigue should be capable to run a reasonably accurate local fatigue analysis with a main purpose
to study parameter impact on wire-stress for pre-analysis and feed studies. Modelling the influence of
hysteresis and irreqular waves is desired. Furthermore, ABC Fatigue is based on analytical formulae,
a preferred feature to search for linkages between load and response parameters for different riser
cross-sections and load-cases.

Model A and B assess multiple wire-locations around the circumference and along the helix wire
assuming constant loading characteristics, i.e. constant axisymmetric loading and constant curvature.

Hysteresis is incorporated in Model C; extending the algorithm of Model B by including periodic
curvature to simulate regular and irreqular wave patterns. This study is signified by diligent tracking
of wire positions and superposing the responses from curvature cycles.

Figure 4-1 shows the main elements and input parameters of ABC Fatigue. Paragraph 4-2 to 4-4 will
elaborate on each individual part.

MATLAB by Mathworks is used for all response behaviour simulations by running the mathematical
relations as presented in appendix A.

4-2  Model A: Axisymmetric Analysis

4-2-1 Fundamental Theory

The general model presented by Feret and Bournazel (1987) is incorporated in most analytical models
to determine axisymmetric responses. For design purposes, analytical software models are preferred
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Figure 4-1: ABC Fatigue: Local Fatigue Analysis

over Finite Element software models due to their ability to incorporate various assumptions considering
the layered structure of the composite riser as well as their computation time benefit (Larsen et al,
2014).

The general method to describe the mechanical behaviour of a composite flexible pipe consisting of
N helical and N’ plastic layers is based on the following assumptions and altogether resulting in a
system of 6N+6N" + 2 equations.

1. Continuity of the radii
2. Continuity of the contact pressures

3. Equilibrium of the axial forces

A simplified approach only considers the participation of N helical armour layers and the following
assumptions:

Participation of plastic sheath is negligible N = 0.

Constant material and geometry parameters; symmetric cross-section.
Initial stress-free, helically curved wires.

No initial interlayer contact pressure.

Geometrical deformations AL, Aa and A9 are small.

© LA W N =

All layers remain in contact.
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The three equations of equilibrium between stresses and axial forces 4-1, radial forces 4-2 and moment
(torsion) 4-3 defined as follows:

N
Z nigiAicosa; = Tex + JTpl-ZnGl-Zn — ﬁpoutagut = Fo (4-1)
i=1
N ,
n;o;A; sin a; tan ¢
; S PinGin = PoutGout = PO (4-2)
i=
N
Y nmoAisinaia; = M (4-3)
i=1
The continuum equations to link pipe deformations and axial stresses in the armour wires:
— = cos” o;— + sin“ a;— + a;sin a; cos o;— 4-4
El L L L Gl L L L L ( )
n;o;A; sin a; tan a;
;= 4-5
pi pro (4-5)
Equation 4-2 then being equivalent to
> _piai = po (4-6)

Resulting in a mean contact pressure pc; between each layer by the recurrent formula

pPci+1 = PcCi—Pi (4-7)
Linking operational pressures by pc1 = pin and pc N+1 = Pout-
(Feret and Bournazel, 1987).

4-2-2 Response behaviour

The imposed loads in this analysis are internal pressure p;,, external pressure p,,: and external
tension Tey. The expected physical behaviour of the flexible riser in this axisymmetric analysis is
signified by:

1. Stress in the metallic armour wires g; for N helical layers i.
2. Contact pressures pc; and pc,i+1 pressing inside and outside of layers i.

3. Symmetric deformation of the riser cross section: elongation AL, expansion Aa and torsion A6.

The load is shared among the N metallic layers according to wire laying angle and helix radius.
A process of load transmission, based on the stress-strain constitutive relation for linear materials,
introduces contact pressure transmission trough the armour layers. The model response is based on
finding the radial, circumferential and longitudinal equilibrium and to define the load distribution
among each metallic layer. The correct calculation of stress in the wires in this axisymmetric analysis
is mainly challenged by the helical shape of the armour layers and the composite character of the
flexible riser.

The main geometry parameters used for subsequent evaluations are depicted in figure 4-2. The load
and response parameters used in the Axisymmetric Analysis, or Model A of the ABC Fatigue model,
are shown in figure 4-3. All geometry, load and response parameters used in Model A are summarized
in appendix A.
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Figure 4-3: Axisymmetric Analysis - Load and Response parameters

4-2-3  Model A Algorithm

The approach by Feret and Bournazel (1987) still holds as the basis for most contemporary axisymmet-
ric analyses. Parameters, relations and assumptions proposed in this theory are also the fundamental
basis of Part A. The influence of torsion A8 is assumed to be negligible and is not taken into account.

Methodology

The algorithm of Model A can be summarized as follows:

1. An initial expansion Aag and elongation ALy are assumed to simulate a constitutive response.

2. The wire-stress in each layer i as a response to the imposed deformation is calculated and the
approximate values for wall tension ) F,,; and total pressure differential ) pgp,; are derived
from wire-stresses.

3. The total wall tension F; and total pressure differential p are calculated from the initial load
conditions.

4. Through an iterative approach the correct deformation, hence equilibrium, is determined by
checking Fy = Fop and p; = pgp after each iteration cycle.

5. The final wire stresses are subsequently used to calculate the pressure differential p; through
each layer from the inner bore to the outer layer. Finally, the layer pressure differentials are
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26 ABC Fatigue: From Fundamental Theory to Algorithm

subtracted from the inner-bore pressure p;, to calculate the net contact pressures pc; between
each concentric layer.

Wire stresses and contact pressures are subsequently used for Models B and C described in sections
4-4 and 4-4.

Step 1: Deformation simulation

An initial elongation ALy and expansion Aag are assumed to simulate a constitutive response.

L = L+AL
ai = a;+Aa

Step 2: Constitutive wire-stress reaction
Wire-stresses are derived by using predictied initial deformations ALy and Aag in equation 4-8. Wire-

stresses are subsequently used to approximate the value for wall tension, see equation 4-9, and total
pressure differential, see equation 4-10.

AL Aa
o =E; - ( cos’ i~ + sin’ %~ (4-8)
i
Wall tension
N
Z niA; cos q; - 0; (4-9)
Rewritten
i niA; cosa[E cos? a; Z niA; cosa[E sin’ a A
Total Pressure differential
N .
niA;sin o; tan ¢;
Pop = ) T oma O (4-10)
i=1
Rewritten
i nA; sin @ tan o, E; cos? a; Z niA;isin a; tan o; E; sin? a; A
. . a
— 2ma;l 27a?

— L

Step 3: General load-response condition

Total wall tension, equation 4-11, and total pressure differential, equation 4-12, are calculated from
the initial load conditions.

Ft = Tex+ ﬂpin(ain + AU)Z - ﬂpouf(aout + AG)Z (4_11)
pt = Pln(aln - AG) - Pout(aout - AG) (4_1 2)
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4-2 Model A: Axisymmetric Analysis 27

Step 4: Equilibrium iteration using Newton-Raphson

The riser cross-section will elongate and contract from tensioning and external pressure. Inner bore
pressure is a counteracting mechanism and both expands and shortens the riser. The elongation and
expansion corresponding to the equilibrium state are derived by solving this 2-dimensional, non-linear
system of equations using Newton-Raphson method. In general, this method is used to successively
find better approximations for the zero value of a function f(x) by using equation 4-13.

f(xn)
F(xn)

Xo41 = Xp+ (4-13)

For a linear equation, this method uses 1 iteration to find the correct value for x. The real strength of
this method becomes apparent when solving non-linear equations and systems of non-linear equations.

Equations 4-15 and 4-18, non-linear and dependent on the deformation variables AL and Aa, are
approximated by using the Newton Raphson method. For a system f of 2 non-linear equations vector
and matrix denotations are required as follows:

the derivative is replaced by the Jacobian matrix J, see equation 4-14.
Frir = Fo— Fp x J™! (4-14)

or
1

[XnH ]:[Xn ]_[Xn]x[f{x f{U }
Yn+1 Yn Yn fZ/X fz/y (Xn.Yn)

The first function f1(AL, Aa) defines the wall tension equilibrium as shown in equation 4-11. Deriva-
tives are taken with respsect to AL, see equation 4-16, and Aa see equation 4-17.

H(AL Aa) = Fop—Fy (4-15)

N
[ n;A; cos a; E; cos? a; niA; cos alE sin’ a
= ~ Z

_ L
i=1 i=1

-Aa

—Tox — 7pin(@in + Aa) + 7TPout(@our + Aa)’

N
f/AL _ Z niA; cos aiE[ cos? a; (4-16)
i=1
N )
nA; cos o; E; sin® a;
f’Aa = v — - 27T(P[n - Pout) - 2(pin - pOUf)Aa (4_17)

ai

Similar procedure is used to find the pressure differential equilibrium and the two derivatives. See
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equations 4-18 to 4-20.

2ma;

HIALAG) = pop—pr (4-18)
N . 2 N . .2
nA;sin a; tan o E; cos” niAisin o; tan o; E; sin” «;
L = AL+ -Aa
2 Z 2ma;l ; ZJTa{.2
Pmam + PoutTout — Pin + Pout
N
A sin a; tan a;E; cos? a;
par =y B L 4-19
2 g 2ma;l ( )
N niA; SLnatanaESLn a;
IUAG = Z l 21 - — Pin + Pout (4-20)

Now equation 4-14 is applied to find Fj,41.

Where F is:
f1(AL, Aa)
(AL, Aa)

And ] is:
f{(AL,Aa)AL f{(AL,Aa)A"
fé(AL,Aa)AL fé(AL,Aa)AG

A satisfactory approximation is found when subsequent iteration cycles converge to a single value, iLe.
the error approaches zero.

Step 5: Post-processing

The final wire stress is used to calculate the layer pressure differential through equation 4-21.

n;o;A; sin o; tan ¢

l. 4-21
p e, (4-21)

The interlayer contact pressure, used as input value for Model B, is obtained by the recurrent formula
4-22 and i = 1..N.

PC,i+1 = pc,i — Pi (4-22)
Pcnh = Pin
PC.N+1 = Pout

4-3  Model B: Bending Analysis

For axisymmetric loads, analytical stress calculations are highly accurate. For a-symmetric deforma-
tion, or bending, a tenuous and non-linear stiffness characteristic compromises the stress-response
calculation. Hence, bending analysis did not converge to a general analytical model as presented for
axisymmetric analysis by Feret and Bournazel.

However, an acceptable approach has been developed. This method is based on the friction induced
axial shear stress and local bending of the individual wire induced by riser curvature. To evaluate
both responses, the riser section is viewed from the global (cross-section) perspective and the local
wire perspective.
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4-3-1 Fundamental Theory

The response behaviour as described in Larsen et al. (2014) is generally accepted but formulations
to accurately describe and interpret stress and wire slip are not totally converged. The comparison
of different theories is compromised by deviating axis systems and sign conventions, slip direction
assumptions and tenuous descriptions of the stick-slip behaviour.

Generally accepted assumptions used in the generic theory (Larsen et al,, 2014) are as follows:

1. A constant curvature (), is applied to a local section with length [; local section is bent into a
torus.

2. No end effects; L.e. model of section along the riser catenary away from end-terminations.
3. Stress level of helically wrapped wires is zero without the influence of global curvature.

4. For stick conditions, the condition ‘plane sections remain plane’ ensures a constant stress-change
of tensioned and compressed bounds according to Euler-Bernoulli beam theory.

5. Material friction characteristics defined by p are equal for all layers.

All formulations required to determine relevant values regarding wire geometry and bending stresses
are now summarized and subsequently used to construct the algorithm presented in section 4-3-3.
Figure 4-4 illustrates all load and response characteristics of both the global and local axis system.

«— Tension —_,

O =0,+0i+ 0, &
X2

~—» Compression «——x

Ro=1/Q,

Figure 4-4: Bending Analysis - Wire geometry and local curvatures

Friction Stress

An axial shear force emerges prior to wire slip given by equation 4-23
01 = —EAcos’aacosy-Q (4-23)

The associated shear force per unit length which fulfils the rigid pipe condition (plane surfaces remain
plane) is obtained by applying equation 4-24 and differentiating 4-23 with respect to the length
coordinate Hj.

sin a

p o= 8 (4-24)

As a result equation 4-25 is derived where the maximum shear stress is found at ¢y = 90° ie. the
neutral axis of global bending. This force increases until the maximum possible shear has been
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30 ABC Fatigue: From Fundamental Theory to Algorithm

reached: ie. the available friction as formulated in equation 4-26 where g3 is defined as the lateral
line load imposed by adjacent layers on a single helix wire.

g1 = EAcos’asinasiny-Q (4-25)

g = plgs+qs) (4-26)

The critical global curvature results from the equilibrium situation where g1 = g1 formulated in

equation 4-27.
Higs + g5)

Qo = —/————""— 4-27

“ EAcos? asina (4-27)

From this, the maximum shear stress on the outer fibers is derived, either with a positive sign on the
outrados (¢ = ) or negative sign on the intrados (y = —%), see equation 4-28.

p(gh + g5 )a
- S S B A 4-28
Of, max +/ sin aA L/] ( )

Local Bending stress

Wires are cold formed and thus stress free for zero curvature ). Local curvature of wires in stick
condition is defined by equations 4-29 to 4-31 for all three orthogonal directions Hy, H> and Hs of
the local helix system.

wi = sinacosa’cos - (4-29)
wy = —costacosy-Q (4-30)
w3 = (1+4sin’a)cosasiny-Q (4-31)

According to Larsen et al. (2014), wire slip changes the curvature formulation around the H, axis,
often referred to as weak axis as the wire thickness is always small compared to the wire width, into
equation 4-32. However, Skeie et al. (2012) does not include this change and holds on to equation
4-30 for all conditions.

W2 slip = — cos? a cos 2a cos i - Q) (4-32)

Theory again diverges by considering a second slip contribution or not; i.e. either the loxodromic
or geodesic slip direction is assumed. The former assuming displacement H; in axial direction only,
the latter also considering lateral displacement H,. The geodesic assumption introduces different
curvature formulations w1 and wy and ws is zero for all global curvatures.

Based on experimental evidence of governing axial slip, the present work assumes the loxodromic slip
direction.

Stick-slip condition

A two zoned cross-section is present after slip is initiated at the neutral axis of global curvature.
The angle defining the stick-slip boundary is defined by equation 4-33 and changes non-linearly

Frederike Nugteren Master of Science Thesis
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with increased curvature with a magnitude depending on the parameters defining the moment slip is
initiated, t.e. critical curvature Q.

(4-33)

As a result of this stick-slip boundary, stress accumulation develops differently around the circumference
as axial shear stress is already constant for the wires within the slip region and still increasing for
wires in the stick region further away from the global bending axis. Friction stress for the full slip,
see equation 4-34, shows a linear relationship with circumferential position ranging from ¢ = 0 at

J

the global bending axis to ¢y = 3 on the outrados.

Stress in the sticking wires is superposed from from the maximum shear stress present in the stick-
slip boundary ¢y and the additional accumulation dependent on the circumferential location ¢/ of the
assessed wire from the boundary towards the outrados, see equation 4-35.

p(gs + g5 )a
I _ 4-34
91.slip sin @A ¥ (4-34)
i i+1
0 sier = Ecos? aay(sin g — sin i) - Q + %tﬂo (4-35)

Global bending stiffness

By integration, the bending moment contribution of each layer can be determined. A tri-linear
curvature-bending moment relationship results from successive phases stick, stick-slip and full slip
as described in previous paragraph. Following a perfect elastic-plastic material characteristic (seen
by initial and full yield bending moments for normal steel pipes, i.e. rigid pipes) the difference between
Mstickstip and Msy;, is dependent on a constant value % as shown by equation 4-36

4
Mslip = ;'Mstickslip (4_36)

In general, the intermediate stick-slip phase is neglected and a bi-linear curvature-bending moment
relationship is established. Implementation of this assumption results in a corrected value for the
critical curvature as shown in 4-37

4

ch* _ ch (4_37)
T
4 plgs+957)

Qere - == 4-38
7 EAcos?asina ( )

(Larsen et al, 2014)

4-3-2 Response behaviour
The physical behaviour as a response to a curvature (), or curvature radius R is signified by:

1. Friction stress oy; an axial shear stress emerging during the wire stick-condition, reaching a
constant maximum value after reaching the full slip-condition.
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32 ABC Fatigue: From Fundamental Theory to Algorithm

2. Local bending stress gy, in two orthogonal directions H, and Hs, dependent global curvature.

3. Total alternating stress g, resulting from the superposition of friction and local bending stress.

Compressive and tensile forces emerge from bending the riser cross-section as shown in figure 4-
4. A thin-walled steel cylinder would show linear shortening of the compressive side and similarly
elongation on the tensile side as a response to curvature Q.

However, the layered and helical character of the flexible riser introduces non-linear strain behaviour
for each concentric layer i when following helix wire wrapped around the layer circumference. Friction
stress gy and bending stress g, are superposed with the static stress os calculated by Model A to find
the total wire stress g¢. The global axis-system is labelled Xj 73 and the local (helix-wire) axis-system
as Hj 23. All main geometry, load and response parameters used in the bending analysis of Model B
are summarized in appendix A.

Friction conditions

Wire slip has a major influence on the riser stiffness and is the main reason for its flexible character.
Prior to wire slip, the stick condition, elongation at the riser tension side and the shortening at the
lower compression side is fully counteracted by the helix stiffness. The accumulation of friction stress
around the circumference is shown in figure 4-5. As the wires start to slip, further increase of stress is

Friction-stress

180°
~Of max

o 360°
90° 270°

“Gf max

Figure 4-5: Friction stress accumulation around circumference for constant curvature level; linear
slope.

stopped and the material is slowly redistributed towards the outrados; all wires slip to a new position
in axial direction. This uni-directional slip follows the loxodromic assumption of keeping the initial
path of each wire.

To summarize, three conditions can be distinguished:

1. Stick condition: Curvature is very small and no slip is initiated.

2. Stick-slip condition: Axial shear force is higher than available friction force and wire slip is
initiated at the riser neutral axis.

3. Full-slip condition: Wires are slipping for al circumferential angles .
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Figure 4-6: Slip path of the wire

The stick-slip is not taken into account in the algorithm of this model: condition of slip (stick or full
slip) is always equal for all positions around the circumference.

For condition 3, the axial shear forces of wires located on the outer fibers ¢y = 0° and ¢ = 180°
are equally loaded in opposite directions and slip is never initiated. This is as a result of vertical
symmetry of the cross-section.

The relationship between curvature and slip distance is shown for three different locations around
the circumference, see figure 4-7 As expected, slip is never initiated at the outer fiber (blue line),
maximum at the outrados (green line) and 70% of maximum at the the north-east position (red line).
This indicates a non-linear relationship between slip distance and circumferential position.

. y=180
Slip e v=225°

- W=2700

=270°
AHox v
0.7AHnmax y=225°
y=180°
0 Qe Omax  Curvature

Stick Slip

Figure 4-7: Friction stress accumulation; linear increase up to critical curvature and linearly increasing
with distance from neutral bending axis X,
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Local wire curvature

The local bending stress depends on the local wire-curvature and wire dimensions. The deformation
of the wire after curvature increments is dependent on its circumferential position.

Local curvature

180°

3
—_—— — 02stick

Figure 4-8: Curvature distribution around circumference for constant curvature level
The stress is not uniformly distributed over the wire cross-section. The bending moment thus bending

stress linearly increases towards the edges of the wire. The wire hotspot-locations are top left and
right with respect to the helical axis system H; 3.

Total stress

Static pre-tension and friction shear forces are uniformly distributed over the wire-cross section and
define the minimum total stress level. The stress-increment results from additional wire curvature.

Hs! [oN of G2 03

T ol =

== :Eb

Figure 4-9: Hotspot stress (left) Sy at upper left corner of the wire. Side view (top right) and
top-view (bottom right) showing all 4 stress contributions.

AL

4-3-3  Algorithm

For the present work, a publication of generic theory (Larsen et al, 2014) was used to define the
algorithm of Model B. Subsequent cross-validation was carried out by comparing response values
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to values generated by local flexible riser model Helica, described and evaluated in Skeie et al.
(2012). Their analytical model is generally based on similar generic formulations. Also this model is
validated according to international standards hence the accuracy is assumed to be satisfactory for
future in-house calculations using ABC Fatigue.

For this analysis, the riser is subjected to a constant curvature Q around the X5 axis.

Assumptions ABC fatigue in addition to general bending assumptions stated in 4-3-1.

1. Pressure armour stiffness is negligible for bending analysis

2. The inner tensile armour is governing the riser fatigue life.

Methodology

The algorithm of Model B can be summarized as follows:

1. Define additional geometry and curvature loading b, t and Qpgx.
2. Define friction coefficient and calculate critical curvature and

3. Calculate friction stresses by extending the domain of a quarter pitch to all 360 circumferential
locations.

4. Calculate lateral and transverse bending and superpose to find total bending stress for all
circumferential positions .

5. Superposition of friction and bending stress to find total stress g, for all circumferential positions

Y.

Step 1: Additional geometry, local wire hotspot and constant curvature

Model A geometry only requires a definition of the total wire area A whereas Model B specifies
the wire width b and thickness t to find hotspots Sy to S4 at the outer fibers of the individual wire.
Transverse direction H, corresponds to the wire strong axis and the lateral direction to the lateral or
weak axis H3. Wires are always rectanqular but dimensions are highly variable. Some typical width
x thickness values are:

e 0" Production Riser (Technip): 12x5 (Cook)

6" Riser (Technip): 20x3 (Leroy)

e 0" Dynamic Umbilical (Unknown manufacturer): 10x5 (Skeie)
e 8 (Gas Re-injection Riser (NOV): 15x6 (Pierce)

e 10" Production Riser (Wellstream): 12x7 (Pierce)

e 12" Riser (NOV): 15x6 (JIP)

The local hotspot S is defined as the upper right corner for each individual wire around the circumfer-
ence: H2 = %b and H3 = %t‘ Curvature is usually defined in 1/m, however calculations are preferably
in 1/mm hence Q is divided by 1000. Typical curvature values for a production riser in North Sea

environmental conditions and a water-depth of approximately 80 meters are ranging between -0.04
and 0.04.
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Step 2: Friction coefficient and critical curvature

The friction factor is a critical but also highly discussed computational value. Typical values are
deviating between 0.11-0.13 (BFLEX), 0.15 (Flexpipe), 0.20 (Helica). The influence of the friction factor
directly influences the axial shear stress level governing the maximum stress values accumulating in
the wires. An incentive to further investigate the major difference between Helica and BFLEX.

To find the critical curvature, equation 4-27 is used and adapted to fit Model A output value contact
pressure pc instead of contact pressure line-load g3 by multiplying the overall pressure value by the
wire width b, the new formula is shown in equation 4-39.

plpc(i) +peli+1) 4
Etcos? asina T

O, = (4-39)

Step 3: Friction stress

Friction stresses are linearly dependent on the circumferential location ¢ defined for a range of O to
7 by equation 4-34. for full cross-section application, i.e. input values ranging from ¢y = 0 — 360°,
circumferential locations left from the vertical symmetry axis ¢y = 0—180° are evaluated with equation
4-40.

plpc(i) + peli+ 1)a

Of stip(p) = Ceno et (4-40)
plpcll) + peli+Na (¢ n
Orstiply) = tsina ' (@ - f)

On the right side, ¢y = 180 — 360°, equation 4-41 is applied.
plpcli) + peli+1)a

Uf,sl[p(¢) = fein o ’ ¢f[ghf (4-41)
plpcli) + peli+Ta (o s —180)
orsip(p) = tsin a ‘ (? B 180 )

Note that for both formulations, contact pressures were transformed into line loads by a multiplication
of reference equation 4-34 with the wire width b.

Friction stress will linearly increase with curvature. From the moment slip is induced, the friction stress
remains constant at the level reached at Q... The critical curvature is 0.0002 1/m for a 6" production
riser in normal operational conditions in the North-Sea and a curvature load of 0.01 1/m (Q. = 2%
of Qpax)-

Step 4: Local Bending stress

Local wire curvatures wy and w3 were multiplied with elastic modulus £ to find elastic stress relations
accumulating with larger distances along the respectively Hs axis and H, axis. Transverse bending
op2 on the outer fiber is defined by equation 4-42.

gp2(¢) = w3-EH; (4-42)
op(p) = —(1+sina)cosasiny - Q- EHs

Lateral bending stress o0p3 on the outer fiber calculated with equation 4-43.

Ubg(L/l) = wy EH3 (4—43)
o3(Y) = —cos'acosy- Q- EH;
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Note that the formulation for lateral bending derived from equation 4-30, and the generic theory states
that this formulation corresponds to wires in stick condition. As the maximum curvature is much larger
than critical, a full slip condition is present. However, validation response values matched with Helica
conform the stick formulation hence the decision was made to carry on likewise.

Total stress values for hotspot location H2 = %b and H3 = %t are derived by superposing the
contributions of transverse and lateral bending shown by equation 4-44. All wires are evaluated for
the same hotspot location; t.e. "top-right” for reference case of horizontally positioned wires at ¢y = 0°
and ¢ = 180°.

op(¢) = on2() + op3(y)) (4-44)

Step 5: Total bending stress

The total bending stress g, (alternating) is derived by a summation of friction and bending stresses.
Diligent superposition of or(¢)) and op(¢) for all positions around the circumference results in an
overview of the stress distribution around the circumference, see equation 4-45.

a(¢) = or(¢) + op(y) (4-49)

Friction stress accumulates linearly and local bending non-linearly indicating a non-linear total stress
distribution. However, the influence of friction stress governs the shape of this curve for small curvature
values hence the total stress response is linearly shaped accordingly.

4-4  Model C: Cyclic Analysis

In Model C cyclic curvature is introduced. Extreme response values are measured at cycle top and
crest to define the maximum stress range experienced in the numerous wires around the circumference.
A crucial uncertainty regards the direction and magnitude of wire slip and the relation with curvature.
Wire slip results in a major change of riser stiffness and non-linear stress accumulation in the wires
around the circumference.

4-4-1 Fundamental Theory

The bending theory as described in section 4-3-1 is continuously repeated for each curvature level
Q(f) at tiy1 = ¢ + At for i =0 — 2.

The assumed conditions used in this generic theory are as follows

1. A cyclic curvature Q(t) is applied to a local section with length L; the riser is repetitively bent
into a torus with up and downward orientation.

2. Quasi-static frequency domain: no dynamic acceleration and incorporation of mass.

3. Wire-slip only in longitudinal direction Hy: no change of wire laying angle in the bent state
according to loxodromic assumption.
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Curvature
&R

AQ = Qmox_ Qmin

Qmox
Qq
Qn,
Qmin
Time
- @ Cycle = 2 reversals
Figure 4-10: Cyclic curvature: characteristics
Cyclic Curvature
The cyclic curvature formulation is shown in equation 4-46 and figure 4-10.
Q(t) = Qgsint (4-46)
Main cyclic curvature relations are described in 4-47.
AQ = Quax — Qnin (4-47)
1
Q = EAQ
Qmax + Qmin

Qn, = >

For rigid riser bending, the response graph looks identical and stresses can be derived directly after
determination of a factor ¢;i4i¢ as shown in 4-48.

o(t) = Crigid - Qqsint (4-48)
Ao = crgiad - AQ (4-49)
Stress minimum and maximum values will lead towards stress ranges accordingly to the relations

described by 4-47, however no direct translation via a constant crexipte s possible due the stick-slip
behaviour.

Periodicity of the riser curvature is assumed to be very low frequent and can be approximated by the
helix pitch length, equation 4-50, and corresponding frequency by equation 4-51.

2ma
J 4-
P tan a ( 50)
1
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Wire position and slip

Position along the helix and corresponding circumferential location are related by the laying angle
and layer radius, see equation 4-52.

¢ = - Hi (4-52)

Assuming no axial friction is present, i.e. full slip condition, the longitudinal relative displacement
follows equation 4-53.

2
cos a
027

Hy = sings - Q) (4-53)

sina

This indicates that local bending also depends on the character of preceding load-cycles as wire slip
changes the initial positions of the wire.

4-4-2 Response behaviour

The response behaviour resulting from one curvature cycle Q(t = 0 — 27, ¢,) for wires wy to w,
excited with a constant amplitude Qg is signified by:

1. Axial wire slip AH4(t, Y,) after overcoming the available friction hence critical curvature Q.
2. Maximum stress 0pqx corresponding to Qmax(%, Uy ).

3. Minimum stress g, corresponding to Qmm(%ﬁ, Uw).
4.

Stress range Ao (i),,) defined as the distance between the maximum wire stress and the minimum
wire stress.

The curvature period of a flexible riser in North-Sea conditions can be approximated by one helix pitch
length. For a 6" production riser this results in a frequency of 0.00078 which is in the quasi-static
frequency domain and excludes the influence of dynamic mass-dependent accelerations.

Curvature reversals within quasi-static frequency domain result in slow and continuous wire slip and
after one period all wires have returned to their initial positions.

4-4-3  Algorithm full slip

1. Modelling one curvature load-cycle with constant curvature amplitude in the quasi-static fre-
quency domain.

2. Linear relationship between curvature increment dQ) and slip distance AH.

3. Wires are immediately in full-slip condition in the first time-step after curvature sign change
thus dQ = 0.

The initial circumferential points are . After application of a first curvature load, the wire will slip
axially to a new position along the wire longitudinal axis Hj. Slip distance AH is also dependent on
the current location.

Overview of procedure
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. Determination of initial wire locations (9 and Heo.

Definition of Qpqx and Qi values and derivation of Q4 for one sinusoidal wave Q(t).

Linear curvature-wire slip relation determines wire displacements thus and changed circumfer-
ential helix positions ¢y and H for each time-step At.

Friction stress is calculation; sign dependent on (preceding) slip-direction and magnitude on
circumferential location. No influence of curvature after Q.

Local bending stress calculation; dependent on circumferential (updated) position and magnitude
of Q).

. Total stress maxima an minima measured at top and crest dQ) = 0, prior to sign change of axial

shear force.

4-4-4  Algorithm stick-slip

1.

2.

3.

4.

Stick-condition pertains until axial shear force is higher than available friction force. At initiation
of first curvature increment and at maxima and minima of curvature reversals, wire slip is zero.

The stick region is delineated by the critical curvature; stick condition emerges as dQ) < Q,
and pertains after sign change of dQ until the sum of curvature increments is larger than the
critical curvature.

Ten cycles ¢, are modelled;

e Constant or Irregular Q.
e Instead of 2 reversals for a full cycle, reversals range between 1.75-2.25.

First cycle is identical to tenth cycle regarding amplitude and reversals.

Overview of procedure

1. Determination of initial wire locations o and Heo.
2. Calculation of critical curvature Q.

3.
4

. Define the relation between Qpqx and Qpip to determine the wave character (reqular/irreqular)

Definition of ten random Q,,, values.

and calculate Q, for ten sinusoidal waves Q(t).

One cycle # 2 reversals. Define range and assign random number of reversals to each load
cycle c

Set Qq = Q0.

7. Monitor wave-train ¢1 to ¢10 and find g4 and gy, for each cycle c. For each |0max|, determine

responses Adc1, Adc1g, Yer and He.

Compare responses of first cycle to tenth cycle.
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Chapter 5

ABC Fatigue: Validation & Verification

A clear distinction exists between the "Physical response” and the '"Model response’. The former
being the real response seen under operational conditions and/or experiments, the latter obtained
from mathematical relations. Minimal differences are desired as model predictions hence fatigue
life estimates are consequently reliable and operational safety judgements —based on a fatigue life
re-assessment including updated conditions— can be made without hesitation.

Response parameters of Model A were cross-validated with Flexpipe, an industry accepted model used
and owned by Technip (Technip). Model B was cross-validated with Helica, a newly developed (Skete
et al, 2012) and also industry accepted model by DNV.

The verification criterion relates to its suitability for pre-analysis; incorporating in-field environmental
and operational conditions to study their impact on stress range hence their potential to raise the
fatigue life of the flexible riser.

5-1 Case-study selection: Experiments or Cross-Validation

5-1-1 Prime experimental source: Deepwater Flexible riser JIP

The Deepwater Flexible riser JIP was initiated in 1994 to encourage the development of new riser
designs and to optimize the current theoretical models. The participating companies were five European
operators, Shell among others. Five full-scale dynamic 'service life’ tests of five different pipe designs
were carried out from 1996 to 2000. Based on the results obtained from these tests, numerous design
and manufacturing changes have been recommended and implemented by suppliers.

As a participating company, Shell is authorized to use experimental and analysis data as presented
in the reports. Experimental data was processed by analytical contractor Seaflex and for the 10" riser
tested by Shell in 1995 all experimental data and a very extensive analysis is available. However, this
riser showed atypical tensile armours, four instead of two armour layers, hence not suitable. Other
test combinations also showed to be unsuitable caused by numerous reasons:

e The lack of corresponding load-response data (10" Wellstream).

e Very large diameter, almost never used, and four tensile armour layers (16" Technip).
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e Perfect geometry, no strain measurements but curvature calibrations carried out (12" NOV).

e Carbon fiber tensile armours, not withinn the scope of present work (9" Technip).

Table 5-1 displays the main particulars of the Deepwater flexible riser JIP.

Table 5-1: Deepwater flexible riser JIP: overview of case-study experiments

Inner bore diameter 10" 10’ 16’ 12" 9
Manufacturer Technip  Wellstream  Technip NOV Technip
Dynamic testing Shell Shell Shell SINTEF SINTEF
Analytical Seaflex Seaflex  Seaflex Seaflex Seaflex
Start date 1995 1995 1997 1999 2000
Finish date 1995 1996 1998 2000 2000
Test rig FSCTF FSCTF  FSCTF Marintek Marintek
Location Rijswijk Rijswijk  Rijswijk Trondheim  Trondheim
Suitable no no no no no
Reason armour data armour measurements carbon fiber
diameter

Consequently, no experimental data was used for validation purposes.

5-1-2 Other validation sources

Numerous research programs have studied the local behaviour of flexible risers. Publications either
include elaborate and numerical descriptions of geometry, load and response parameters or present
only concise riser details and graphical responses. The following publications all focused on an ana-
lytical local analysis model complete with full-scale experiments to validate their model; i.e. suitable
for validation of ABC Fatigue.

Hans Out —Service Life Prediction of Flexible Pipe Parts 2 and 4 (1986-1990)
Svein Saevik —On Stresses and Fatigue in Flexible Pipes (1992)

Tatiana Vargas-Londono and Jose Renato M. De Sousa and Carlos Magluta and Ney Roitman

—A theoretical and experimental analysis of the bending behaviour of unbonded flexible pipes
(2014)

Carl Martin Larsen and Svein Saevik and Jacob Qvist —Handbook on Design and Operation of
Flexible Pipes; B1 Design Analysis (2014)

Jean-Marc Leroy and Timothee Perdrizet and Vincent Le Corre and Pascal Estrier —Stress
assessment in armour layers of flexible risers (2010)

Ceir Skeie and Nils Sodahl and Oddrun Steinkje —Efficient Fatigue Analysis of Helix Elements
in Umbilicals and Flexible Risers: Theory and Applications (2012)

The research published by Skeie/DNV (Skeie et al., 2012) describes the process of building and vali-

dating their in-house analytical model Helica. This output is used to validate the friction and bending
stress contributions of the inner tensile armour only.
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The research published by Leroy/Technip (Leroy et al, 2010), describes three different model tests
based on different methodologies. Firstly their in-house analytical model Lifeb is used hereafter
compared to FEM approaches using Abaqus software. All three models are compared to full-scale
experimental data. The relation and difference between stress distributions of the inner and outer
tensile armour is studied with all three models.

5-2  Model A

The algorithm of model A follows from the theory as described in section 4-2 and is shown in appendix
A

5-2-1 Validation

Manufacturers always include a design report complete with axisymmetric analysis for the govern-
ing load-cases, hence available for flexible risers owned and operated by Shell. Consequently, the
parameters of Model A are cross-validated with an industry accepted model.

The required load, geometry and response parameters are presented in appendix A. All geometry
and response parameters are layer specific, this is denoted by the subscript indicator 'i" for each
individual layer. A typical flexible riser consists of four metallic layers; two pressure armours and two
reverse-oriented tensile armours and a carcass.

Wire Stress

In this research, axisymmetric validation is carried out according to five relevant load-cases defined
by the manufacturer. It should be noted that validation according to other software model output
can not justify the hundred percent accuracy of ABC Fatigue as these reference figures are possibly
over-conservative. However, for the purpose of studying fatigue analysis methodology and influencing
parameters, this validation is assumed to be sufficient.

Five load-cases are addressed as presented in table 5-2. In this overview the static inner-layer stress
response is compared to the values as stated in the design report of a 6 inch production riser currently
used in North Sea conditions. All but load-case 3 are within the 1% deviation, thus a satisfying
validation. A 8.89% deviation of the no-pressure load-case indicates that the tension-stress response
is not accurate.

Table 5-2: Validation inner tensile armour according to design load-cases

Pin Tex Design  ABC  Error
MPa]  [kN]  [MPa] [MPa] [%]

LCT  Design pressure 46.2 0 314 316 0.64
LC2  Maximum tension 46.2 2206 359 357 -056
LC3 No pressure 0 2206 45 41 -8.389
LC4  Offshore leak test 508 1311 372 372 0.00
LC5  Factory Acceptance Test 721 0 490 494 082
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Comparison of all four metallic layers of the 6 inch production riser are presented in table 5-3. The
response values of the first three layers all correspond to the design calculation by the manufacturer.
Contrasting results are present in the outer tensile layer, showing large errors around 25%.

Clearly the manufacturer uses a different relation to define load-sharing among the two tensile armours.
A stress distribution linearly dependent on layer radius and number of wires—wire elastic modulus,
area and laying angle are equal for both tensile armours— is applied by ABC Fatigue. Hence the
load bearing capacity of the outer armour is almost similar to the inner armour. Flexipipe presumably
includes torque unbalance and

For the purpose of this research, the investigation of the inner tensile armour is sufficient. Firstly
because the mechanical stick-slip behaviour in bent condition is not dependent on the static wire
stress. Secondly because the contact pressure is higher for the inner tensile layer and this has
a significant influence on the stress accumulation in bending. Higher contact pressures defer the
moment of wire slip and this results in (much) higher axial stresses.

Table 5-3: Validation of axial stress levels four metallic layers: Design(left) ABC(right)

Pressure Armor 1 Pressure Armor 2 Inner tensile Outer tensile
MPa] [%] MPa] (%] MPa] [%] MPa| [%]

LCT 347 345 |-058 | 329 330 | 030 | 314 316 | 064 | 229 311 | 26.37
LC2 338 337 | -030 | 321 323 | 062|359 357 |-056| 271 353 | 2323
(s -9 -9, 00| -8 -8| 000| 4 42]-889| 42 40| -5.00
LC4 376 375 |-027 | 357 358 | 028 | 372 372 | 000 | 277 368 | 2473
LC5 542 540 | -037 | 514 516 | 039 | 490 494 | 082 | 357 487 | 26.69

Contact Pressure

The second output parameter from this analysis is the pressure existing between adjacent layers. This
parameter has a major influence on the response behaviour of the curved cross-section hence on model
B. The validation results are presented in table 5-4.

Table 5-4: Validation of contact pressures between four metallic layers: Design(left) ABC(right

Layer 1 in Layer 1-2 Layer 2-3 Layer 3-4
[MPal] %] [MPa] [%] [MPa] (%] [MPa] K

LCT 4549 4513 | -080 | 1470 1499 | 193 | 515 6.09 | 1544 | 210 297 | 29.29
LC2 4546 4504 | -093 | 1533 1559 | 167 | 602 6.89 | 1263 | 248 336 | 26.19
LC3 000 000| 000 | 064 062 |-323|083 081 |-247|038 040 | 500
LC4 5000 4958 | -0.85 | 1654 1684 | 178 | 620 717 | 1353 | 254 349 | 27.22
LC5 7099 7050 | -0.70 | 2295 2341 | 196 | 811 950 | 1463 | 3.28 4.62 | 29.00

The model is very reliable for determination of the contact pressure between the two pressure armour
layers. However, a significant error emerges as the expansion moves outward towards the outer tensile
layer. The expansion rates of the design tool and ABC Fatigue are similar, two of the previously
described load-cases are shown in figures 5-1a and 5-1b, however ABC Fatigue is more conservative.

Higher contact pressures are the result of a lower pressure differential through each layer, this is
potentially caused by the simplification of neglecting the plastic layers. This has no major impact on
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Figure 5-1: Contact pressure between first and second pressure armour (layer 1), on to the first
tensile armour(layer 2) and on to the second tensile armour (layer 3)
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the expanding behaviour of the pressure armours, helically wound with an angle of almost 90 degrees,
as the wires are perfectly oriented to counteract the hoop-stress causing the radial expansion hence
contact pressure. Tensile armours, generally with a laying angle of 25-30 degrees, are much more
sensitive to radial expansion and this influences the relative load bearing influence of the plastic
layers.

High contact pressures will induce higher stress values in the bending analysis. This influence is
taken into consideration in the validation-process of Model B as well as the study of conservatism in
chapter 3.

5-2-2  Capacity & Limits
The following validation statements can be made with regard to axisymmetric analysis:

e The model can accurately calculate the axial wire stresses from constant pressure and tension
existing in the first three metallic layers, t.e. for both pressure and tensile oriented armour,
within relevant operational domains.

e The response of the outer tensile armour is not validated. Load sharing relations defined for the
two tensile armours are tenuous, also in literature.

e Contact pressure between the first and second pressure armour is aligned with the design
calculations.

e Contact pressures between second pressure armour, inner tensile armour and outer tensile are
over-conservative. However the slope of the curves are aligned, indicating a correct method.
High values calculated by ABC Fatigue are presumably related to the the omission of plastic
layers.

5-3 Model B

For the validation of the bending model, a new set of parameters is required in addition to the model A
input. Meaning that a suitable validation case-study should describe all parameters of the two models
described in A. As with the axisymmetric validation, a case-study showing both experimental and
validated-model data would be preferred. A-typical cross-sections, tenuous experiment descriptions
and data confidentiality resulted in a laborious process to obtain satisfying data-sets.

Two complementary validation-cycles are carried out for the following purposes:

e Helica, DNV: Validation of friction and bending stress of the inner tensile armour (governing
the riser fatigue life).

e Lifeb, Technip: Validation of friction stress distribution around circumference of inner and outer
tensile armour.

The ABC Fatigue algorithms, imitating the flexible pipes as presented in these two publications, are
shown in appendix B.
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5-3-1 Validation B1: Helica

The model is validated with a two-step approach. Assumptions are made to match the geometry since
some parameters are missing in the research article. However, available geometry of another 6 inch
riser and matching mean stresses of the inner tensile armour justify these assumptions. In the second
step, matching of response parameters is presented.

The recentness of this research, published in 2012, and clear presentation of the underlying algorithm
and load-response graphs produced by Helica are main reasons to validate ABC Fatigue accordingly.

Step 1: Match geometry

Table 5-5 gives an overview of required loads, geometry and responses. Main issues influencing

Table 5-5: Overview of input/output variables; "X" indicates missing from dataset

Model A Model B
Loads Tex 1000 kN Q 03 1/m
Din 0 MPa
Dout 0 MPa
Geometry E; 210E3 MPa Y 180/225  deg
o  35/37 deg 1/2b 5 mm
a; X mm 1/2t 25 mm
ni  38/42 - U 0.2 -
A 50  mm?
Responses 0, graph MPa or graph  MPa
pc.i X MPa Op graph  MPa

Og graph  MPa

imitation of this case-study are summarized as follows:

e Helica analyses an umbilical and not a riser. This influences the character of the inner-bore
pressure as smaller diameter tubes are present instead of a main core carrying hydrocarbons.
In addition, pressure armour particulars are not included.

e The radii of the tensile armours are not mentioned. Instead the central core value is given:
76.2mm or 6 inches.

e Response graphs can correspond to the inner or outer tensile armour, this is not stated.

e The contact pressure between adjacent tensile armour layers is unknown.
The following approach resulted in a satisfactory match between Helica and ABC Fatigue:

e The radius of the first pressure armour layer is scaled down to match the inner bore diameter
(scale factor 0.72) with a single wire of nearly zero, the second armour is removed by setting
the number of wires to zero.

e A fill fraction of 0.9 (commonly used, see ref handbook) is used in equation 5-1 to calculate the
radii of the inner and outer tensile armours.
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48 ABC Fatigue: Validation & Verification

e The mean wires stresses are traced from the Helica response graph, this value is matched with
the axisymmetric wire stress output from Model A. Near match with inner tensile armour is
confirmed.

e Axisymmetric validation of ABC Fatigue in section 5-2-1 showed accurate results for the contact
pressures of load-case 3: tensioned riser with zero inner-bore pressure. Therefore contact
pressures from model A are assumed to be acceptable in for this load-case. This assumption is
evaluated in section 5-3-3.

nb
27t cos ¢

Step 2: Validate friction/bending stresses

Friction and Local bending stresses are evaluated conform the following criteria:

1. Sign convention check at two circumferential locations: the outrados (y=180 degrees and north-
east (y=225 degrees.

2. Circumferential stress distribution for all four corner-hotspot locations.

3. Exact values of friction and bending stress at two circumferential locations and the character of
mismatch.

The stick-slip transition phase is not modelled by both ABC Fatigue and Helica [ref to paper]: Le. after
reaching the critical curvature, friction stress is constant for all locations around the circumference.
Incorporating the stick-slip behaviour, thus a phase of slipping wires at the neutral axis and sticking
wires at the outer fibers, will result in a non-linear friction-stress distribution around the circumference.
The influence of this simplification is assumed to be very small, this is confirmed in a small experiment
described in chapter 6.

Firstly, ABC Fatigue models positive friction stress for positive curvature values on both circumferential
locations, similar to Helica. Figure B-2 displays the total stress accumulation of both models at two
circumferential locations. The graphs confirm correct sign conventions for both s = 180° and ) = 225°.

Secondly, the default corner hotspot location is top right. At this location, the total stress range, being
the summation of bending stress and friction-stress, matches Helica results. At other corner positions,
maximum stress values are found at other circumferential locations. The top right circumferential stress
distribution is shown in figure B-8. Similar graphs for all four corners are shown in B-2-1. Maximum
stress ranges are equal for all hotspot locations, i.e. corners of the individual wire, however located
at different positions around the circumference.

Conform the third criterion, table 5-6 shows the comparison of response values by Helica and ABC
Fatigue for two circumferential positions. All Helica values are approximations, limited to zero digits
as they are measured from a graph. Hence, small errors are probable.

An underestimation of mean stress corresponds to the validated response values of Model A; ie.
underestimating the axisymmetric stress response for load-cases with axial tension and no inner-bore
pressure. Furthermore, ABC fatigue slightly overestimates the alternating stress response. This is an
acceptable deviation, given the probability of Helica measurement errors.
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Figure 5-2: Total wire stress @ inner tensile armour

Table 5-6: Validation results showing comparison between Helica and ABC Fatigue Results

¢ = 180 deg Y = 225 deg
Helica Model B Helica Model B
[Mpa]  [Mpa]  [%] [Mpa]  [Mpa]  [%]
Mean stress Om 326 315 -337 320 315 -156
Friction stress or 168 170 119 84 85 119
Bending stress Op 66 71 758 281 293 427
Alternating stress g, 234 241 299 365 378 356

Step 3: Model full cycle

A complete load-cycle with an amplitude of 0.3 1/m is imitated. The general shape of a full cycle
is compared. Figure 5-4 shows a clear correspondence. Mean stress and stress range values are
compared in table 5-7.

The general shapes of both curves is correct, shown in figure 5-4.
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Figure 5-3: Circumferential stress distribution, top right Q = 0.3 1/m

Table 5-7: Validation results showing results and comparison of Helica and ABC Fatigue model B

results
Y =180 deg Y = 225 deg

Helica Model B Helica Model B

Mpa] — [Mpa] % [Mpa]  [Mpa]  [%]
Mean stress Om 326 315 | =337 | 320 315 | -1.56
Friction stress of 181 170 | -6.08 84 82 | -2.38
Bending stress Op 67 71| 597 281 298 | 6.05
Alternating stress 0, 248 241 ‘ -2.82 ‘ 365 380 ‘ 411
Friction stress range Aoy 362 340 | -6.08 168 164 | -2.38
Bending stress range  Aagy 134 142 | 597 562 596 | 6.05
Total stress range Ao 496 482 | -2.82 730 760 | 411

5-3-2  Validation B2: Life6

This publication shows elaborate graphical and numerical response data. Many geometrical variables
are unknown. However, the inner-bore diameter is similar to the design case used for validations A
and B1. Also the manufacturer is equal to validation B1, justifying the assumption of relatively minor
changes to the riser design.

Similarly to validation B1, a two-step method is used to first optimize the algorithm of ABC Fatigue
for a reliable case-study imitation and secondly to compare response values.
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Figure 5-4: Total stress hysteresis curve for one cyclic curvature reversal
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Extensiveness of response data and a study of both the inner and outer tensile armour layer raised the
potential this publication. Also, presented response values correspond to the tenth load cycle instead
of the first. This introduces the significance and influence of hysteresis, investigated by Model C.

Step 1: Match geometry

Table 5-8 indicates a major shortage of information. The following assumptions are made:

e laying angles are similar to the 6" riser used for validation A: assumption based on similarity
of riser inner-bore and manufacturer.

e Layer radii of pressure armour layers are equal, tensile armour layers are smaller due to smaller
wire thickness.

e Number of wires dependent on fill fraction of 0.9 and equation 5-1.

e The friction factor is changed to match inner and outer tensile armour friction stresses. With a
very small value of = 0.113 as a result. The width of the wires, b = 20, justifies this value.

e For the representation of friction stress distribution of the outer tensile armour, a corrected mean
stress value is used. Mean stress values for the outer tensile armour are known to be severely
overestimated by ABC Fatigue. Correction will not influence the friction stress calculation.

e Load cycles influence the response values, this is taken into account in the evaluation of validation
results.

The 10th stress cycle is used in Lifeb calculations, this possibly influences the friction stress range
thus impeding the significance of this validation.

Table 5-8: Overview of input/output variables; "X" indicates missing from dataset

Model A Model B
Loads Tox 0 kN Q 02/03 1/m
Pin 50 MPa
Pout 0 MPa
Geometry E;  210E3 MPa ¢ variable  deg
a; X deg b 20 mm
a; X mm t 3 mm
n; X - U X -
A 50  mm?
Responses o, variable MPa or variable MPa
pC.i X MPa op variable MPa

o, variable MPa

Step 2: Validate friction stresses
The following criteria are evaluated:
1. Mean stress check to ascertain correct geometrical assumptions.
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2. Slope of the friction stress distribution; linear or non-linear.
3. Sign convention of the friction stress distribution around the circumference.
4. Exact values of friction stress for inner and outer tensile armour.
The mean stress value of the inner (validated) armour matches the value generated by Lifeb. This

confirms correct geometry thus boundary conditions for the bending analysis. The mean value of the
outer tensile armour is corrected to show clear correspondence of the friction stresses.

Slope directionality, thus sign conventions are correct for both the inner and outer tensile armour. The
inner tensile armour shows large deviations of minimum and maximum friction stresses. This is clearly
shown in figure 5-5. Results are summarized in table 5-9.

The stress range differences and mean values are clearly shown in figure 5-6. The outer tensile armour
is subjected to lower mean values and stress ranges indicating that the inner tensile armour governs
fatigue analysis calculations for friction dominated load conditions.

Table 5-9: Validation of friction stress around circumference

[nner Armour Outer Armour Outer Armour
Lifeb  ABC Leroy ABC Life6  ABC*
[Mpa]  [Mpa]  [%] [Mpa] [Mpal %] [Mpa] [Mpa] [%]

Mean stress  dy 585 587 | 034 | 475 583 | 2274 | 475 475 | 0.00

Stress range Ao 310 318 | 258 110 104 | -545 110 104 | -5.45
Friction stress g, 155 159 | 258 55 52 | -545 55 52 | -545

Min stress Omin 430 428 | -0.47 420 531 | 2643 420 423 1 071
Max stress Omax 740 746 | 0.81 530 635 | 19.81 530 527 | -057

To conclude, the large amount of assumptions required to fit this analysis rules out a full validation
since the magnitudes of radit and friction coefficient are dominating the friction stress levels. However,
equal friction coefficients are used for the inner and outer tensile armour and the difference between
the inner and outer radius is known.

ABC fatigue correctly models the linear slope, the correct sign and the relative difference between the
inner and outer tensile armour.

5-3-3  Capacity & Limits

In general, the sign of friction stress is correct for all circumferential locations and both inner and outer
tensile armour. However, assumptions were made to match the riser geometry and case-study data
was presented in graphical forms. Hence, data-quality of the case-study compromise the reliability of
both validations. Based on data quality, the validation cycle of Model B-Helica is more trustworthy
than the second scheme used for Model B-Lifeb. Consequently, the latter does not influence model
validation statements.

The following statements can be made

e Response data presented by (Skeie et al,, 2012) studied the inner tensile armour thus no possible
comparison for outer tensile armour.

e The values of friction stress and total stress are within a 1-4% deviation range.
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Figure 5-5: Friction stress around circumference
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Figure 5-6: Friction stress around circumference with mean value correction for the outer tensile
armour

5-4  Verification

Based the six general requirements for a local model (Grealish et al, 2006), the current capability of
ABC Fatigue and advice in the context of model development is presented in table 5-10.

Tension domain enhancement

ABC Fatigue —a superposition of Model A and Model B— is currently not suitable for elaborate
in-house local analysis. Three out of six criteria are not satisfied. In theory, follow-up on the third
action presented in table 5-10 is sufficient to finalize a local model which is ready for data comparison,
e.g. with specialist consultants and riser manufacturers. This relatively simple enhancement would
enable in-house pre-analyses within the limit of the inner tensile armour. In addition, information
exchange is advised to design the post-processing application.

Also ABC Fatigue can be extended to allow for in-house FEED studies next to in-fleld condition
changes. A relatively cheap hence independent model is convenient as flexible riser analyses are not
frequently carried out by Shell engineers. The model should be readily available in case of a sudden
operational hazard.
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Table 5-10: Six general local model requirements, ABC Fatigue capacity and action advice.

No. Criterion ABC Fatigue Action

] Validated against full-scale No Collaborate with insitution and/or
measurements. specialist to obtain new data

5 Capable of modelling tension No Simple enhancement can
and curvature ranges. include tension ranges

Preferably account for hysteresis effects,
3 if not already addressed in the global or No
intermediate analysis.

Validation of
Model C procedure

Take into account the effects of
4 Yes
external pressure.

Stresses to be calculated at the four corners
5 of the rectanqular shaped wires normally Yes
used for tensile armour.

Preferably output stresses at eight points
6 around the circumference, so that Yes
directionality effects can be considered.

Full-scale validation experiments

Experimental data is required to validate ABC Fatigue up to industry standards. Currently, all three
manufacturers of flexible pipe own a private test rig hence data is potentially generated and exchanged.
However there should be a clear incentive, such as JIP involvement, to retrieve test data. Manufacturers
are hesitant to disclose data other than presented in the JIP wrap-up report and have full rights over
all data even managed by independent test facilities such as Marintek in Norway (Laksafoss and ,
NOV).

A full-scale validation strives for alignment between experiment and model load-response variables.
Present work clearly presents an overview of all model variables, see A, hence relatively little effort
is required to design an experiment and to validate ABC Fatigue accordingly.

Hysteresis Effects: Model C

Model C extension is recommended to fully benefit from ABC fatigue when dealing with sudden
hazardous operational conditions. A full time-trace of tension and curvature and subsequent rainflow-
counting generates more realistic stress-ranges by including wire position changes and corresponding
friction and bending stresses. Full-scale measurements of curvature loads versus wire-slip responses
of the (inner) tensile armour required.

Outer tensile armour
Although the inner tensile armour is assumed to be fatique critical, it is strongly recommended to

introduce a new relation for the axisymmetric response of the outer tensile armour. Cross-model
validation would be sufficient however full-scale validation experiments are advised.
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Chapter 6

Benchmark Case-Study

This chapter elaborates on the model experiment signifying the impact of changing design loads. This
is evident as in-field measurements —i.e. monitoring of operational and metocean conditions and
inspections of sudden and accumulated riser damage— prove deviations from initial predicted values
used for flexible riser design and corresponding fatigue life calculation.

Present work advises imitation of this experiment (or then called pre-analysis) by Shell engineers to
study the fatigue life margins of their flexible riser portfolio and to determine positive and negative
fatigue life contributions from various input parameters. Also the relative impact of each input parameter
is important to determine highly influential parameters which can potentially alter the fatigue life.
Elaborate analysis by specialist consultants should subsequently investigate these predictions by
generating accurate values —i.e. within the limits of current state-of-art model technology— resulting
in a strategy to alter the fatigue life in case of critical fatigue life.

The influence of environmental loads is studied by deviation of the curvature and tension ranges.
Operational load is signified by the inner-bore pressure. Parameter domains are derived from a 6
inch production riser operated by Shell in the North-Sea. Wire-stress accumulation, or stress-range,
is relevant as this parameter is proportional to fatigue life.

6-1 Research Questions and Methodology

Research Objective: Signify the impact of changing design loads.

Four research questions were formulated to study the influence of environmental and operational
conditions:

Question 1: What is the relative influence of pressure, tension and wire dimension on the magnitude
of friction stress?

Question 2: What is the influence of the bi-linear response behaviour, i.e. wire-slip?
Question 3: Which circumferential location governs the stress calculation?

Question 4: Is the maximum stress range always acting at the same circumferential location?
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Six experiments were carried out:

. Pressure range - Stress range
. Tension range - Stress range

. Wire width range - Stress range

1
2
3
4. Curvature range - Stress range (Benchmark pressure/tension)
5. Curvature range - Stress range (High pressure)

6

. Curvature range - Stress range (High tension)

An overview of of the six experiments and corresponding parameter deviations (compared to the bench-
mark level BM) is shown in table 6-1.

Table 6-1: Overview of six experiments and the deviations from benchmark values in each experiment

Model A Model B

Experiment p T b t n Q
No. Var BM  Aysr  [MPa] [kN]  [mm] [mm] -] [1/m]
1 p 25 51 5-50
2 T 100 20 20-200
3 b 1182 1.778 8-24 75-25 76-25
4 Q 0.01  0.004 0-0.04
5 Qp 0.01  0.004 60 0.0001-0.04
6 Qr 0.01  0.004 200 0.0001-0.04

To scale the cross-section with the wire-dimensions, a fraction filled ratio is usually around 0.9 for
the tensile armour defined by equation 6-1.

nb
F = 6-1
! cos aZma (6-1)
(Larsen et al, 2014)
For this experiment, Models A and B are identical to the validation algorithm "Model B Helica'
described in appendix A.

6-2 Background: Realistic conditions

Parameters either fluctuate constantly with each environmental load cycle (curvature and tension) or
more gradually over the entire lifetime (pressure and friction) or are assumed to be constant like the
structural dimensions. Either way, it is evident that parameters are studied within a realistic domain
to find realistic evidence in the context of over-conservatism. Two questions are answered with a
background study to determine what parameters should be studied and for which values.

1. What parameters are likely to change throughout the riser lifetime?

2. What parameter domains should be studied for a flexible riser in North-Sea conditions?
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Variable and constant parameters

To simulate with realistic ranges for load and geometry parameters it is important to acknowledge
the following indicators of environmental and operational conditions corresponding to the North-Sea
region.

e Wave loads: Dynamic top-tension and curvature

Water depth/riser length: Static top-tension and curvature distribution

Field lay-out: individual riser capacity (diameter), purposes (pressure) and risks (damage).

Production plan: maximum production rate and utilization plan (pressure change)

Load ranges are based on the following categorisation of input values:

Constants: Wire width, thickness, area - number of wires, radius
Averaged: Inner bore pressure, Outer (hydrostatic) pressure, Tension (self-weight)
Ranged: Tension, Curvature

Computational constants: Friction coefficient, Critical curvature (based on experimental evidence)

Parameter domains

An elaborate fatigue analysis was done in 2014 to assess the riser fatigue integrity for flooded annulus
conditions (Kenny). The 6" production riser was supplied by Technip and installed to the Anasuria
FPSO in 2000, with a design life of 8 years. Geometry and loads are based on this riser and analysis.

The selection of realistic parameter domains is based on the following:

Variable 1: Pressure 5-50 MPa
Within realistic operational limits presented in design report.

Variable 2: Tension 20-200 kN
Based on operational values presented in recent riser analysis by MCS Kenny and design
report.

Variable 3: Wire width 8-24 mm
Atypical values noticed, high variety and seemingly unrelated to load-conditions and riser di-
ameter; values based on other case-studies and wire area remains constant.

Variable 4: Curvature -0.04-0.04 1/m
Based on range shown in recent riser analysis by MCS Kenny.

Table 6-2 summarizes the benchmark riser characteristics. Variations of inner bore pressure and
external tension (averaged parameters), the wire dimensions (design constant) and curvature (ranged)
will be cross-varied in 6 model-runs.
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Table 6-2: Benchmark case-study characteristics; geometry and design load-cases (also used for
validation of Model A)

Design PR 6 i=1 i=2 =3 i=4

Geometry E; 200 200 200 200 GPa
a; -86.6 87.6 30 -30 deg
a; 108.1 113 1182 1246 mm
n; 2 2 50 53 -
A 2187 453 60 60 mm?

LC1 LC2 LC3 LC4 LCH

Loads Tox 0 2206 2206 1311 0 kN
Pin 46.2 46.2 0 508 721 MPa
Pout 0 0 0 0 0 MPa

6-3 Hypothesis

6-3-1 Relative influence

Pressure and tension both increase the interlayer contact pressure hence delays the stress-releasing
slip mechanism. A proportional relationship between pressure and stress range is expected.

A clear proportional relationship is expected between curvature and stress range. The multiplication
factor ¢ (AQ = ¢ - Ao) expected to dependent on pressure and tension levels.

6-3-2  Wire-slip
Initiation

The critical curvature (a computational constant dependent on interlayer contact pressure and friction
coefficient) predicts the initiation of wire slip. This constant is a measure for the accumulation of
friction stress. Pressure and tension both stimulate the interlayer contact pressure hence alter friction
stress.

Various width/thickness ratios are studied to find unexpected relations between riser types and slip
initiation which governs the wire-stress.

Impact

The impact of slip distance on the stress level can be studied when following the wire while re-
calculating the bending-stresses at these new locations. This mechanism is not studied with Models A
and B as the wire positions are not continuously updated while the curvature is increased. Furthermore,
the relationship between riser curvature and slip distance is assumed to be linear. Consequently,
studying position changes due to wire-slip is only relevant in assessments incorporating stick-slip
behaviour and (irregular) cyclic loading.
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6-3-3 Maximum stress location

As described in section 4-1, alternating stress contributions are superposed from axial shear stress
(uniform) and local bending stress (linearly increasing towards outer fibers of the wire).

Figure 6-1 shows the expected stress increments for three different locations around the circumference:
on the riser outrados (4 = 180, north-east position ¢y = 225 and on the east neutral axis ¢ = 270.
The relations between curvature and wire-stress are all linear. However, stress increases non-linearly
around the circumference.

The maximum stress is initially perceived at the outrados of the cross section because of the governing
friction stress (blue line). The wires located at the neutral axis (green line) are subjected to the largest
local bending stresses, this as a result of the rectangular shaped wires and variable wire orientation
around the circumference (horizontal on the outrados and vertical at the neutral axis). All (normalized)
local bending stress increments are shown in figure 6-1. After a certain curvature threshold Qp, the
maximum stress is no longer perceived at the outrados.

Wire Stress
Q __990 =]80
b=22% 3’ y=225°
_ y=270°
Ga,max 2
:Gf,mox
Ve 7
27100
0 Q2% Qmax=100% Curvature
Stick Slip

Figure 6-1: Expected curvature slopes monitored at three different positions around the circumference

Pressure and tension values are influencing the critical curvature hence the initial friction stress level.
Wire dimensions determine the slope and thus location of the bending threshold; i.e. the curvature
level Qp where the contribution of local bending dominates the maximum stress alternation.

Table 6-3 shows the slope of lateral and transverse curvature contributions respective to three circum-
ferential locations. Because of its horizontal positioning on the outrados, w3180 = 0 accordingly, the
vertical orientation on the neutral axis results in wygp = 0.

6-4 Results

Parameter impact

Friction, bending and total stress were monitored at four constant locations around the circumference
for all load conditions. Table 6-4 shows all stress range values g, and that wires at the outrados were
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Table 6-3: Expected contributions from local bending

g—g Moment
Location 180° 225° 180° b/t=24 Axis
w) 06 08 0 It Hs
w3 0 04 11 b H
AN/ 03 088 132

experiencing the highest stresses gy may for all maximum load conditions Varpqy. For each load-step
Aygr the wire stress increases with Agyar. These increments are normalized to show the relative

influence of each parameter. Pressure is most influential within this domain with a stress increment
of 12.85 MPa for each load-step of 5 MPa.

Linear curvature-stress relationships are established in experiments 1.4 to 1.6; The benchmark case
shows a that for each curvature increment of 0.004 1/m, the stress increases with 1.58 MPa. The
stress-increments Aopq are significantly higher at circumferential locations (225 and (270 compared
to ¢nso.

Also, high pressure significantly increases the maximum stress level. Pressure increases with a factor
2.4 (25 to 60 MPa) while the maximum stress increases with 2.21 (71 to 157 MPa). The multiplication
factor ¢ = 0.88.

This compared to the tension which increases with a factor 2 (100 to 200 kN) while the stress increase
is only 1.06 (71 to 75 MPa). The multiplication factor ¢ = 0.53.

Both pressure and tension alter the interlayer contact pressure thus critical curvature and accordingly
the friction stress can accumulate for a longer period before overcoming the available friction. Within
this range, the expanding behaviour induced by inner-bore pressure is clearly more dominant than the
contracting behaviour induced by increased tension.

Table 6-4: Experiment 1: Comparison of alternating stress at three positions around circumference

Y =180° Y = 225° = 270°

Oa,max AUAvar Oa,max AUAvar Oa,max AUA\/ar
No. Var Varmsr Avor [MPa]  [MPa] [ [MPa] [MPa] [4 [MPa] [MPa] [

50 5111793 1285 100 | 67.49 629 100 | 1054 -026 -5
200 20| 6126 140 11| 3887 060 10| 1220 0.02 0
24 1778 | 104.81 760 59 | 7442 531 84| 2944 232 4

004 0.004 | 6477 158 12| 7063 498 79 | 50.69 560 100
0.04 0.004 | 153.87 158 12 | 114.41 500 80 | 4903 563 100
004 0.004 | 7137 158 12| 73.88 499 79| 50.56 561 100

=

oVl Aa|WN o
O00|T —H4©

—

6-4-1 Critical curvature and Wire-slip
Pressure, tension and wire dimensions all positively influence the critical curvature value resulting
in higher friction stresses accordingly. Critical curvatures are calculated and constant for each load-

case as shown in table 6-5. Pressure is dominating the critical curvature as expected and the 90%
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difference with tension can be seen as another justification that tension is not dominating in North-Sea
conditions due to shallow water hence low self weight induced pre-tension and tension domain.

6-4-2 Circumferential location of 0,

As expected, under the influence of curvature highest stresses are no longer perceived by the outer
fiber. For a maximum curvature of 0.04 1/m, the wire at ¢y = 225° shows highest stress responses for
the benchmark load-case (experiment 4). However, in the high-pressure load-case this mechanism is
not induced. Clearly high pressure significantly alters the friction stress and the threshold value Q
as described in section 6-3 is never reached.

Table 6-5 summarizes the maximum stress values at the outrados and the new maximum stress position
Umax- This study is not relevant for the first three experiments as the curvature is constant and clearly
the benchmark value Qgys = 0.011/m is below threshold Qp.

The maximum stress alternation has moved right in experiment 4. High pressure delays or completely
stops this mechanism showed by experiment 5. High tension delays Qp from 0.027 1/m to 0.031 1/m
as showed in experiment 6.

For experiment 4, high pressure, the maximum stress is 9.9% higher than the stress in the outer fiber.
For experiment 6, high tension, this value is 5.4%.

Table 6-5: Experiment 1: Comparison of alternating stress at outrados ¢y = 180° and maximum
stress position around circumference

Y =180° Y = Opmax
Oa,max AUAvcrr Omax ¢/nax Ob ch
No. Var Varpex Aver [MPa]  [MPa]  [% [MPa]  [%] [deq] [1/m] [%]
1 p 50 5111793 1285 100 | 11793 100 180 -1 100
2 T 200 20| 6126 140 11 6126 100 180 - 10
3 b 24 1778 | 104.81 760 59110481 100 180 - 2
4 Q 004 0004 | 6477 158 7110 110 220 0027 | BM
5 0 0.04 0.004 | 153.87 158 15387 100 180 -| BM
6 Qr 004 0004 | 7137 158 7525 105 213 0031 BM

6-4-3 Irregular wave conditions

A second small experiment was executed with Models A and C. Now the stick-slip algorithm was used,
see 4-4-4. Irreqular waves were simulated by variation of cycle length and curvature alternation to
study change of stress ranges and wire slip after a wave train of 10 irreqular waves.

Initial observation: due to low frequency of cyclic curvature, all wires return to initial circumferential
position after a cull cycle. No stress range difference after 10 cycles, suspect wire slip is not properly
defined.

After multiplication of slip with 1000, satisfactory slip-levels were established (20-30cm). Stress
ranges of the tenth identical load cycle vary between 76 and 127 with a reference value of 121 MPa
(first load cycle) for 5 identical runs with arbitrarily chosen wave amplitudes and cycle completions.
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The following queries are currently not part of the pre-analysis objective but would be interesting to
study after validating Model C:

1. Does a precedence of load cycles with an irreqular character influence the relationship between
curvature and maximum stress range?

2. Can computational uncertainties seriously impact the reliability of model results?

6-5 Conclusions

6-5-1 Observations
Influence of changing input parameters (pre-analysis)

Firstly, increasing pressure, tension and wire width all result in larger stress alternations for equal
curvature levels. Pressure has the largest influence followed by wire width and tension.

Secondly, curvature-wire stress relations are linear and positive for all wire locations and three
load conditions (Benchmark, high pressure, high tension) ¢, the slope of this relation increases for
circumferential positions ) towards the neutral axis at ¢y = 270 as expected according to initial friction
stress dominance and accumulating bending stresses for increasing curvature levels.

Thirdly, for this riser a pressure variation has a large impact on the curvature response compared to
tension. The low pressure curvature - high pressure curvature multiplication factor is ¢ = 0.88 and
the low tension curvature - high tension curvature multiplication factor is ¢ = 0.53.

Governance of friction stress

Increasing pressure, tension and wire width all result in a higher critical curvature value; i.e. wire slip
is delayed. Pressure is clearly dominating this mechanism. However, tension also contributes and for
other tension domains (deep water) this influence could become governing.

Circumferential maximum stress position

For a curvature value of 3=0.01 1/m (benchmark), the maximum stress is always located at the outer
fiber of the riser cross-section. The threshold value Qj indicating local bending dominance is not
reached.

The threshold curvature is Q = 0.027 1/m for the benchmark conditon. High pressurizing delays wire
slip and maintains the highest stress range in the wire located at the outer fiber. High tension brings
the threshold value Qp to 0.031 1/m.

Circumferential max moves to gy = 220° and the stress level is 10% higher than in the outer fiber
at ¢y = 180°. This is only 5% for the high-tension load-case. In high pressurized condition there is
no difference.

This mechanism raises the question: What wires eventually govern fatigue life?
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Irregular waves

Model C is not properly cross-validated. However, the impact of hysteresis was modelled indicatively;
a precedence of load-cycles definitely influences the relationship between curvature magnitude and
wire stress-range as expected.

6-5-2 Impact of changing design conditions

Each pre-analysis should incorporate an investigation of the load parameters pressure and tension
cross-evaluated with an array of significant curvature domains. The study of this riser showed a
predominant influence from pressure. Diligent study of pressure logs and the reformulation of one or
multiple pressure load-cases can result in longer fatigue life.

Similarly the influence of friction coefficient is advised. The determination of this parameter is often
tenuous but the impact can be large (proportional to the critical curvature hence initial friction stress.

A full time-trace of tension and curvature and subsequent rainflow-counting generates more realistic
stress-ranges by including wire position changes and corresponding friction and bending stresses.
If wire-slip and hysteresis are properly introduced by validating Model C, this mechanism proba-
bly redistributes the maximum stress among the circumferential wires hence lowering decisive stress
ranges.
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Chapter 7/

Conclusions

The following research objective was formulated to guide this thesis work:

Studying Conservatism in Flexible Riser Fatigue Analysis and Development of an Engineering
Model to Study Influencing Parameters of Local Wire Stress

First a literature review was conducted to study the three main elements of present work: integrity
management, fatigue analysis methodology & conservatism and local modelling.

Secondly, the impact of changed conditions on the fatigue analysis steps are analysed . This resulted
in a guideline to support engineers responsible for taking adequate measures after sudden condition
changes are detected in fatigue-critical flexible riser systems.

Thirdly, a local model was developed able to convert curvature ranges to stress ranges; main goal
was to imitate state-of-art local model-techniques used by specialist companies and other industry
players. The model algorithm and validation methodology are presented.

Finally, a benchmark case-study illustrates the purpose of an in-house pre-analysis and the usefulness
of ABC Fatigue by analysing a typical flexible riser designed for North-Sea environmental conditions.

State-of-Art knowledge

Current knowledge development in the context of fatigue analysis of flexible risers is focused on
monitoring of operational data and incorporation of corrosion fatigue. The former can potentially reduce
conservatisms from the global and local analysis steps. The latter mechanism inevitably diminishes
the fatigue life however incorrect annulus environment predictions induce over-conservatisms.

A big step towards industry consensus and transparency of Fatigue Analysis Methodology was estab-
lished in the Real Life JIP (2000). However, propriety of software models is still the main compromiser
of model development and methodology consensus .

In the context of local modelling, three model theories can be used to simulate axisymmetric load-
response behaviour. Pioneering work published in 1987 still hols as the state-of-art analytical method.
Theory to simulate the rigourous bending behaviour is not converged and clearly published. Various

Master of Science Thesis Frederike Nugteren



68 Conclusions

analytical models are used by manufacturers, research institutes and requlators for design and research
purposes. Their publications commonly refer to similar basic formulations with minor enhancements.
Most studies conclude with a satisfactory model-validation through full-scale experiments and/or ref-
erence models. However fundamental differences regarding slip direction, stick-slip mechanism and
cycle repetition are blurring true model fundaments, capabilities and limits.

To conclude, industry investigations are focused on stimulating data monitoring and management,
small-scale testing and stimulating tranparency of hysteresis formulations applied in the bending
model.

Flexible Riser Integrity Guideline

Currently, Shell's actions after detection of a sudden hazard heavily rely on the advice given by
specialist consultants. Four actions are advised to change the collaboration environment. These actions
are based on implementing actual conditions instead of initial predictions (loads) and elaborations of
the local and global analysis models (formats and responses) where possible by determining the
extensiveness of fatigue analyses through a rating system based on 31 conservatism indicators.

Pre-analyses and model runs can be done in-house, a verified model combined with recent operational
data can quantify the impact of changed input data. Subsequent collaboration with specialist consultant
is advised.

ABC Fatigue: in-house local model

ABC Fatigue —a superposition of Model A and Model B— is currently not suitable for elaborate in-
house local analysis. Three out of six criteria are not satisfied. In theory, a tension domain enhancement
is sufficient to finalize a local model ready for data comparison, e.g. with specialist consultants and
riser manufacturers. This relatively simple enhancement would enable in-house pre-analyses within
the limit of the inner tensile armour.

Model C incorporates wire-slip and the stick-slip behaviour. However, this application is not validated
hence the study of irreqular waves and hysteresis was not possible in present work.

Case-study
The study of a 6 inch case-study riser showed a predominant influence from pressure. Diligent study

of pressure logs and the reformulation of one or multiple pressure load-cases can result in longer
fatigue life.
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Recommendations

Restore balance

Currently, Shell's actions after detection of a sudden hazard heavily rely on the advice given by
specialist consultants. Their advice and expertise are essential however a new action plan is advised
to change the collaboration environment.

In addition, Shell can boost industry knowledge development by good data management, currently a
company focus point. Documenting all operational load, response and condition parameters stimulates
in-house model development and also enables a mutually beneficial collaboration with specialist
consultants. This simultaneously restores the balance of knowledge reliability on external expertise.
The specialist consultant averages the total stress around the circumference. Find out what averaging
assumption are being used.

Pre-analyses

Imitation of the case-study experiment is advised to study the fatigue life margins of Shell's flexible
riser portfolio and to determine positive and negative fatigue life contributions from various input
parameters. Each pre-analysis should incorporate an investigation of the load parameters pressure
and tension cross-evaluated with an array of significant curvature domains. In addition, information
exchange is advised to design the post-processing application.

Similarly, the study of friction coefficient impact is advised. The determination of this parameter is
often tenuous but the impact can be large (proportional to the critical curvature hence initial friction
stress).

Also a pre-analysis for the given curvature ranges can point out the location of maximum wire-stresses
and the position of this maximum. If wire-slip and hysteresis are properly introduced by verifying
Model C, this mechanism can be studied. ldeally, this would redistribute the maximum stress among
the circumferential wires hence lowers stress ranges and fatigue life.
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Model development

Model C extension is recommended to fully benefit from ABC fatigue when dealing with sudden
hazardous operational conditions. A full time-trace of tension and curvature and subsequent rainflow-
counting generates more realistic stress-ranges by including wire position changes and corresponding
friction and bending stresses. Full-scale measurements of curvature loads versus wire-slip responses
of the (inner) tensile armour required.

Although the inner tensile armour is assumed to be fatigue critical, it is strongly recommended to
introduce a new relation for the axisymmetric response of the outer tensile armour. Cross-model
validation would be sufficient however full-scale validation experiments are advised.

Full-scale validation

A full-scale validation strives for alignment between experiment and model load-response variables.
Present work clearly presents an overview of all model variables hence relatively little effort is required
to design an experiment and to validate ABC Fatigue accordingly.

Furthermore, experimental data is required to validate ABC Fatigue up to industry standards. Cur-
rently, all three manufacturers of flexible pipe own a private test rig hence data is potentially generated
and exchanged. However there should be a clear incentive, such as JIP involvement, to retrieve test
data. Manufacturers are hesitant to disclose data other than presented in the JIP wrap-up report
and have full rights over all data even when tests are managed by independent test facilities such as
Marintek in Norwau.
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Model variables
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Model variables

Table A-1: My caption

Model A

Geometry  For each layer i
Elastic modulus of metallic wires E; MPa
Laying angle i deg
Radius a; mm
Number of wires n; -
Wire area A mm?

Loads External tension Tox kN
Wall tension Fo kN
Inner bore pressure pin  MPa
Outer pressure Pout MPa

Responses  Static stress os MPa
Pressure inside inner tensile layer pc3 MPa
Pressure outside inner tensile layer  pcs4 MPa

Model B

Loads Curvature O 1/m

Geometry  Circumferential position Wy deg
Wire width b mm
Wire thickness t mm
Friction coefficient U -

Responses  Critical curvature Q¢ 1/m
Friction stress o MPa
Local bending stress o, MPa
Total wire stress o, MPa

Model C

Loads Minimum curvature Quin 1/m
Maximum curvature Qmax 1/m
Curvature frequency f 1/s
Number of cycles Nne -
Time-step At S

Geometry  Helix pitch length Ly mm
Initial circumferential wire location Ywo  deg
Initial wire location along the helix ~ Hy, 0 mm

Responses  Wire slip AH mm/s
Final circumferential wire location U deg
Final wire location along the helix H,, mm
Friction stress range Aor MPa
Bending stress range Agy, MPa
Total stress range Ao MPa
Mean wire stress o, MPa
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Appendix B

Validation

B-1 Matlab Code

B-1-1 Model A

Design report 6" production riser

clear all
clc

close all
format loose

T

% VARIABLE INPUT
T_ex = 0; %[N] External tension
p_in = 46.2; %[MPa] Inner bore pressure
p_out =0.1; %[MPa] Outer (hydrostatic) pressure

h

s

hhhhhhhhhhhhhhh%% GEOMETRY RISER %%%h%hhhhhhhhhhhhs

%input riser geometry

a_in = 108.1; %[mm] Inner bore radius

a_out = 124.6; %[mm] Outer pipe radius

L = 15000; %[mm] Length local pipe section
N = 4 %[-1 Number of metallic layers

WRhBBRhR DKL h%% %% MATERIAL LAYERS %%hUhhhhhhhhhhhh%

%Elastic modulus

E1 = 200ES3;
E2 = 200E3;
E3 = 200E3;
E4 = 200E3;
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Validation

% hhhhhhhhh% GEOMETRY LAYERS %%%%hhhhhhhhhhhhh%
%Wire laying angle

alphal = -86.1x(pi/180); %[rad]

alpha2 = 87.6x(pi/180);

alpha3 = 30x(pi/180);

alpha4 = -30%(pi/180);

%Layer radius

al = 108.1;
a2 = 113;

a3 = 118.2;
ad = 124.6;

%Layer number of wires

nl = 2;
n2 = 2;
n3 = 50;
nd = 53;

%Layer Area of wire

Al = 218.7;
A2 = 45.3;
A3 = 60;
A4 = 60;

% Wire geometry
b = 12; Ywidth
t =5 ; %height

YA

% Part A
Y=========================================================
sigmal_L = (Elxcos(alphal)”2)/L;
sigmal_a = (Elxsin(alphal)”2)/al;
sigma2_L = (E2xcos(alpha2)”2)/L;
sigma2_a = (E2xsin(alpha2)”2)/a2;
sigma3_L = (E3xcos(alpha3)”2)/L;
sigma3_a = (E3*sin(alpha3)”2)/a3;
sigma4_L = (E4xcos(alphad4)”2)/L;
sigma4_a = (E4xsin(alphad)”2)/a4;
F_1 = nixAlxcos(alphal);

F_2 = n2xA2xcos(alpha2);

F_3 = n3%A3xcos(alpha3);

F_4 = n4xMAdxcos(alpha4d);

%Summation for F_i and i=1:N

F_L = F_1lxsigmal _L+F_2x*sigma2 L+F_3*sigma3_L+F_4xsigma4d_L;

F_a = F_lxsigmal_a+F_2xsigma2_a+F_3*sigma3_a+F_4xsigma4d_a;
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F_Oc = T_ex + pixp_inka_in”2-pi*p_outx*xa_out”"2;
F_Olin = (pi*p_in-pi*p_out)*2;
F_Onl = (pi*p_in-pixp_out);

p_-1 = (nlxAlxsin(alphal)xtan(alphal))/(Z2*pixal);
pP_-2 = (n2%A2xsin(alpha2)xtan(alpha2))/(2*pi*a2);
p_3 = (n3*A3xsin(alpha3)xtan(alpha3))/(2*pix*a3);
p_4 = (né4xA4xsin(alphad)xtan(alphad))/(2*xpixad);

%Summation for p_i and i=1:N
p_L = p_lxsigmal_L+p_2+sigma2_L+p_3*sigmal3_L+p_4*sigmad_L;
p_a = p_lxsigmal_a+tp_2xsigma2_a+p_3*sigma3_a+p_4x*sigmad_a;

p_Oc = p_inx*a_in - p_out*xa_out;
p_0lin = p_in-p_out;

% Newton Raphson solution of two nonlinear algebraic equations
% set up the iteration

errorl = 1.e8;

xx(1) = 1, % Da (radial expansion)
xx(2) =10; %DL (elongation)
iter=0;

itermax=30;

% begin iteration

while errori>l.e-12

iter=iter+1;

X xx(1); % Da expansion

y = xx(2); % DL elongation

% calculate the functions

f(1)= F_Lxy +F_axx - F_Oc -F_Olinxx -F_Onlxx"2;
f(2)= p_Lxy +p_axx - p_Oc -p_0linxx;

% calculate the Jacobian

J(1,17) = F_a - F_0lin -2%F_Onlxx;

J(1,2) = F_L;

J(2,1) = p_a - p_0Olin;

J(2,2) = p_L;

% solve the linear equations

yy = -J\f

% move the solution, xx(k+1) - xx(k), to xx(k+1)

XX = XX + yy

% calculate norms
errorl=sqrt (yy (1)=*yy (1)
error (iter)=sqrt (f(1)x*f
ii(iter)=iter;

if (iter > itermax)
errorl = 0. ;

+yy
(1)

s=sprintf ('****Did not converge within %3.0f iterations.x***x' itermax);
disp(s)

end

% check if errorl < 1.e-12

end
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Validation

f(1)= F_Lxy +F_axx - F_Oc -F_Olinxx -F_Onlxx"2;
f(2)= p_Lxy +p_axx - p_Oc -p_Olinxkx;
% print results

f;

XX

iter;

% % plot results

% semilogy(ii,error)

% xlabel('iteration number')

% ylabel('norm of functions')

% clear ii

% clear error

% Wall tension
F_Odeformed = F_L*y + F_ax*x;
F_Oload = F_Oc +F_Olinx*x + F_Onlxx"2;

Yhh b %L %% %% OUTPUT PART A LU %%hhL bbb bbb % bt
YAhhL %% % %% AXISYMMETRIC WIRE STRESS L%%A%Uhhhhh bt hh %%

sigmal = sigmal_Lxy + sigmal_ax*x,
sigma2 = sigma2_Lxy + sigma2_a*x;
sigma3 = sigma3_Lx*y + sigma3_a*x;
sigma4 = sigmad4_Lx*y + sigmad_a*x;
sigma = [sigmal sigma2 sigma3 sigma4|;

display(sigma);

%Calculate pressure differential

Dpl= (nlxAlxsigmalxsin(alphal)xtan(alphal))/(2*pixal”2);
Dp2= (n2xA2xsigma2xsin(alpha2)xtan(alpha2))/(2*pixa2”2);
Dp3= (n3*A3xsigma3+sin(alpha3)xtan(alpha3))/(2*xpixa3”2);
Dp = (n4+xA4xsigmadxsin(alphad)+tan(alpha4d))/(2xpixad”2);

= [Dpl Dp2 Dp3 Dp4]|;

hhhhhhhhhh% CONTACT PRESSURE %U%%%hhhhhhhhhhhhhsh
pCl = p_in;

pC2 = pCl1 - Dpil;

pC3 = pC2 - Dp2,;

pC4 = pC3 - Dp3;

pC5 = pC4 - Dp4,;

pC = [pC3; pC4; pC5];

pC_error = pC5-p_out ;

pC = pC - pC_error;

display(pC);
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B-1-2 Model B: Maximum Curvature

Helica 6" umbilical

clear all
clc

close all
format loose
format shortg

Db DD hhhhhhhhh%hh%h LOADS  Bhhhhhhhhhhhhhhhhhh

%input axisymmetric loads

T_ex = 1000000; %[N] External tension
p_in = -0.1; %[MPa] Inner bore pressure
p_out =0.1; %[MPa]l Outer (hydrostatic) pressure

RRhKBhhL R %D h%%h% GEOMETRY RISER %%hhhhhhhhhhhhhh

%input riser geometry

a_in = 108.1; %[mm] Inner bore radius

a_out = 124.6; %[mm] Outer pipe radius

L = 15000; %[mm] Length local pipe section
N = 4 %[-]1 Number of metallic layers

Db b hhhhhhhhhhhhh% MATERIAL LAYERS %%%hhhhhhhhhhhhh

%Elastic modulus

E1 = 210E3;
E2 = 210E3;
E3 = 210E3;
E4 = 210E3;

% hhhhhhhhh% GEOMETRY LAYERS %%%%hhhhhhhhhhhhh%
%Wire laying angle

alphal = -87.7%(pi/180); %I[radl

alpha2 = 87.7x(pi/180);

alpha3 = 35%(pi/180);

alpha4 = -36.7x%(pi/180);

%Layer radius

%old radii

al_0 = 108.1;

a2_0 = 113;

a3_0 = 118.2;

ad_0 = 124.6;

% radius scale factor
a_delta_p = 0.72

%new radii

al = al_Oxa_delta_p
a2 = a2_Oxa_delta_p;
a3 = 82;

a4 = 93;

Master of Science Thesis
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50 a_in = al;

51 a_out = a4,

52

53 %%Layer number of wires
54 nl = 1;

55 n2 = 0;

56 n3 = 38;

57 nd = 42;

58

59 %Layer Area of wire
60 Al = 2.5;

61 A2 = 30;
62 A3 = 50;
63 A4 = 50;
64 %

65 % Part A

66 Y =========================================================================
67 sigmal L = (Elxcos(alphal)”2)/L;

68 sigmal_a = (Elxsin(alphal)”2)/al;

69

(E2x%cos (alpha2)”2)/L;
(E2xsin(alpha2)”2)/a2;

70 sigma2_L
71 sigma2_a
72

73 sigma3_L

(E3%cos(alpha3)”2)/L;

74 sigma3_a = (E3x*sin(alpha3)”2)/a3;
75

76 sigmad4_L = (E4xcos(alphad4)”2)/L;
77 sigma4_a = (E4xsin(alpha4)”2)/a4;
78

79 F_1 = nlxAlxcos(alphal);

80 F_2 = n2xA2xcos(alpha?2);

81 F_3 = n3%A3xcos(alpha3);

82 F_4 = né4xA4xcos(alpha4d);

83

84 %Summation for F_i and i=1:N
8 F_L = F_1*sigmal L+F_2*sigma2_L+F_3+sigma3_L+F_4x*sigmad4_L,;

86

87 F_a = F_1l*sigmal_a+F_2*sigma2_a+F_3+sigma3_a+F_4x*sigmad_a,;
88

89

90 F_Oc = T_ex + pi*p_inka_in”"2-pixp_out*a_out”"2;
91 F_0lin = (pi*p_in-pixp_out)*2;

92 F_Onl = (pi*p_in-pixp_out);

93

94 p_1 = (nlxAlxsin(alphal)x*tan(alphal))/(2xpix*al);
95 p_2 = (n2%A2xsin(alpha2)x*tan(alpha2))/(2xpi*xa2);
9% p_3 = (n3xA3xsin(alpha3)xtan(alpha3))/(2xpi*a3);
97 p_4 = (n4xAd4xsin(alpha4d)xtan(alphad))/(2xpixa4d);
98

99 J%Summation for p_i and i=1:N

100 p_L = p_lxsigmal_L+p_2xsigma2_L+p_3*sigma3_L+p_4*xsigmad_L,;
101 p_a = p_lxsigmal_a+tp_2xsigma2_a+p_3*sigma3_a+p_4*xsigmad_a,;
102
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p_Oc = p_in*a_in - p_outx*a_out;
p_0lin = p_in-p_out;

% Newton Raphson solution of two nonlinear algebraic equations
% set up the iteration

errorl = 1.e8;

xx(1) = 1, % Da (radial expansion)
xx(2) =10; %DL (elongation)
iter=0;

itermax=30;

% begin iteration

while errori>l.e-12

iter=iter+1;

x = xx(1); % Da expansion

y = xx(2); % DL elongation

% calculate the functions

f(1)= F_Lxy +F_a%xx - F_Oc -F_Olinxx -F_Onlx*x"2;
f(2)= p_Lxy +p_a*x - p_Oc -p_Olinxx;

% calculate the Jacobian

J(1,17) = F_a - F_0lin -2%F_Onlxx;

J(1,2) = F_L;

J(2,1) = p_a - p_Olin;

J(2,2) = p_L;

% solve the linear equations

yy = -I\f |

% move the solution, xx(k+1) - xx(k), to xx(k+1)

XX = XX + yy ;
% calculate norms

errorl=sqrt (yy (1)=*yy (1)+yy (2)*yy(2));
error (iter)=sqrt (£ (1)*f(1)+L£(2)*£(2));
ii(iter)=iter;

if (iter > itermax)

errorl = 0. ;

s=sprintf ('****Did not converge within %3.0f iterations.**xx' itermax);
disp(s)

end

% check if errorl < 1.e-12

end

x = xx(1);

y = xx(2);

f(1)= F_Lxy +F_axx - F_Oc -F_Olinxx -F_Onlxx"2;
f(2)= p_Lxy +p_axx - p_Oc -p_Olinxkx;
% print results

f;

XX

iter;

% % plot results

% semilogy(ii,error)

% xlabel('iteration number')

% ylabel('norm of functions')

% clear ii

% clear error

% Wall tension
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Validation

F_Odeformed = F_L*y + F_ax*x;
F_Oload = F_Oc +F_Olin*x + F_Onl*x"2;

Do to o o o o e
%hhhh% %% %% AXISYMMETRIC WIRE STRESS

OUTPUT PART A %hhhhtehhtehtshhhhtshh
htoh T Do tehToTo o tolots o ThTo o

sigmal = sigmal_Lxy + sigmal_ax*x,
sigma2 = sigma2_Lxy + sigma2_a*Xx,
sigma3 = sigma3_Lxy 4+ sigma3_axx
sigma4 = sigmad4_Lxy + sigmad_axx

%Calculate pressure differential

Dpl= (nlxAlxsigmalxsin(alphal)xtan(alphal))/(2*xpixal”2);

Dp2= (n2xA2xsigma2xsin(alpha2)xtan(alpha2))/(2*xpixa2”2);

Dp3= (n3*xA3xsigma3+*sin(alpha3)xtan(alpha3))/(2*xpixa3”2);

Dp4— (n4xAd4xsigmad*sin(alphad)xtan(alphad))/(2*xpixad”2);
= |

Dpl Dp2 Dp3 Dp4];

D hhhhhhhhh% CONTACT PRESSURE %%%%hhhhhhhhhhhhhsh

pCl = p_in,;

pC2 = pC1 - Dpil,;

pC3 = pC2 - Dp2,;

pC4 = pC3 - Dp3;

pC5 = pC4 - Dp4;

pC = [pC3; pC4; pCh]

%hh R % hh%%%%% INNER TENSILE ARMOUR i=3 %%U%%AUA%%L%%

% VARIABLE: CURVATURE

% input values
Omega_min = -0.3; %1/m
Omega_max = 0.3; %1/m

%Friction factor (equal for all layers)

=0.2;
%Wire dimensions
b = 10; %mm
t =5; Ymnm

%Curvature range and amplitude

Omega_min = Omega_min/1000; %1/mm
Omega_max = Omega_max/1000; %1/mm
Omega_range = Omega_max - Omega_min;

Omega_ampl = Omega_range/Z2;

%Critical curvature
Omega_cr3 =
% Circumferential position psi = psi(degrees +1)
% --> 0 degrees = intrados

points = 360;

PSI = points+1;

psi = linspace(0,360,PSI);

Frederike Nugteren

(mux(pC3 +pC4))/(E3*xA3%cos(alpha3)”2+sin(alpha3))

*(pi/2); %1/mm
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213

214 %Hotspot position

215 H2=0.5%b;

216 H3=0.5x%t;

217

218 Ypre-allocation friction stress
219 theta_left = zeros(1,PSI);

220 theta_right = zeros(1,PSI);

221 for i=1:PSI Jrange = outrados to right neutral axis

222 if psi(i) <= 180 JLEFT SIDE OF CROSS SECTION

223 theta_left (i) =(psi(i)*pi)/(180)-pi/2;

224

225 7 Friction stress

226 sigma_f (i) = ((mu*xa3x(pC3 +pC4))/(t*sin(alpha3)))*theta_left(i);

227

228 else JRIGHT SIDE OF CROSS SECTION

229 theta_right (i) = (pi/2-((pi/180)*psi(i-180)))

230

231 % Friction stress

232 sigma_f (i) = ((muxa3x*(pC3 +pC4))/(t*xsin(alphal)))*xtheta_right(i);

233 end ;

234

235 7% Local bending Stress @ max curvature

236 sigma_b2_cr (i) = -E3xH2xcos(alpha3)x(1+sin(alpha3)”2)*sin(psi(i)=*(pi/180))x
Omega_cr3;

237 sigma_b3_cr (i) = -E3xH3xcos(alpha3)”4xcos(psi(i)x*(pi/180))*0mega_cr3;

238 sigma_b_cr(i) = sigma_b2_cr(i) + sigma_b3_cr(i);

239

240 sigma_b2_max (i) = -E3%H2%cos(alpha3)*(1+sin(alpha3)”2)*sin(psi(i)=*(pi/180))
*0mega_max;

241 sigma_b3_max (i) = -E3xH3xcos(alpha3)”™4xcos(psi(i)x*(pi/180))+0mega_max;

242 sigma_b_max (i) = sigma_b2_max (i) + sigma_b3_max(i);

243

244 sigma_O_cr (i) = sigma_f(i)+ sigma_b_cr(i);

245 sigma_O_max (i) = sigma_f(i)+ sigma_b_max(i);

246 end

247

B B A it s e s ot R St I o o S o o o o b o S

249 % POST PROCESSING

250 % INNER ARMOUR

Dy B A b e s R o B bl S

252 figure

253 plot(psi,sigma_f,'r', psi,sigma_b_max,'b"', psi,sigma_D_max,'g')

254 legend('Friction stress',h 'Bending stress', K 'Total stress')

255 axis([0,360,-400,400]);

256 xlabel('Circumferential location [degl');
257 ylabel('Stress [MPal');

258 print -depsc validationbft_psi.eps

259

260 Y ==========================================================
261 % @ outrados psi = 180 degrees

262 % @ northeast psi = 225 degrees

263 Y===========================================================

264 Yresponse values
265 % @ outrados
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Validation

sigma_f_180 = [0 sigma_f(181) sigma_£f(181)];
sigma_b2_180 [0 sigma_b2_cr(181) sigma_b2_max(181)
sigma_b3_180 = [0 sigma_b3_cr(181) sigma_b3_max(181)

sigma_b_180 [0 sigma_b_cr(181) sigma_b_max(181)];

sigma_0_180 = [0 sigma_O_cr(181) sigma_0O_max(1871) ]
%@ psi = 225 degrees

sigma_f_225 = [0 sigma_f (226) sigma_f (226)];
sigma_b2_225 = [0 sigma_b2_cr(226) sigma_b2_max(226)
sigma_b3_225 = [0 sigma_b3_cr(226) sigma_b3_max(226)
sigma_b_225= [0 sigma_b_cr(226) sigma_b_max(226)];
sigma_0_225 = [0 sigma_0_cr(226) sigma_0_max(226) ];
%Curvatures

Omega3 = [0 Omega_cr3 Omega_max |;

%plots

% friction-, total-stress @ psi = 180 deg, outrados
figure

plot (Omega3, sigma_f_180, 'r' Omega3,6 sigma_0_180,'g")
legend ('Friction stress', 'Total stress',6 'location'
axis ([0,0.0003,0,400])

xlabel('Curvature [1/m]');

ylabel('Stress [MPal');

print -depsc validationb180.eps

% friction-, total-stress @ psi = 225 deg

figure

plot (Omega3, 6 sigma_f_225,'r' Omega3,6 sigma_0_225,'g")
legend ('Friction stress', 'Total stress', 'location'
axis ([0,0.0003,0,400])

xlabel ('Curvature [1/m]');

ylabel('Stress [MPal');

print -depsc validationb225.eps

%SVALIDATION

%Curvatures

Omega3 = [0 0.00002 Omega_max |;

%validation psi = 180 degrees

sigmah_180 = [0 168 235]; %Helica

sigma_180 = [0 sigma_f_180(2) sigma_0_180(3) ; %

%hvalidation psi = 225 degrees
sigmah_225 [0 84 365 ]; %Helica
sigma_225 [0 sigma_f_225(2) sigma_0_225(3) ]

%total-stress @ psi =
figure
plot(Dmega3,sigma_180,'m',Dmega3,sigmah_180,'m—
Omega3,sigmah_225, 'k-."' )
legend ('ABC_{180}', 'Helica_{180}"
northwest')
axis([-0.00005,0.0003,0,400])
xlabel('Curvature [1/m]');
ylabel('Stress [MPal');

180,225 deg for Helica and AB

,"ABC_{225}', 'He
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319 print -depsc validationb180225.eps
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84 Validation

Life6 6" riser

clear all

clc

close all
format loose
format shortg

bbb hhhhhhhhhhhhh% LOADS  Khhhhhhhhhhhhhhhhhh

%input axisymmetric loads

T_ex = 0; %[N] External tension
p_in = 50; %[MPa] Inner bore pressure
p_out = -0.01; %[MPa]l Outer (hydrostatic) pressure

D hhhhhhhhhhhhhh%% GEOMETRY RISER %%%%hhhhhhhhhhhsh

%input riser geometry

a_in = 108.1; %[mm] Inner bore radius

a_out = 124.6-20; %[mm] Outer pipe radius

L = 15000; % [mm] Length local pipe section
N = 4 %[-1 Number of metallic layers

Dottt o b hhhhhhhhh% MATERIAL LAYERS Y%%%hhhthhhhhhhhhh

%Elastic modulus

E1 = 200E3;
E2 = 200E3;
E3 = 200ES3;
E4 = 200E3;

% hhhhhhhhh% GEOMETRY LAYERS %%%%hhhhhhhhhhhhh%
%Wire laying angle

alphal = -86.1x(pi/180); %[radl

alpha2 = 87.6x(pi/180);

alpha3 = 30x(pi/180);

alpha4 -30%(pi/180);

%Layer radius

al = 108.1;

a2 = 113;

a3 = 118.2-18;
a4 = 124.6-20;

%%hLayer number of wires

nl = 2;
n2 = 2;
n3 = 29;
n4 = 31;

%Layer Area of wire

Al = 218.7;
A2 = 45.3;
A3 = 60;
A4 = 60;
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52 %

53 % Part A

54 Y =========================================================================
55 sigmal_L = (Elxcos(alphal)”2)/L;
56 sigmal_a = (Elxsin(alphal)”2)/al;
57

58 sigma2_L = (E2xcos(alpha2)”2)/L;
59 sigma2_a = (E2x*sin(alpha2)”2)/a2;
60

61 sigma3_L = (E3xcos(alpha3)”2)/L;
62 sigma3_a = (E3xsin(alpha3)”2)/a3;
63

64 sigma4_L = (E4xcos(alphad4)”2)/L;
65 sigma4_a = (E4xsin(alphad)”2)/a4;
66

67 F_1 = nlxAlxcos(alphal);

68 F_2 = n2%A2xcos(alpha2);

69 F_3 = n3%A3xcos(alpha3);

70 F_4 = né4xA4xcos(alphad);

71

72 %Summation for F_i and i=1:N
73 F_L = F_1lxsigmal L+F_2xsigma2_ L+F_3xsigma3_L+F_4x*sigmad4_L;

74

75 F_a = F_1xsigmal_a+F_2*sigma2_a+F_3+sigma3_a+F_4x*sigmad_a,
76

77 F_Oc = T_ex + pi*p_inka_in”"2-pixp_out*a_out”"2;
78 F_0lin = (pi*p_in-pixp_out)*2;

79 F_Onl = (pi*p_in-pixp_out);

80

81 p_1 = (nlxAlxsin(alphal)xtan(alphal))/(2xpix*al);
82 p_2 = (n2xA2xsin(alpha2)x*tan(alpha2))/(2xpix*a2);
83 p_3 = (n3xA3+sin(alpha3)xtan(alpha3))/(2*pixa3);
84 p_4 = (nd4xA4xsin(alpha4d)x*tan(alpha4d))/(2xpix*ad);
85

86 %Summation for p_i and i=1:N
87 p_L = p_l*sigmal_ L+p_2*sigma2_L+p_3+sigma3d_L+p_4*sigmad_L,;
88 p_a = p_l*sigmal_a+p_2*sigma2_a+p_3+sigma3d_a+p_4*sigmad_a,;

89

90 p_Oc = p_in*a_in - p_out*a_out;
91 p_0lin = p_in-p_out;

92

93 % Newton Raphson solution of two nonlinear algebraic equations
94 % set up the iteration

95 errorl = 1.e8;

9% xx(1) = 1; % Da (radial expansion)
97 xx(2) =10; %DL (elongation)

98 iter=0;

99 itermax=30;

100

101 % begin iteration

102 while errori>l.e-12

103 iter=iter+1;

104 x = xx(1); % Da expansion
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86 Validation

y = xx(2); % DL elongation

% calculate the functiomns

f(1)= F_Lxy +F_axx - F_Oc -F_Olinxx -F_Onlxx"2;
f(2)= p_Lxy +p_axx - p_Oc -p_0linxx;

% calculate the Jacobian

J(1,17) = F_a - F_0lin -2%F_Onlxx;

J(1,2) = F_L;

J(2,1) = p_a - p_0Olin;

J(2,2) = p_L;

% solve the linear equations

yy = -I\f ;

% move the solution, xx(k+1) - xx(k), to xx(k+1)

XX = XX + yy

% calculate norms
errorl=sqrt (yy (1)=*yy (1)
error (iter)=sqrt (£ (1)x*f
ii(iter)=iter;

if (iter > itermax)
errorl = 0. ;

s=sprintf ('****Did not converge within %3.0f iterations.x***x' itermax);
disp(s)

end

% check if errorl < 1.e-12

end

x = xx(1);

y — xx(2)

f(1)= F_Lxy +F_a%x - F_Oc -F_Olinxx -F_Onlx*xx"2;

f(2)= p_Lxy +p_a*x - p_Oc -p_Olinxx;

% print results

f;

XX

iter;

% % plot results

% semilogy(ii,error)

% xlabel('iteration number ')

% ylabel('norm of functions')

% clear ii

% clear error

% Wall tension
F_Odeformed = F_L*y + F_ax*x;

F_Oload = F_Oc +F_Olinx*x + F_Onlxx"2;

YRl b %L %% %% OUTPUT PART A LU %%hshLh bt bbbt %%
%hh L% b % %% AXISYMMETRIC WIRE STRESS L%%h%hhhhhh%hh %%

sigmal = sigmal_Lxy + sigmal_ax*x,
sigma2 = sigma2_Lxy + sigma2_a*x;
sigma3 = sigma3_Lxy + sigma3_ax*x
sigma4 = sigmad4_Lxy + sigmad_ax*x

%Calculate pressure differential

Dpl= (nixAlxsigmalxsin(alphal)xtan(alphal))/(2*xpixal”2);
Dp2= (n2xA2xsigma2xsin(alpha2)xtan(alpha2))/(2*pixa2”2);
Dp3= (n3*xA3xsigma3+sin(alpha3)xtan(alpha3))/(2*xpixa3”2);
Dp4= (n4xA4x+sigmad*sin(alphad)xtan(alphad))/(2*pixad”?2);
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Dp = [Dpl Dp2 Dp3 Dp4];

hhhhhhhhhh% CONTACT PRESSURE %U%%h%hhhhhhhhhhhhh s
pCl = p_in;

pC2 = pCl1 - Dpil;

pC3 = pC2 - Dp2;

pC4 = pC3 - Dp3,;

pC5 = pC4 - Dp4,

pC = [pC3; pC4; pC5];

%display (pC);
hh
Y=====================================================
h VARIABLE: CURVATURE
% input values

Omega_min = -0.3; %1/m

Omega_max = 0.2; %1/m
f=====================================================
%Friction factor (equal for all layers)
mu = 0.113;

%Wire dimensions
b = 20; %mm
t = 3; Ymnm

%Curvature range and amplitude
Omega_min = Omega_min/1000; %1/mm
Omega_max = Omega_max/1000; %1/mm
Omega_range = Omega_max - Omega_min,
Omega_ampl = Omega_range/2;

%Critical curvature

Omega_cr3 = (mux(pC3 +pC4))/(E3*A3xcos(alpha3)”2«sin(alphald))*(pi/2); %1/mm
Omega_cr4 = (mux(pC4 +pC5))/(E4xAd4xcos(alphad)”2xsin(alphad))*(pi/2); %1/mm
% Circumferential position psi = psi(degrees +1)

% --> 0 degrees = intrados

points = 360;
PSI = points+1;
psi = linspace(0,360,PSI);

%Hotspot position
H2=0.5%b;
H3=0.5xt;

%pre-allocation friction stress
theta_left = zeros(1,PSI);
theta_right = zeros(1,PSI);

for i=1:PSI Yrange = outrados to right neutral axis
if psi(i) <= 180 JLEFT SIDE OF CROSS SECTION
theta_left (i) =(psi(i)=*pi)/(180)-pi/2;

% Friction stress
sigma_f (i) = ((muxa3%(pC3 +pC4))/(t*sin(alpha3)))*theta_left(i);
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215 else %RIGHT SIDE OF CROSS SECTION

216 theta_right (i) = (pi/2-((pi/180)*psi(i-180)));

217

218 % Friction stress

219 sigma_f (i) = ((muxa3%(pC3 +pC4))/(t*sin(alpha3)))*theta_right(i);

220 end ;

221

222 % Local bending Stress

223 sigma_b2_cr (i) = -E3xH2xcos(alpha3)x(1+sin(alpha3)”"2)*sin(psi(i)*(pi/180))x*
Omega_cr3;

224 sigma_b3_cr (i) = -E3%H3xcos(alpha3)”4xcos(psi(i)x*(pi/180))*0mega_cr3;

225 sigma_b_cr(i) = sigma_b2_cr(i) + sigma_b3_cr(i);

226

227 sigma_b2_max (i) = -E3xH2xcos(alpha3)x(1+sin(alpha3)”2)xsin(psi(i)«*(pi/180))
*0mega_max ;

228 sigma_b3_max (i) = -E3xH3xcos(alpha3)”4xcos(psi(i)x*(pi/180))*0mega_max;

229 sigma_b_max (i) = sigma_b2_max (i) + sigma_b3_max(i);

230

231 sigma_O_cr (i) = sigma_f(i)+ sigma_b_cr(i);

232 sigma_0_max (i) = sigma_f (i)+ sigma_b_max(i);

233

e s i o i e O R A

235 % OUTER TENSILE ARMOUR

P T A e s a L  aan

237 if psi(i) <= 180 %LEFT SIDE OF CROSS SECTION

238 theta_left (i) =(psi(i)=*pi)/(180)-pi/2;

239

240 % Friction stress

241 sigma_f4 (i) = ((muxad*(pC4 +pC5))/(t*sin(alpha4)))*theta_left(i);

242

243 else %RIGHT SIDE OF CROSS SECTION

244 theta_right (i) = (pi/2-((pi/180)*psi(i-180)));

245

246 % Friction stress

247 sigma_f4 (i) = ((muxa4x*(pC4 +pC5))/(t*sin(alpha4)))*theta_right(i);

248 end ;

249

250 sigma_b2_cr4(i) = -E4xH2xcos(alphad)«*(1+sin(alpha4)”2)*sin(psi(i)x*(pi/180))
*0mega_cr4;

251 sigma_b3_cr4(i) = -E4xH3*cos(alpha4)”4*cos(psi(i)x*(pi/180))+0mega_cr4;

252 sigma_b_cr4 (i) = sigma_b2_cr4 (i) + sigma_b3_cr4(i);

253

254 sigma_b2_max4 (i) = -E4xH2xcos(alpha4)x*(1+sin(alphad)”2)*sin(psi(i)=*(pi/180)
) *Omega_max ;

255 sigma_b3_max4 (i) = -E4xH3xcos(alpha4)”4xcos(psi(i)*(pi/180))*0mega_max;

256 sigma_b_max4 (i) = sigma_b2_max4(i) + sigma_b3_max4(i);

257

258 sigma_0O_cr4(i) = sigma_f4(i)+ sigma_b_cré(i);

259 sigma_0_max4 (i) = sigma_f4(i)+ sigma_b_max4 (i);

260 end

261

A A o O O O e s ok S S RS

263 % POST PROCESSING

264 % INNER ARMOUR

265 % +++++++++++++++++++++++++++H AR
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B-1 Matlab Code

89

figure
plot (psi,sigma_f,'r', psi,sigma_b_max,'b',6 psi,sigma_0_max,'g')
legend('Friction stress',K 'Bending stress', 6 'Total stress')

axis ([0,360,-500,500])
xlabel('Circumferential location [degl');
ylabel('Stress [MPal');

print -depsc validationB2_bft3_psi.eps

Y ==========================================================
YA @ outrados psi = 180 degrees

YA @ northeast psi = 225 degrees
Y===========================================================
hresponse values

% @ outrados

sigma_f_180 = [0 sigma_f(181) sigma_£f(181)]
sigma_b2_180 = [0 sigma_b2_cr(181) sigma_b2_max(181)
sigma_b3_180 = [0 sigma_b3_cr(181) sigma_b3_max(181)
sigma_b_180 = [0 sigma_b_cr(181) sigma_b_max(1871) ]
sigma_0_180 = [0 sigma_0O_cr(181) sigma_0_max(181) ]

%@ psi = 225 degrees

sigma_f_225 = [0 sigma_f(226) sigma_f (226)]
sigma_b2_225 = [0 sigma_b2_cr(226) sigma_b2_max |
sigma_b3_225 = [0 sigma_b3_cr(226) sigma_b3_max |
sigma_b_225= [0 sigma_b_cr(226) sigma_b_max(226)
sigma_0_225 = [0 sigma_0O_cr(226) sigma_0_max (226

22
22 ];
I
) |

A o o

YA POST PROCESSING

YA OUTER ARMOUR

A i o o o o o o o
figure

plot(psi,sigma_f4,'r', psi,sigma_b_max4,'b', psi,sigma_O_max4,'g')
legend('Friction stress',K 'Bending stress', 6 'Total stress')

axis ([0,360,-500,500])

xlabel('Circumferential location [degl');
ylabel('Stress [MPal');
print -depsc validationB2_bft4_psi.eps

Y ==========================================================
% @ outrados psi = 180 degrees

% @ northeast psi = 225 degrees
Y===========================================================
hresponse values

% @ outrados

sigma4_f_180 = [0 sigma_f4(181) sigma_£f4(181)]
sigma4_b2_180 = [0 sigma_b2_cr4(181) sigma_b2_max4(181)];
sigma4_b3_180 = [0 sigma_b3_cr4(181) sigma_b3_max4(181)];
sigma4_b_180 = [0 sigma_b_cr4(181) sigma_b_max4(181)]
sigma4_0_180 = [0 sigma_0_cr4(181) sigma_0_max4(181) ]

%@ psi = 225 degrees

sigma4_f_225 = [0 sigma_f4(226) sigma_£4(226)]
sigma4_b2_225 = [0 sigma_b2_cr4(226) sigma_b2_max4(226) |
sigma4_b3_225 = [0 sigma_b3_cr4(226) sigma_b3_max4(226) |
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321 sigma4_b_225= [0 sigma_b_cr4(226) sigma_b_max4(226) ]
322 sigma4_0_225 = [0 sigma_0_cr4(226) sigma_0_max4(226) ]

323

324

P T A o T o o o o o o o o P o i o o S SR
326 % POST PROCESSING

327 % VALIDATION FRICTION STRESSES

T A o o o
329 psi = [0 180 360;];

330

331 sigmal3 = [430 740 430];

332 sigmaB3 = [428 746 428]

333 sigmaB3mean = [587 587 587];
334 sigmal3mean = [585 585 585];
335

336 sigmal4 = [530 420 530]

337 sigmaB4 = [635 531 635]

338 sigmaBc4 = [527 423 527];

339 sigmal4mean = [475 475 475];
340 sigmaB4mean = [583 583 583];

341

342 figure

343 plot(psi,sigmaB3, 'r', psi,sigmal3, 'r-.' psi,sigmaB3mean, 'r' , psi,
sigmalL3mean, 'r-.')

344 legend('ABC_{in}', 'Life6_{in}")

345 axis([0,360,350,800]);

346 xlabel('Circumferential location [degl');

347 ylabel('Stress [MPal');

348 print -depsc validationB2_in.eps

349

350 figure

351 plot(psi,sigmaBc4, 'r', psi,sigmal4, 'r-.' psi,sigmaB4mean, 'r', psi,
sigmal4mean, 'r-.')

352 legend('ABC_{out}x*', 'Life6_{outl}')

353 axis([0,360,350,600]);

354 xlabel('Circumferential location [degl');

355 ylabel('Stress [MPal');

356 print -depsc validationB2_out.eps

357

358 % figure

359 % plot(psi,sigmaB3, 'k', psi,sigmal3, 'k-.',psi,sigmaB4,
'm-.',psi,sigmal4mean, 'm-.',psi,sigmal3mean, 'k-."')

360 % legend('ABC_{in}', 'Life6_{in}','ABC_{out}', 'Life6_{out}')

361 % axis ([0,360,350,8001);

362 % xlabel('Circumferential location [degl');

363 % ylabel('Stress [MPal');

364 % print -depsc validationB2_psif.eps

1 1

m', psi,sigmal4d,

365

366 figure

367 plot(psi,sigmaB3, 'k', psi,sigmal3, 'k-.' psi,sigmaBc4, 'm', psi,sigmal4,6 '
m-.' ,psi,sigmaB3mean, 'k' , psi,sigmal4mean, 'm-.' K psi,sigmal3mean, 'k-.')

368 legend('ABC_{in}', 'Life6_{in}',6 'ABC_{out}*', 'Life6_{outl}')

369 axis([0,360,350,800]);
370 xlabel('Circumferential location [degl');
371 ylabel('Stress [MPal]');
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372 print -depsc validationB2corr_psif.eps
B-2 Response graphs

B-2-1 B1: Helica
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Figure B-1: Stress accumulation s = 180 deg, outrados
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Figure B-2: Stress accumulation ¢y = 225 deg, north-east
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Figure B-4: Circumferential stress distribution, bottom right QO = 0.3 1/m
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Figure B-5: Circumferential stress distribution, bottom left QO = 0.3 1/m
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Figure B-6: Circumferential stress distribution, top left Q = 0.3 1/m
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Figure B-7: Circumferential stress distribution inner tensile armour Q = 0.2 1/m
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Figure B-8: Circumferential stress distribution, outer tensile armour Q = 0.2 1/m
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Figure C-1: Experiment 1: circumferential stress distributions pressure range
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(c) Maximum 200 kN

Figure C-2: Experiment 2: Circumferential stress distributions tension range
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Benchmark Case-Study: Response Graphs
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Figure C-3: Experiment 3: Circumferential stress distributions wire width range
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Appendix D

Model C

clear all

clc

close all
format loose
format shortg

ABC = fopen('ABC.txt',6 'w');
experiment = 2;

T

h

T_ex = 100000; %[N] External tension
p_in = 25; %[MPal] Inner bore pressure
p_out = -1; %[MPa] Outer (hydrostatic) pressure

h

s

RRhKBRDL R KDL h%%h% GEOMETRY RISER %%hhhhhhhhhhhhhh

%input riser geometry

a_in = 108.1; %[mm] Inner bore radius

a_out = 124.6; %[mm] Outer pipe radius

L = 15000; %[mm] Length local pipe section
N = 4 %[-] Number of metallic layers

WRhhBRhR R %L h%%%% MATERIAL LAYERS %%Uhhhhhhhhhhhh%

%Elastic modulus

E1 = 200E3;
E2 = 200E3;
E3 = 200E3;
E4 = 200ES3;

% hhhhhhhhh% GEOMETRY LAYERS %h%%%hhhhhhhhhhhhh%
%Wire laying angle
alphal = -86.1x(pi/180); %[radl
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106

Model C

alpha2 = 87.6x%(pi/180);
alpha3 = 30x(pi/180);
alpha4d = -30x(pi/180);

%Layer radius

al = 108.1;
a2 = 113;

a3 = 118.2;
a4 = 124.6;

%Layer number of wires

nl = 2;

n2 = 2;

n3 = 50;

n4 = 53;

%Layer Area of wire

A1 = 218.7;

A2 = 45.3;

A3 = 60;

A4 = 60;

h

% Part A
A —
sigmal L = (Elxcos(alphal)”2)/L;
sigmal_a = (Elxsin(alphal)”2)/al;
sigma2_L = (E2xcos(alpha2)”2)/L;
sigma2_a = (E2xsin(alpha2)”2)/a2;
sigma3_L = (E3%cos(alpha3)”"2)/L;
sigma3_a = (E3%sin(alpha3)”2)/a3;
sigmad4_L = (E4xcos(alpha4)”2)/L;
sigma4_a = (E4xsin(alpha4)”"2)/a4;
F_1 = nlxAlxcos(alphal);

F_2 = n2xA2xcos(alpha2);

F_3 = n3%A3xcos(alpha3);

F_4 = n4xA4xcos(alpha4);

%Summation for F_i and i=1:N

F_L = F_1xsigmal _L+F_2x*sigma2_ L+F_3*sigma3_L+F_4xsigma4_L;

F_a = F_l*sigmal_a+F_2xsigma2_a+F_3x*sigma3_a+F_4x*sigma4_a;

F_Oc = T_ex + pixp_inka_in”2-pi*p_out*xa_out”"2;
F_Olin = (pi*p_in-pi*p_out)*2;

F_Onl = (pi*p_in-pixp_out);

p_-1 = (nlxAlxsin(alphal)xtan(alphal))/(Z2*pixal);
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= (n2xA2xsin(alpha2)*tan(alpha2))/(2*pixa2);
(n3%xA3xsin(alpha3)x+tan(alpha3))/(2xpixa3);
= (n4xAdxsin(alpha4)xtan(alphad))/(2xpix*ad);

SR
W N
I

%Summation for p_i and i=1:N

p_L = p_lxsigmal_L+p_2xsigma2_L+p_3*sigma3_L+p_4*sigmad_L;
p_a = p_l*xsigmal_a+tp_2xsigma2_a+tp_3*sigma3_a+p_4*sigmad_a;

p_Oc = p_inx*a_in - p_outx*a_out;
p_0lin = p_in-p_out;

% Newton Raphson solution of two nonlinear algebraic equations

% set up the iteration

errorl = 1.e8;

xx(1) = 1, % Da (radial expansion)
xx(2) =10; %DL (elongation)
iter=0;

itermax=30;

% begin iteration

while errori>T1.e-12

iter=iter+1;

X xx (1), % Da expansion

y xx(2); % DL elongation

% calculate the functions

f(1)= F_Lxy +F_axx - F_Oc -F_Olinxx -F_Onlxx"2;
f(2)= p_Lxy +p_axx - p_Oc -p_0linxx;

% calculate the Jacobian

J(1,1) = F_a - F_0lin -2%F_Onlxx;

J(1,2) = F_L;

J(2,1) = p_a - p_Olin;

J(2,2) = p_.L;

% solve the linear equations

yy = -I\f ;

% move the solution, xx(k+1) - xx(k), to xx(k+1)

XX = XX + yy .,

% calculate norms
errorl=sqrt (yy(1)*yy (1)
error (iter )=sqrt (f(1)x*f
ii(iter)=iter;

if (iter > itermax)
errorl = 0. ;

+
(1

s=sprintf ('****Did not converge within %3.0f iterations.

disp(s)

end

% check if errorl < 1.e-12

end

x = xx(1);

y = xx(2);

f(1)= F_Lxy +F_axx - F_Oc -F_Olinxx -F_Onlxx"2;
f(2)= p_Lxy +p_axx - p_Oc -p_O0linxx;
% print results

f;

XX

iter;
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% % plot results

% semilogy(ii,error)

% xlabel('iteration number')
% ylabel('norm of functions')
% clear ii

% clear error

% Wall tension
F_Odeformed = F_L*xy + F_ax*x;
F_Oload = F_Oc +F_Olin*x + F_Onlxx"2;

%R b b L% %% %% OUTPUT PART A LU %%hshhh bt bbb %%t
YRR LUhL %% AXISYMMETRIC WIRE STRESS LU%AU%Uhhhhhh%h bt %%

sigmal = sigmal_Lxy + sigmal_ax*x;
sigma2 = sigma2_Lxy + sigma2_ax*Xx,
sigma3 = sigma3_Lx*y + sigma3_axx,
sigma4 = sigmad4_Lxy + sigmad_a*x;

%Calculate pressure differential

Dpl= (nlxAlxsigmalxsin(alphal)xtan(alphal))/(2*pixal”?2);
Dp2= (n2xA2+sigma2x*sin(alpha2)xtan(alpha2))/(2*xpixa2”2);
Dp3= (n3%A3+sigma3*sin(alpha3)xtan(alphal))/(2*pixa3”2);
Dp = (n4xAdxsigmad*sin(alpha4d)*tan(alphad))/(2xpixad”"2);

= [Dpl Dp2 Dp3 Dp4];

hhhhhhhhhh% CONTACT PRESSURE %U%h%hhhhhhhhhhhhhsh
pCl = p_in,

pC2 = pC1 - Dpil,;

pC3 = pC2 - Dp2,;

pC4 = pC3 - Dp3;

pC5 = pC4 - Dp4,;

pC = [pC3; pC4; pC5];

%display (pC) ;

%CURVATURE STEPS
%quarterpitch = round((L_p-5)/4) Y%points between zero and max curvature.
cycles = 10;

%Constants
L_p = round((Z2+pixa3)/(tan(alpha3)))+2 ; %mm pitch length
£f3 = 1/(L_p) ; % 1/s frequency cyclic curvature

% Total number of points in time

% c78 = 7/8 + (9/8-7/8)*rand(cycles-2,1);

% cycle78 = round ((L_p)*(c78));

% cycle78 = cycle78"';

% cyclepoints = [ round(L_p) cycle78 round(L_p)];

%Experiment 2.4

c34 = 3/4 + (5/4-3/4)+rand(cycles-2,1);
cycle34 = round((L_p)*(c34));

cycle34 = cycle34d ;
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cyclepoints = | round(L_p) cycle34 round(L_p) ];

%N random numbers in the interval [a,b] with the formula r = a + (b-a).x*
rand(N,1).

% Circumferential positions = n wires

wires = n3 ; Y%number of wires

PSI = wires;

%initial wire locations

psi_0 = linspace(0,360,PSI) ; %initial positions around circumference (deg
)

H_0 = zeros(1,PSI);

%First definition of initial curvature and circumferential location
psi_end = psi_0;
Omega_end = 0;

t_top = 1;
Y=======================================================
% VARIABLE: CURVATURE (E2.3 E2.4)
Y========================================================

%define omega max
Omega_max = 0.04;
r = 0.0001 + (Omega_max-0.0001)x*rand(cycles-1,1);

Omega_max = |[Omega_max r |;

%N random numbers in the interval [a,b] with the formula r = a + (b-a).*
rand(N,1).

Omega_max (cycles )= Omega_max (1) ;

% Omega_max'
% Omega_min'

Y=======================================================
Omega_min = -0.04;

r = -0.0001 + (Omega_min+0.0001)*rand(cycles-1,1);
Omega_min = |[Omega_min r |;

Omega_min (cycles) = Omega_min (1) ;

for e=T:cycles

0,

Y =====================================================
L
Y =====================================================
var = Omega_max;

var2 = Omega_min;

%input values

Omega_pos = Omega_max(e); %1/m
Omega_neg = Omega_min(e); %1/m
Omega_ampl = (Omega_pos + abs(Omega_neg))/2Z; %1/m
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Omega_mean = (Omega_neg + Omega_ampl); h1/m

%Friction factor (equal for all layers)
mu = 0.15;

%Wire dimensions
b= 12; %mm

t_w = 5H; % mm

%Curvature range and amplitude

Omega_neg = Omega_neg/1000; %1/mm
Omega_pos = Omega_pos/1000; %1/mm
Omega_ampl = Omega_ampl/1000; %1/mm
Omega_mean = Omega_mean/1000; %1/mm

%Critical curvatures
Omega_cr3 = (mux(pC3 +pC4))/(E3*A3x*cos(alpha3)”2«sin(alpha3))*(4/pi); Wi/
mm

%Hotspot positions
H2=0.5%b; % mm
H3=0.5x%t_w; %mm

%htime

t_max = cyclepoints(e);

t_topl = round(L_p/4);

t_0 = linspace(0,t_max, cyclepoints(e)); % time discretization (

one cycle)

c_H =1000% a3”2x%(cos(alpha3)”2/sin(alpha3)); hdisplacement
constant

c_f = (muxa3x%(pC3+pC4))/(t_wxsin(alpha3)); %friction stress
constant

%pre-allocation friction stress
theta_left = zeros(cyclepoints(e) PSI);
theta_right = zeros(cyclepoints(e) PSI);

for s=2:cyclepoints(e)

t(s) = t_0(s);

for w = 1:PSI

psi(1,w) = psi_0(1,w) + (psi_end(1,w) - psi_O0(1,w)); %initial positions
around circumference (deg)

H(1,w) = psi(1,w)*(L_p/360); hinitial positions

along the helix wire (mm)
dH(1,w) = 0.000000001 ;

% NEW Wire position and displacement
Omega(s) = Omega_amplx*sin(2xpixf3*t(s))+ Omega_end;
dOmega(s) = Omega_ampl*2*pi*f3xcos(2xpixf3*xt(s));

if abs(dOmega(s-1)) < 10"-20 && sum(dOmega(s)) < Omega_cr3
%display ('stick');
dH(s,w) = 0;

elseif abs(dOmega(s-2)) < 10"-20 && sum(dOmega(s)) < Omega_cr3
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dH (s

elself abs

W) 0;

(dOmeg

dH (s, w) 0
elself abs(d mega(s-4)) < 10"-20 && sum(dOmega(s)) < Omega_cr3

W) O

(dOmeg

W) O

d0 a(s-3)) < 10"-20 && sum(dOmega(s)) < Omega_cr3

dH (s

elself abs

dH (s

40 a(s-5)) < 10"-20 && sum(dOmega(s)) < Omega_cr3

else
dH(s,w)= c_Hx*sin(psi(s-1,w)*(pi/180)) *(0Omega(s)-Omega(s-1));
end ;

%#Define new position along the helix and around circumference
H(s,w)= H(s-1,w) + dH(s, w);

%dH(s,w)= H(1,w) + H(s,w);

psi(s,w) = (360/L_p)*H(s,w);

%Friction stress
if psi(s,w) <= 180 %LEFT SIDE OF CROSS SECTION
% Friction stress
theta_left (1 ,w) =(psi(1,w)*pi)/(180)-pi/2;
hsigma_f(1,i) = c_f*xtheta_left(1l,i);

theta_left(s,w) =(psi(s,w)x*pi)/(180)-pi/2

if dOmega(s)> O

sigma_f(s,w) = c_fxtheta_left(s,w);
else

sigma_f(s,w) = -c_fxtheta_left(s,w);
end ;

else JRIGHT SIDE OF CROSS SECTION
theta_right (1 ,w) = pi/2-((pi/180)*(psi(1,w)-180));
hsigma_f (1,i) = c_fxtheta_right(1,1i);

theta_right(s,w) = pi/2-((pi/180)*(psi(s,w)-180));

% Friction stress
if dOmega(s) > 0
sigma_f(s,w) = c_fxtheta_right (s, w);
else
sigma_f(s,w) = -c_fxtheta_right(s,w);
end ;

end ;

% Local bending Stress @ max curvature

sigma_b2(1,w) = -E3xH2xcos(alpha3)x*(1+sin(alphal)”2)*sin(psi(1,w)=*(pi/180))
x0mega (1) ;

sigma_b3(1,w) = -E3*H3x%cos(alpha3)”™4xcos(psi(1,w)=*(pi/180))*0mega(l);

sigma_b (1 ,w) = sigma_b2(1,w) + sigma_b3 (1 ,w);

sigma_b2(s,w) = -E3xH2xcos(alpha3)x*(1+sin(alphal)”2)*sin(psi(s,w)=*(pi/180))
xOmega(s);

sigma_b3(s,w) = -E3xH3*cos(alpha3)”4xcos(psi(s,w)*(pi/180))«0mega(s);

sigma_b(s,w) = sigma_b2(s,w) + sigma_b3(s,w);
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Model C

sigma_0(1,w) = sigma_f (1 ,w)+ sigma_b (1 w);
sigma_0(s,w) sigma_f (s,w)+ sigma_b(s, w);

end ;

end

Omega_end = Omega(cyclepoints(e));
psi_end = psi(cyclepoints(e) ,:);

%Given that wire 26 32 and 38 have initial positions closest to 180 225 270

w_180 = 26;
w_225
w_270 = 38;

I
w
N

% MODEL A

sigma_s = sigma3,;
p_C3 = pC3;

p_-C4 = pC4,;

% MODEL B
Omega_cr = Omega_cr3;

sigmaf_top = [sigma_f(t_topl,w_180) sigma_f (t_topl,w_225) sigma_f (t_topl,

w_270) |;

sigmab_top= [sigma_b(t_topl,w_180) sigma_b(t_topl,w_225) sigma_b(t_topl,

w_270) |;

sigma_top = [sigma_0(t_topl,w_180) sigma_0(t_topl,w_225) sigma_0(t_topl,

w_270) |;

%MODEL C

psi_w = psi(t_max,w_225)
H.w = H(t_max,w_225)
dH_w = sum(dH(:,6w_225))

sigma_topmax = sigma_0(t_max-3xt_topl,w_225);

sigma_crestmax = sigma_0(t_max-t_topl,w_225);

sigma_tmax = sigma_0(t_max,h w_225);

Dsigma = abs(sigma_topmax) + abs(sigma_crestmax);

R = [cyclepoints(e) Dsigma psi_w H_w Omega_max(e) Omega_min(e) |
display(e);

fprintf (ABC, '%g %g %g %g hg hg \r\n' R);
Y======================================================================
T OUTPUT PLOTS
Y======================================================================
figure
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plot( psi(t_topl,:) ,sigma_f(t_topl,:), 6 'r' psi(t_topl,:) sigma_b(t_topl,:),

g' psi(t_topl,:) sigma_0O(t_topl,:),'b")
legend('friction',6 'bending',6 'total')
xlabel('Circumferential location [degl');
ylabel('Stress [MPal');
title('\psi,\sigma_{total} max positive curvature');

end

figure

plot( psi(t_topl,:) ,sigma_f(t_topl,:),'r',psi(t_topl,:) , sigma_b(t_topl, :) , '
g' ,psi(t_topl,:) ,sigma_O(t_topl,:) , 'b")

legend('friction',b 'bending',6 'total')
xlabel('Circumferential location [degl');
ylabel('Stress [MPal');

title('\psi,\sigma_{total} max positive curvature');

figure

plot( psi(3xt_topl-1,:) ,sigma_f(3xt_topl-1,:),'r' psi(3*t_topl,:) sigma_b
(3xt_topl-1,:),'g' psi(3*xt_topl-1,:) sigma_0(3*xt_topl-1,:),'b")

legend('friction',6 'bending', 'total')
xlabel('Circumferential location [degl');
ylabel('Stress [MPal');

title('\psi,\sigma_{total} max negative curvature');

Omega = Omega ;
figure
plot (Omega,6sigma_0(:,wire_max),'g',6 Omega,sigma_0(:,w_180) '

sigma_0(:,w_225),'k"' Omega,sigma_0(:,w_270),'m")
legend('wiremax', 'wiremin',6 '225','270")
% axis([-0.00002,0.00002,-50,50]);
xlabel('Curvature [1/mm]"');
ylabel('Total stress [MPal');
print -depsc validationfin.eps
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