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Hydrocarbon reserves maintain high market demand for energy security reasons, while the world
governments promote ramping up renewable energy production. Companies exploit deeper reser-
voirs as current reserves start to deplete. Composite risers, with their tailored high strength-
to-weight ratio properties that reduce the effective tensions and bending moments, are lucrative
options to transport hydrocarbons compared to conventional steel risers. However, there is a
limited research into composite risers full-scale behaviour. The main topic, that is missing from
the literature, is the combined effect of far-field loading and mechanical properties uncertainties
on composite risers integrity. Offshore complaint risers are exposed to dynamic vessel motion,
environmental stochastic conditions and high pressure high temperature operational conditions.
These complex multi-axial loadings result in non-linear riser response. The combined responses
to these conditions with composite material in-situ, in addition to the environmental and man-
ufacturing uncertainties are not well understood. Composites uncertainties due to material
properties degradation associated with in-situ conditions, such as water absorption and manu-

facturing imperfections like voids and statistical variations require further investigation.

This work aims to capture the far-field loading effects on composite risers, that contains imper-
fections that require full-scale testing and to develop a virtual testing multi-scale approach, that
is lucrative to manufacturers to optimize the qualification testing processes. Three models are
developed in a sequential multi-scale framework. A non-linear extensible algorithm is developed
based on beam theory to capture the global riser response and to provide boundary conditions
and loads to a meso scale composite FEA pipe model. The predicted principal strains, that
are post-processed from the global riser response, are imposed to a microscopic peridynamics
RVE model that incorporates the statistical void percentage and fibre distributions in the ma-
trix. An integrity analysis is conducted using Monte Carlo method that reveals that mechanical
properties variation due to moisture absorption reduces the riser reliability by two orders of
magnitude. The increase in manufacturing voids percentage reduces the tensile and transverse
strengths to less than half of its no-void values. Another integrity analysis is conducted to inves-
tigate the effect of manufacturing uncertainties using peridynamics. The predicted damages are
benchmarked against Tsai-Wu failure criterion which is found to be matching the final failure
conclusion. However, it is observed that the Tsai-Wu stress-based equality is invariant to the
microscopic geometry imperfections such as, voids and fibre distribution and size. Although peri-
dynamics micro modelling is a computationally expensive approach to composite risers failure
predictions, however, it is a promising technique to investigate wider varieties of manufacturing
uncertainties effect on the composite riser integrity when combined with far-field loading and
harsh operational conditions. The methodology presented allows the composite riser manufac-
turers to optimize qualification tests to mimic full-scale testing and control the parameters that

correlate with failure.
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Chapter 1

Introduction

1.1 Background

1.1.1 Oil and Gas Market

The rapid growth in the demand for energy increases the desire to access new hydrocarbon re-
serves below the ocean floor, especially gas reserves to act as a low carbon and medium term
energy transition fuel. Approximately 12% of global conventional hydrocarbon reserves lie be-
tween 1,000 to 4,000 meters under water. This equates to a total reserve of approximately 300
billion barrels, which is estimated as 9 million barrels per day by 2035. To transport fluids
from reservoirs, sub-sea riser systems are indispensable devices to deep-water fields. They are
long conduits used in various functions related to hydrocarbon production, such as transporting
fluids, injection, hydraulic control fluids and gas lift between the well-head at the seabed and a
surface floater vessel. They are built with a level of compliance relying on variants of the cate-
nary shape in the water column as shown in Figure 1.1. Most of these configurations are useful
in shallow/mid-water depths where decoupling of the floater motion is essential to maintain the
integrity of the riser cross-section at the touch-down zone, while for deep-water applications, the
floater motion have minimal effect on the near seabed section of the riser, therefore, the simple
catenary configuration is preferred for its simplicity and cost efficiency. Traditionally, these riser
elements have been constructed from metal alloys, predominantly steel, which are susceptible to
corrosion in the ocean environment and due to internal fluids composition, therefore, expensive
non-corrosive metal-alloys are often required based on titanium, copper-nickel, duplex and super
duplex stainless steel. These conventional materials have had great success in providing safe
structures for depths up to 1500m however, the potential advantages of composite-based risers
at greater depths are investigated [15, 16]. Catenary risers, are cheaper solutions and widely
used by the industry for moderate and deep-water developments [1]. However, there is a poten-
tial for total project cost reduction over the risers life cycle due to operational and maintenance
cost savings, if composite materials are used [17, 18]. Capital expenditure CAPEX, increases
for deep-water applications with the use of steel due to the need for larger floating production
vessels and high capacity top-side tensioners to support the heavy steel riser systems, which are

often a few kilometres in length. In addition to the high CAPEX costs, a higher operational
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expenditure OPEX is expected. Composite materials, such as carbon-epoxy and carbon-PEEK,
have potential benefits for offshore applications due to a unique combination of their high spe-
cific strength, thermal conductivity and low maintenance requirements. Due to these benefits
there have been a growing number of investigations into the use of these materials but the lack
of research literature and short track record, in addition to the large coefficient of variation ob-
served for composite laminates has resulted in large resistance safety factors, such as detailed in
DNV-RP-F202 [12]. These large resistance factors demonstrate that these materials are not fully
understood for use in these applications, and requiring further investigation. One important area
highlighted by Pham et al [19], is the lack of available studies investigating the reliability of such

systems.

Composite risers material resistance factor v, is given as a function of the coefficient of variation
of the composite laminate properties as shown in Table 1.1. That is because the composite
laminate properties varies according to types of polymer, carbon fibre yarn used, manufacturing
and curing techniques. This makes the coefficient of variation of composite laminates properties
higher than that of steel and requires higher safety factor to cover the range of possible varying
properties that are available in the market. This fact is evident when comparing the material
resistance factors given in Table 1.1 [12] to the value presented in [20] of 1.15 to use with steel
risers. The high safety class with the highest COV recommends almost two times the material
resistance factor given for steel. That is also apparent with the brittle target annual failure rate,
which is for the highest safety class is 1076 for composite risers as shown in Table 1.2, and 107>

for steel risers that is order of magnitude lower than composite risers [12, 20].

TABLE 1.1: Material resistance factor ., for composite risers brittle fracture[12]

COV of the strength

Safety class COV j10% 10%-12.5% 12.5%-15%
Low 1.22 1.33 1.49
Normal 1.34 1.53 1.83
High 1.47 1.75 2.29

TABLE 1.2: Target annual failure rate for composite risers as recommended by DNV [12, 13]

Failure Consequence

Failure Type Low Safety Class Normal Safety Class High Safety Class
Ductile Pp=10"3 Pp=10"1 Py =10"°
Brittle Py =101 Pp=10"° Py =10"°

This is despite the fact that DNV [12] outlines a reliability-based design in their recommendations
for composite risers which should meet the target safety levels, outlined in Table 1.2, which reflect
the probability of structural failure due to normal variability in load and resistance. Further
motivation comes from Skogdalen and Vinnem [21, 22] who describe the risks that can occur in
offshore scenarios such as riser breakage which can have major consequences and who advocate
a proactive risk-based approach to safety, requiring a greater quantitative understanding of
new technologies. Composite products are growing within the hydrocarbons, renewable and
hydrogen economies, with expectations up to £1,100 million by 2030 as shown in Figure 1.2.
Thermoplastic Composite pipes are recently developed into sub-sea riser systems which is a

promising applications for composites in the oil and gas.
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FIGURE 1.1: Riser system configurations [1]
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FIGURE 1.2: UK Composites Market Study carried out by NCC [2]

1.1.2 Riser Types

Composite risers are categorised according to their cross-sectional design. For composites the
cross-sectional layers are either bonded or un-bonded. Un-bonded risers are made from several
laminated armour and pressure layers that are free to slip relative to each other. This allows a
lower bending radius which is beneficial compared to the bonded layers. An example of an un-
bonded composite riser is Flexible Fibre Reinforced Pipe, FFRP. Where it’s cross-section consists
of a concentric helical layers starting from a polymer liner and followed by pressure, hoop and
tensile reinforcement layers, similar to a flexible steel riser structure. The majority of composite
risers in the market are bonded. Bonded risers are simpler in structures with a steel or polymer
inner liner surrounded with bonded angle ply laminates, where number of plies are optimised to

withstand the loads on the pipe. An external sheath acts as a protective layer that decreases
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the probability of water absorption. Figure 1.3 shows example of three products bonded and

un-bonded composite pipes.

Unbonded Composite Pipe cross-section

Liner - Layywr s L]
Extrwison  Any-Exyupon e Exirusion . ]
:‘ > Mororremat ProdsorsTanase  AnsWhar Layar Jwched
e Rewskriamint Extusion

Bonded Composite Pipe cross-section

FIGURE 1.3: Bonded and un-bonded composite pipes cross-sections [3, 4, 5]

1.1.3 Riser Qualification

Composite risers are exposed to dynamic motion due to the floating vessel motion and wave
loading. It’s important to understand the effect of these multi-axial mechanical loadings alongside
the inherit uncertainties caused by the manufacturing imperfections that promotes complex
failure mechanisms. Fracture of composites initiates at the microscopic level that coalesce into
micro-cracks that are triggered by structural loads, which leads to fracture and failure. Due to
these complex loading and fracture mechanisms combined, which is less understood, conservative
safety factors are adopted in composites design. DNV recommends values between 15 and 50
indicating lack of understanding of the problem [23, 24]. The current composites qualification
approach used in industry is make and test to assure the reliability of structures, however testing
slows the qualification process and increases expenses, additionally it becomes prohibitive to
investigate complicated loading scenarios [25]. Standards such as ISO and ASTM require a large
number of experiments to be performed to qualify new composite products to be used in the
offshore environment. These requirements are due to the lack of composite risers performance
records in deep water sub-sea environments and to ensure safe operations. Experiments have to
capture all the operating conditions, increasing the number of test samples. Qualification costs

are also expensive, in the order of tens of millions for each new composite product [26]. Often tests
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at the coupon, laminate, pipe and full-scale model is required as per DNV [24]. However the full-
scale testing is often impossible, especially with large structures such as riser systems, therefore
the largest tested scale is limited by size. Therefore, to mitigate this challenge and achieve
the desired capital savings, without compromising on safety, there is a need to optimize the
selected tests to reflect critical scenarios that incorporates the large scale qualification processes

by developing a Virtual Testing strategy.

The exponential growth in high performance computing capacity, with parallel computing and
GPU processing coupled with recent advances in simulation and modelling techniques, creates
an opportunity to optimize the industrial capital expenditure. The role of computational mod-
elling in the product design and qualification, composite failure modelling techniques is limited
to determining the initial sizing of the structures and in some limited scope of the qualification
process. With growing computational power there is an opportunity to grow the role of computa-
tional modelling in the qualification process to reduce costs by exploiting the available resources.
Integrated Computational Materials Engineering offers a promising solution to reduce qualifi-
cation costs and time. Computational Materials Engineering and virtual testing of composite
riser cross-section is expected to enable a deeper understanding of the failure mechanisms, safety
factors, optimisation of composite riser cross-section design and a reduction in the qualification

costs a better understanding of the required tests [27, 28].

1.1.4 Multiscale Testing

The Virtual Testing concept relies on utilising a multi-scale approach, using highly detailed nu-
merical models to create a multi-scale digital twin of the offshore structure, linking the RVE
scale up to full scale response. It’s computationally impractical to model every atom in a long
composite pipe, often a few kilometres long. Instead the multi-scale approach is the most suit-
able to model the problem where different models are used to capture, with appropriate fidelity
and high computational efficiency, the dominant behaviour at each scale. Models are developed
at the Macro Riser Scale, to provide the boundary loads to the Meso Pipe Scale. To model the
structural failure, the Micro Laminate Scale model is used to determine the laminate damage.
This approach facilitates optimization of testing strategies. Often closed form composite failure
theories are relied upon, however with Virtual Testing models, it is possible to improve these
failure and design methods, allowing evaluation and optimization of large scale structures such
as composite dynamic risers which are exposed to multi-axial dynamic loading in offshore envi-
ronment. Virtual testing models of composite dynamic risers allows high fidelity modelling that
is not possible to achieve with conventional failure theories. The multi-scale pyramid approach

is illustrated in Figure 1.4

1.2 Problem statement

As illustrated in Figure 1.5, composite risers are expected to lower the required operational ex-
penditure compared to conventional steel risers, in addition to the potential to reduce the capital

expenditure associated with deep water compared to steel. However, there are few obstacles that



6 Chapter 1 Introduction

FIGURE 1.4: Virtual Testing Multi-scale Hierarchy Pyramid

requires the development of computationally efficient full-scale numerical models for virtual test-
ing, of carbon fibre composite structures, accounting for uncertainties in the composite laminates
properties, with the aim to asses composite structure integrity while operating in the offshore

environment, to reduce the qualification costs and optimize material resistance factors.

Steel/Flexible Risers Obstacles Composite Riser

. LOW OPEX
. ng.h OPEX (Corrosion Resistance H2S, CO2, H20)
(Corrosive fluids H2S, CO2, H20) High Qualification Costs Lower Decommissioning Cost
High Decommissioning Cost
Manufacturing defects/High Lower CAPEX

ﬂghCA_PEX mechanical properties uncertainties
- Large Vessels
- Large installation Vessels
(Extremely Heavy with deep-water) Strength variations in-situ conditions
(water absorption)

- No Large Vessels needed
(1/6 Weight of flexibles)
- Moderate Reeling vessels

Reaching Steel Limit Suitable Steel Replacement
Highly aggressive environment and Highly aggressive environment and
fluids fluids

FIGURE 1.5: Motivation and problem statement
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1.3 Research aim

The thesis aims to develop a multi-scale riser model that allows for virtual experiments. Aiming
to expand the computational modelling scope in the qualification process to reduce costs and
conservative safety factors used in composite riser design, due to the lack of knowledge about
composite riser integrity that is exposed to harsh far-field loadings combined with composite

mechanical properties uncertainness.

1.4 Research novelty

The novelty of this work is full-scale structural failure modelling of composites, incorporating
material properties uncertainties and damage from the matrix and fibre. At these scales fracture
and crack propagation models are incorporated. These will be coupled to higher structural level
models to determine how these changes in properties combined with structural complex loading
affect composite riser integrity. a multi-scale approach is the most suitable to model the problem
where multiple models are used to capture, with appropriate fidelity and high computational

efficiency the dominant behaviour at each length scale.

1.5 Research objectives

In order to reduce composite risers qualification costs, optimise highly conservative material re-
sistance factors and increase confidence in in-situ composite riser integrity. two main objectives
are targeted to achieve this aim, these objectives focus on the effects of far-field loadings, opera-
tional conditions effect on composites integrity given void percentage uncertainties and de-rated
mechanical properties due to moisture absorption. To achieve these objectives, the approach
requires a balanced multi-scale approach, where simplified physics is required to achieve compu-
tationally feasible predictions, starting from full riser model to capture the in-situ environmental
loading to peridynamics RVE model to capture the laminate integrity as shown in the Figure 1.6.

The following objectives are planned to study the research question:

1. To survey the state-of-the-art literature on; riser global modelling, composite pipe models,

composite fracture.

2. Development and verification of a numerical model capable of predicting the risers dynamic

behaviour in the offshore environment.

3. Development and verification of a static and dynamic composite pipe model, including

investigating various suitable element types.

4. Development and verification of numerical models capable of representing a range of com-

posite damage modes and material imperfections.

5. Explore specific far-field loading and operational conditions on composite riser integrity
and performing parametric studies to reduce conservative safety factors and enable for

Virtual testing to reduce composite qualification costs.
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Reduce Qualification Costs

Increase Confidence in
Composite riser integrity
with manufacturing
uncertainties & In-situ

Optimize Conservative

Safety Factors

OBJECTIVES

Conditions

Far-field, Env loading&
Operational conditions

effect on composites with
void% uncertainty

Multi-scale Sequential
automation (CRIMMO)
Python
LY

Far-field, Env loading&
Operational conditions

effect on composites with
moisture absorption

Development numerical

1
Development/Utilising

APPROACH model to predict riser FEA composite pipe model Peridynamics numerical
dynamics (RiSim) & CLPT/TSDT Python Code model (PeriPy)
FORTRAN FORTRAN/Python

Review Riser Global
Modelling Literature

Review Composite pipe Review Micro modelling
Modelling Literature Literature

FIGURE 1.6: Aims, objectives and approach
1.6 Research scope

The scope of this project excludes:

1. Torsional loading is not part of the study, because riser systems are often exposed to

negligible torsion during operations.

2. Experiments are not part of the scope, since the aim of the project it to develop computa-

tional model allowing for virtual testing.
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1.8 Report structure

Chapter 2 is the literature review section, divided into four main review sections, Uncertainties
in composite properties 2.1, structural 2.2, material 2.3, and multi-scale methods 2.4. Chapter 3
describes formulation and development of the riser beam and pipe models and applicability to
composite dynamic risers. Chapter 4 investigates the effect of composite properties uncertainty
due to water absorption on the reliability of composite risers. Chapter 5 includes the development
of the micro-model based on bond-based peridynamics formulation, and the investigation of
properties uncertainties due to voids and statistical variation of fibre diameter distribution. The

model is used for RVE verification and analysis.






Chapter 2

Literature review

The literature review aims to investigate the effect of combined environmental and operational
conditions on the composite riser integrity, given the uncertainties of the in-situ composite lam-
inate mechanical properties. As shown in Table 2.1 the literature is scarce on this topic. A
multi-scale approach is required, where a physical model at each spatial scale, while the me-
chanical properties uncertainties are considered at the material scale. The link between material
properties and the structural scales are considered in the pipe model and global loads and struc-
tural response are considered at the riser scale. The review is divided into four main sections,
uncertainties in composite properties 2.1, Structural modelling 2.2, Material modelling 2.3 and
Multi-scale methods 2.4. The uncertainties in composite properties section 2.1 focuses on ran-
domness in composites. The structural modelling section reviews modelling methods available
in the literature to model the macro riser scale in subsection 2.2.1, and the meso pipe scale in
subsection 2.2.2 to model composite pipe. The Material modelling section focuses on methods to
model the micro laminate scale in subsection 2.3. The structural section is concerned with intact
modelling techniques, while the multi-scale methods section 2.4 is concerned with surveying the
literature for successful implementation of a multi-scale methods and framework to model ma-
terial fracture and damage problem. Figure 2.1 provides a high-level summary of the approach

to the research objectives and the reasoning behind the reviewed literature.

TABLE 2.1: Literature on modelling of composites

Riser Composite Micro Composite imperfections Far-field effect
pipe modelling effect on mechanical and composite
properties imperfections
on global
composite

riser failure

[29],]30],[31], [32],[33],[34] [32],[33],[34] [35],[36],[37],[38],[39] -
[40],[41],[42], [43],[44],[23] [43],[44] [45],[46],[47],[48],[49]

[50],[51],[52], [44],[53],[54] [55],[56],[57],[36],[58],[59],[60]
[61],[52],[62] [57],[63],[64], [65],[66],[39]

11
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2.1 Uncertainties in composite properties

Spherical void% and size N o .
Statistical fibers distribution and diameter

Micro-cracks density and size

Longitudinal void% and size

FIGURE 2.2: Uncertainties in Composites Mechanical Properties

2.1.1 Statistical variation in composites mechanical properties

A micro-mechanical model of a carbon-fibre composite laminate is central to investigate the
effect of far-field loading and material micro-mechanical properties on the local composite failure.
The stochastic nature of failure is evident in the literature that investigates their homogenised
properties, deformation and damage processes. These probabilistic characteristics originates
from multiple micro level sources of the composite material. Randomness inherited in one or
more parameters due to the manufacturing and loading processes, as illustrated in figure 2.2,
fibres distribution and its bonding strength to the matrix, micro-cracks density and void-defects
are examples of these parameters [45, 46, 47]. The random distribution of these parameters affect
the stress concentration and local deformations; leading to stochastic behaviour at the macro
level. Although manufacturing processes aims to reduce irregularities in the material, however

it is important to understand what type of irregularities affect the composite material response.

Any loading scenario on composite laminate directly results in complex interactions between the
fibre, matrix, microcracks and voids. Therefore detailed micro model that is statistically rep-
resentative of the material is highly desirable to understand the consequence to the structural
damage and failure. An accurate micromechanical model depends on realistic representative
volume element (RVE). To define the fibres distribution in the matrix multiple algorithms are
developed in the literature such as nearest neighbour algorithm (NNA)[48]. Models that incorpo-
rate these irregularities is preferred over periodic micro-models. Periodic models are concluded
in the literature to underestimate the onset of damage initiation and matrix cracks, moreover,

don’t correctly represent the microscopic stress state [49].

Voids are a common irregularity of composites, that is formed from coalesce of bubbles originated
from entrapped air or volatile gases evolution during the curing process. Voids aspect ratio, which

is the ratio between the width and length of the void is influenced by the void content. The
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more entrapped bubbles, the higher the expected void content, which is directly proportional
to the cure pressure. The void content and aspect ratio and fibre stacking sequence increases
the probability that cracks emanates from voids, leading to a degraded mechanical properties.
There is a direct correlation between crack initiating from voids and large void lengths, larger
than 400pm and void content that exceeds 0.4% [55].

The fibres arrangement in the composite microstructure has a large effect on the composite
failure properties for specific loading scenarios [48]. However, there is no correlation between
void content, void aspect ratio and fibre break density. A skewed probability of fibre breakage is
observed within proximity of voids, where its found that fibres are 5 times more likely to break

within half a fibre diameter of an existing void [56].

Matrix cracking initiation and propagation is a phenomena that originates at micro level where
micro-cracks coalescence occurs, forming a macro scale crack. Micro-cracks forms at micro level
due to curing stresses and increases with thermal cycles [57, 36]. further micro-cracks forms once
the laminate is exposed to the first load application [58]. The micro-cracks density increases due
to thermal stresses, density of microcracks is reported to increase from 8.5 to 72 crack/cm?,
corresponding to temperature increase from 69 to 142 oC. Microcracks size is estimated to be of
a similar size of carbon fibres between 5-10um [59]. The orientation of these microcracks is an
important factor in crack propagation at macro scale level. The coalescence of the micro cracks
to form a long macro crack is expected to increase with higher microcracks density and lower

level of microcrack randomness [60].

2.1.2 Moisture absorption effect on composites mechanical properties

The stochastic behaviour gets more complicated with diffusion of water in matrix, it increases the
covariation coefficient of material fracture properties and causes internal stresses due laminate
swelling. Diffusion of ocean waters is a slow process, compared to fresh water due to sodium
chloride molecules. The variation in manufacturing properties and amount of voids and microc-
racks in the composite matrix directly influences the effect of water absorption on the composite
mechanical properties and the long-term integrity of the structure while operational in the off-
shore environment. There is limited published evidence of stochastic analyses for composite
risers, steel designs have been utilised for longer and methods are already available to investigate
their reliability. Carrillo et al. [79] presents a methodology to analyse the structural reliability
of the ultimate limit strength of a steel catenary riser (SCR) under conditions present in the
Gulf of Mexico. The results indicate that the lowest probability of failure occurs at the contact
point and submarine connection, with annual failure probabilities of 2.958 x 10-5 and 7.318 x
10-5, with the elements connected with the TLP and Catenary Transition areas experiencing
failure rates of 1.731 x 10-14 and 1.133 x 10-11 respectively. Li and Low [80] performed a fatigue
reliability analysis for steel risers utilising FORM on a response surface method generated from
an Orcaflex model and outlines a number of other studies in this area demonstrating the im-
portance of these studies. While reliability studies have been conducted on steel catenary risers,
application of these to a large-scale composite riser still remains an important challenge, Pham
et al. [19].Experiments confirms that composites’ strength and fracture are affected by fluids

penetrating composites along path of connected microcracks and delamination and eventually
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leads to plasticisation and degradation of properties [57, 63], causing a reduction of glass temper-
ature Tg. An increase in the initiation fracture toughness G ¢ is reported while a reduction in
the propagation Gj¢ [64]. The cyclic nature of the load is believed to trap the water and causes
high pressure that deteriorate the composite mechanical properties [65]. Although, water ab-
sorption degrades the matrix dominated properties, however a sustained bending radius reduces
the amount of absorbed water[66, 39]. Although, experimental sample edges are often exposed
to sea-water which doesn’t replicate manufactured sheathed risers, but still shows the effect of
sea-water on the reliability of the in-situ composite structures is a concern. There is a clear gap in
the literature to investigate the effect of manufacturing uncertainties and randomness combined
with far-field loading on carbon/epoxy on composite pipes integrity in offshore environment.
Therefore, to investigate the combined far-field loading multi-scale model is investigated where
the most suitable global modelling method of the composite riser is chosen from the literature.
To transfer the loads from the global scale to the micro model, the literature is reviewed to select
suitable pipe scale modelling method that is able to capture the laminate stresses. The micro
modelling methods in the literature are reviewed to chose a method able to capture stochastic

elements of the composite laminate, with the ability to model cracks initiation and propagation.

2.2  Structural modelling

f) 6 x D.O.F Vessel Response

FIGURE 2.3: Typical composite catenary riser in deep-water environment

2.2.1 Macro model (Riser Global Response)

Production risers are vital subsea components for hydrocarbon production. However, the design
process is complex as they are long, slender and exposed to dynamic multi-axial loading condi-
tions. In addition, they are subjected to large temperature and pressure differentials through

the thickness which are caused by the transfer of hot fluids between the surface platforms and
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the subsea systems, as shown in figure 77, sometimes in parts of the ocean where the ambient
temperature is below 0°C. Where temperature and pressure differentials leads to the seabed
sections of a pipeline or SCR walking, which can lead to failure [81, 82, 83]. Steel is the most
common material used in subsea applications. However, at large depths the technical challenges
increase due to the large top-tensions, installation difficulties and long-term integrity issues
related to corrosion. As the offshore industry expands their operations to greater depths, poten-
tially beyond 4000 meters, these problems will only get worse. Gradually replacing steel with
composite materials could reduce the operational and capital expenditure due to their higher
specific strength to weight ratios, lack of corrosion and excellent vibrational damping properties
[15, 16, 84]. However, these benefits do not come without challenges, for example, the lighter
weight of the composite could lead to higher compression loads [85] that requires ballast weights
or internal metallic liners and high initial costs that are dependent on the manufacturing and
qualification processes. This is in part because of the lack of full-scale in-situ field data due to
the short track record in the offshore environment, in addition to the complexity and lack of
accuracy of the failure prediction tools [19]. A possible reduction in the qualification costs can
be provided by sufficiently accurate and rapid numerical models developed to predict full-scale
in-situ behaviour and failure during operation. However there is little published research on
the suitability of the current riser numerical models to capture the composite riser’s non-linear

dynamic response at the global riser and pipe levels.

The analysis of riser systems has been conducted by various studies using a number of different
techniques. DNV [12, 13] recommends a global-local procedure, where a global analysis is first
conducted to extract effective tensions, bending moments, thermal loads and pressure loads,
which act as boundary conditions for the subsequent local analysis. The local analysis then
yields the local stresses and strains which are applied to a particular failure criteria to evaluate
possible failure mechanisms of the riser elements. Tan et al. [8], Kang et al. [86] and Zhan [87]
all conducted studies utilising static global catenary models to determine equilibrium positions,
force extraction or the basis for a further dynamic study. Kang et al. [86] noted that the bending
moments generated were larger than those calculated via other methodologies along with some
discrepancy in the static position of the riser as compared to other models. However, Bridge
[88] concludes that the use of the simple catenary equations is considered a good approximation.
In a similar application Da Silva et al. [89] utilised this type of model to optimize a composite
laminate structure for a riser system. An analytical catenary solver was used for the static global

model due to the faster run times compared to FEA while also providing representative results.

Riser design is performed in two stages for computational efficiency. First the global response of
the entire riser is modelled under the influence of environmental and vessel loads. The dynamic
excitations are captured within the vessel’s top excitation. This dynamic time domain analysis
is required to identify the critical riser responses and sections for ultimate and fatigue limits
states. The second step is to build a detailed model of the critical cross-section. This analysis
is performed to predict the stresses and strains in the laminate to optimise the layup. Outputs
from the global analysis, the tensions and rotations at both ends of the critical sections are

applied as boundary conditions to the cross-section model.

The catenary equation is the simplest approach for modelling the global response of catenary
shaped risers. However, the closed-form formulation limits its application. Solving dynamic riser

simulations requires the solution of the full set of partial differential equations with time varying
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boundary conditions and loads and can only be solved with a suitable numerical method such
as finite elements or finite differencing. The riser’s global dynamics can be formulated using two
main approaches: extensible and in-extensible beams. Cables exhibit two main vibrating modes,
‘elastic’, where the axial waves propagate with a velocity proportional to the axial stiffness,
and ’transverse’, where they propagate as a function of the beam flexural stiffness. Flexible
steel risers exhibit high axial stiffnesses due to their multi-layer cross-sectional design which are
often five orders of magnitude higher than their flexural stiffness, due to their multi-layer cross-
sectional design, while maintaining favourable low bending stiffnesses. Therefore, it is reasonable
to approximate these flexible pipes response using an in-extensible beam model. Approaches that
are specifically developed for flexible steel risers enforce these conditions to avoid the singularity
that arises in the numerically ill-conditioned system matrix [52] and this is common in most
design software. However, composite risers exhibit a lower axial stiffness that is likely to be only
three orders of magnitude higher than the flexural stiffness. At these lower ratios the elastic
waves could be excited and it may be necessary to model the composite riser as an extensible
cable. The dynamic equilibrium system that governs the riser response consists of a number
of non-linear coupled hyperbolic partial differential equations with boundary value constraints.
The full-scale response of the riser can be adequately modelled using Bernoulli beam formulation
as the length to thickness ratio is larger than the limit below which the Timoshenko-beam theory

applies [90] .

To solve these partial differential equations the Lagrangian coordinate formulation makes up
the largest portion of the open literature. Initially these models are solved with a numerical
semi-implicit finite differencing scheme [68]. The method is conditionally stable if the time step
is carefully calculated based on the arc length and the tension. However, this method is not
practical for industrial applications as the stability parameters vary dynamically. Therefore,
unconditionally stable time integration methods are favoured. To improve the accuracy and sta-
bility of the solution Galerkin’s finite element formulation and first-order Adams-Moulton time
integration algorithm is implemented [41]. However, the multi-step integration implemented in
Adams-Moulton method is computationally expensive. A variational finite element approach
and the Newton-Raphson algorithm improved the computational feasibility of this method [42].
A static finite element method is proposed, to improve the deformation dependency of the
boundary conditions and load points. This includes a predictor-corrector multi-step scheme for-
mulation based on non-linear vectorial equilibrium formulation is proposed however, the method

is computationally expensive and its stability is not discussed in the literature [91].

The increase in flexible riser installations required new formulations to overcome the simulation
difficulties attributed to the large axial stiffnesses. Therefore, a 2D Cartesian in-extensible hybrid
beam-column formulation is proposed for un-bonded flexible risers implementing a convected
coordinate scheme; where the hybrid beam formulation is used to solve the flexible riser ill-
conditioned system stiffness matrix problem. In addition, a local coordinate system is fixed
to each element, to decouple the rigid body motion and strains. This is connected to the
global Cartesian coordinate system via rotation angles allowing for large deflections [62]. The
hybrid-beam element formulation is used in which the axial deformation and in-extensibility
conditions are satisfied. The method uses non-linear programming techniques to apply the
Lagrangian constraint and imposes the in-extensibility condition allowing for large deformations

with convected axes. This method is extended to a 3D analysis [67] and implemented in a
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commercial riser three-dimensional non-linear finite element package Flexcom. The method uses
Houbolt operator time integration which is shown to be suitable for the slow motion periods
that flexible risers exhibit [52, 62]. Another time integration method is suggested, the Hilbert-
Hughes-Taylor one step method which is unconditionally stable with linear systems and allows
for variable time steps. The optimal time step is calculated automatically using the current step
period parameter and after a few incremental steps the optimal value is chosen [92]. Recently a
multi-scale element type for flexible risers is developed [93] which allows the stick/slip behaviour
of flexible steel risers to be captured via a hybrid beam element user defined subroutine in
Abaqus. However, this method mostly benefits un-bonded flexible riser analysis and doesn’t
provide additional information about the bonded cross-sections at the global riser scale since

composite pipes are bonded and don’t exhibit hysteresis like flexible risers.

The literature related to extensible formulations is sparse compared to the in-extensibility for-
mulations. A non-linear cable formulation is successfully solved with the finite element technique
and New-mark’s time integration method [75]. However, this method causes large errors in pre-
dicting the cable natural frequencies [94] as the lumped mass technique is implemented [40]. A
full 3D extensible cable is derived in [69, 70], which is solved with an implicit second order box
finite difference method [71] resulting in an unconditionally stable method that is discretized
and centred in space and time and second order accurate. However, the method is developed for
negligible flexural stiffness cables and requires the inverse of the system matrix, which causes a
singularity in slack conditions. The method is expanded to include cables with considerable flex-
ural stiffness and solved with Newton-Raphson method [78, 95] and later solved with relaxation
method [72, 73].

Although the literature is rich with multiple extensible and in-extensible dynamic analysis meth-
ods, it lacks a comparison between the two methods especially to quantify the effect of composite

riser cross-section properties on the calculated tensions and curvatures.

2.2.2 Meso model (Pipe)

Composites laminates modelling is divided into four categories: smeared equivalent single layer
theories (ESL), layer wise theories, Homogenisation and Microscopic models. Microscopic mod-
els are based on micro mechanics, where the fibres and matrix are modelled separately as homo-
geneous materials with a separate constitutive relation, such models allow micro failures such as
fibre breakage, crack propagation in the matrix, fibre pull-out and de-lamination to be modelled
explicitly. However, these models are computationally expensive and it is currently not feasible
to model full composite structures using these methods. 3D elasticity and Layer wise formula-
tions are based on use stacks of layers allowing for higher accuracy to describe the stresses across
a relatively thick composite laminate. Layer wise where the accuracy is close to the 3D elasticity
models and lower in computational cost. Equivalent single layer theories are simplified methods

where the computational cost is lower than microscopic models.

Homogenisation method is useful for thick composites, where homogenised elastic constants
are derived. Homogenised elastic constants provide added value to the predicted stresses and
deformations with larger thickness and smaller radii, this is when the elastic constants become

dependent on the stacking sequence. However with lower thickness or large diameter pipes, the
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results obtained from the homogenisation method are identical to single layer theories [44]. 3D
continuum elements are adopted in composite modelling, where the conventional elasticity theory
is applied and the constitutive relation is not derived from shell theories. Layer-wise theories are
developed for assessments where the through thickness deformation is important in the case of
thick shells. The theory requires an explicit geometry of the shell thickness and enforce the first
order shell assumptions via cross-thickness interpolation. The theory is based on assuming that
the displacement field has C° continuity across the laminate thickness. This assumption allows
for continuous inter-laminar stresses at the interfaces between plies. The Layer-wise model has
computational advantage over 3D continuum models, it reduces the 3D problem to a stack of
2D equivalent single layers. The 3D finite element model is based on 3D elasticity theory and
Navier’s equations are the governing element shape function, while the layer-wise model, which
is a 2D laminate theory is a semi-discretized Navier’s equations, Thus the layer-wise theory
approximates the 3D equations with the ability to adjust the discretized sections as needed.
Reddy benchmarked number of operations needed to form the element stiffness matrix in both
layer-wise and 3D models. The computational cost is lower in the case of the layer-wise theories
[34].

Tz dA > lamina projected area
v

w

FIGURE 2.4: ESL laminate theory force
balance Fi1GURE 2.5: Tllustration of CLPT theory

Equivalent single layer theories are developed based on classical elasticity theory, starting with
force balance as shown in figure 2.4, with suitable polynomial that describes through thickness
deformation. This assumption reduces the problem dimensionality to 2D representation of the
laminate with an equivalent single layer. Classical laminated plate theory CLPT is the simplest
equivalent single layer theory, based on the classical plate that satisfied Kirchhoff hypothesis.
The shear across the laminate thickness is assumed to be constant [34, 32]. First order shear
deformation theory FSDT is developed based on CLPT assumptions,as illustrated in figure 2.5,
however allows additional degree of freedom, which is the linear transverse shear terms. The the-
ory is based on the Reissner Mindlin model [33]. Third order shear deformation theory TSDT
is a higher order theory that uses a cubic transverse shear across the thickness. The equiva-
lent single layers are optimum to predict the global response of thin layer laminates. However
to capture crack initiation and propagation in a laminate, the through thickness behaviour is
important to be predicted with higher accuracy. The localised inter-laminar defects and cracks
response is non-linear and therefore requires a higher fidelity theory [34]. The third order shear

deformation theory is extended to provide a closed form solution [53] with pressure effects [54].

A pipe tends to behave like a thick shell if the ratio between its bending radius and thickness

is small. However there is no clear separation in the literature between thin and thick shells for
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cylindrical pipe applications. There are few attempts in the literature to evaluate the perfor-
mance of each element type to model pipes that are exposed to bending and tension loadings.
Shell and solid elements predict similar behaviour for metal pipes under uniform bending as long
as the bending radius to thickness ratio is equal to 10 [96]. However solid continuum element be-
comes inaccurate and not feasible with ratios up to 25. The study is carried out with rigid beam
multi-point constrain between a reference point and the pipe circumference. Composite pipes
under tension, pressure and buckling loads using 3D solid element [97]. The study is performed
constraining one displacement and applying pure tension on the other end for optimisation study.
A homogenised solution compares the results to FE static solution, however boundary conditions
used in the analysis are not addressed in the paper [44]. Composite pipes modelling is a gap in
the literature, element based comparative study is required to provide confidence in the element

types effect on predicting laminate stresses and composite riser behaviour.

2.3 Material modelling

2.3.1 Failure theories

There is no global consensus on a single representatives failure theory [25], the industry depends
on make and test approach to assure composite structures and components reliability. However
the need to quantify the accuracy of composite strength predictions motivated the World Wide
Failure Exercise WWFE to assess complex performance of composite structures under general
loading conditions , benchmarking more than 17 composite failure theories against experiments.
The main conclusion is that 50% of current failure theories are mature to predict fibre failure,
however the remaining theories miss-predicted the fibre failure. All theories were over con-
servative and poorly predicted leakage in pressurised pipes and did not account for non-linear
stress/strain behaviour of composites. Progressive damage predictions are not mature enough
to be implemented and further development is required. All theories fail to predict residual
thermal stresses and in-situ lamina properties. The final conclusion vetted five leading failure
theories,that are theoretically and experimentally the most reliable among other theories, which
are chosen to develop comprehensive guidelines and recommendations, to develop a framework
for composite design. These theories are; Tsai-wu that assumes linear elastic properties of the
material and depends on reduced stiffness of the matrix after initial failure, Puck theory, that is
based on three dimensional non-linear progressive failure approach. Cuntze theory, that is based
on a similar approach to Puck theory but includes some dependency between failure modes
based on probabilistic effects. Bogetti theory that is based on maximum strain failure criterion,
progressive failure analysis and non-linear lamina stress-strain relation. It’s important to note
that Puck and Cuntze theories provide the closest predictions, with ten percent mean error,
to experimental values [98]. The top five theories, can’t predict leakage, high strains effect on
stress-strain behaviour of the laminate. Therefore, deeper exploration of the initial failure and
progressive damage, shear non-linearity and crack multiplication is required. Some of the failure
theories numerical codes can not be easily obtained or integrated into FE packages. WWFE
study recommends the following modelling problems to reduce the gap between test results and
the composite failure predictions: Thermal Residual Stress, in-situ strength, matrix failure pro-

gression and large deformation behaviour. More improvement to the theoretical understanding
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of: initial failure, progressive damage, crack multiplication, de-lamination. Therefore, relying
only on these theories to optimize experimental work needed for qualifying new composite prod-
ucts or ' Virtual Testing’, is ruled out as an option. The definition of composite failure is currently
application dependent, however experimental studies provide evidences that laminated compos-
ite failure is the result of progressive damage process ending up with a complete failure[99],
that requires detailed micro modelling approaches, with special focus on theories that are based
on the non-local properties of the material and fracture mechanics to predict laminate failure

initiation and propagation.

2.3.2 Micro model (Laminate)

Finite element based micro models are based on continuum mechanics. A Representative volume
element, RVE approximates microscopic heterogeneous material, such as carbon fibre compos-
ites. Multilevel FE? method relies on defining the constitutive relations at the element integra-
tion points with numerical homogenisation of suitable RVE at one or multiple levels [100, 101].
Although the method can be combined with the aid of cohesive elements to model fracture, how-
ever, this requires Ex-scale High Performance Computational simulations to capture fracture
with FE? method. This computational intensity is demonstrated where over 390K cores which
are required for realistic detailed simulations, allowing for virtual testing of materials [102]. Due
to the high computational burden, few load cases are feasible. Therefore, it is not efficient enough
to assess reliability or design load cases, that often require large numbers of load cases. A Voroni
Cell FE based method is developed to solve elastic-plastic problems with heterogeneous materials
under small deformation, however the method is not applied to fracture problems [103, 104], the
method also requires high computational costs to micro FE sub-model, which is required for each
integration point. It’s essential with finite element micro models to combine continuum mechan-
ics with damage mechanics, fracture mechanics and cohesive elements to capture fracture across
the laminate. However, continuum mechanics approaches combined with cohesive elements or
fracture mechanics are computationally expensive, and limited by defined crack paths. A core
continuum mechanics assumption is material continuity and the continuum mechanics equations
of motion are formulated in differential equation form. The derivative term, in these equations,
is the source for a major and critical problem when a crack is formed in the material. The onset
of crack formation, by definition is a discontinuity in the material, that causes a singularity at
the crack-tip. That is because the strain energy grows exponentially at the crack-tip, which is
concentrated into a single point. The classical formulation can’t describe this complicated phe-
nomena such as crack initiation and propagation, and requires a reformulation that depends on
the stress intensity around the crack-tip area. That leads to the development of fracture mechan-
ics, to fill in the gap within the continuum mechanics theory. Fracture and damage mechanics
are able to predict few failure modes, however it’s mathematically and numerically cumbersome.
Implementing fracture mechanics in the finite element framework, requires adaptive meshing,
which is computationally expensive. Therefore, the XFEM is developed to avoid the mesh re-
finement, however it involves higher computational cost compared to traditional FEM. Crack
initiation is also an uncertain since it originates at the material atomic level, and multiple crack
becomes computationally infeasible to model. Also crack path prediction is problematic and

needs further research [43]
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The shortcomings within continuum mechanics, makes non-local micro modelling lucrative to
investigate, that is because the atomic bonds within the material are non-local. Each atom
bonds neighbouring atoms that are within its vicinity, through intermolecular pair potential.
Therefore, coarse-graining methods that resemble molecular dynamics, is expected to overcome
the limitation of continuum mechanics in a computationally feasible manner. A double scale
non-local asymptotic homogenisation is developed for brittle composite heterogeneous materials.
The method is based on a closed form damage expression to relate overall strain, local fields
to damage as an attempt to overcome the inherited difficulty to predict damage in continuum
mechanics [105]. Peridynamics models are regarded as upscaling of molecular dynamics, the MD
solution can be recovered from Peridynamics simulations [106]. Peridynamics was successfully
used to model crack growth patterns in CFRP laminates with a pre-existing crack, naturally
capturing de-lamination and fibre breakage [43]. A non-local bond based Peridynamics theory is
formulated, based on a newton equation of motion, using a pair wise interaction between material
points [107], however, the theory is restricted to Poisson’s ratio of 1/4, due to an assumption that
each two material points contributes to equal and opposite peridynamics force. The generalised
state-based Peridynamics theory developed further to relax the bond-based assumption, allowing
for material points to contribute with non-equal peridynamics force, however, maintaining the
direction limitation that both material points peridynamics forces acts inline. This provides
means to implement a conventional constitutive model of solid mechanics within a Peridynam-
ics model, allowing for plastic incompressibility conditions [108]. A non-ordinary state-based
Peridynamics formulation followed to relax the direction limitation, allowing for material points
peridynamics forces to act in an arbitrary direction with non-equal magnitudes. This is useful for
transient three-dimensional dynamic problem, allowing the theory to make more realistic predic-
tions and large scale models that can be related to first Piola-Kirchhoff stress tensor, P [109]. It
is possible to implement Peridynamics within finite element formulation, utilising lumped mass
truss elements that represents bonds between Peridynamics material points [110]. Molecular
dynamics can also be coupled to Peridynamics simulation allowing for variable material proper-
ties to account for thermal, in-situ, plasticity properties and other constitutive properties with a
multi-scale model coupling MD multi-scale micromorphic molecular dynamics MMMD theory.
Splitting the problem into two scales, Peridynamics is the macro scale and MD is the micro-scale,
and linked via Cauchy-Born rule based stress evaluation turning it to a state-based Peridynamics
formulation. The method allows the Peridynamics formulation to be enriched with molecular
information. This method also supports the reversed approach where each traction is applied to
the material, the optimum molecular state can be recovered based on Parinello-Rahman method
allowing inhomogeneous and finite sized problem to be solved where the material represented
by RVE [111]. The examples were limited to one and two dimensions, the MD caused wave

propagation problems [112, 113].

Although, the prospect of initiating the Peridynamics material properties at the Ab-initio level is
interesting with powerful supercomputing capabilities. However, one of the main problems with
the Ab-initio molecular dynamics models is to select a suitable intermolecular empirical pair
potential. In some non-standard cases, such as composite matrix, the empirical pair potential
isn’t easy to approximate. In such cases the empirical relation can be replaced with DFT or TB
quantum calculations to describe molecular potentials that doesn’t fit within standard potential

theories [114, 115]. The Car-Parinello method is an example of concurrent multi-scale modelling
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where the atomic potential is calculated on the fly via DFT calculations [116]. Although mod-
ern orbital-free DFT method and Tight-Binding TB theories simplifies the quantum mechanics
equation to increase number of atoms that are possible to simulate, which is often used in ma-
terial science [75, 117, 118, 119], the simulations requires large number of cores, and usually
limited to few thousands of atoms for a time span of fs to ns and are suitable for modelling
very few number of load cases [120, 121]. Therefore, using quantum mechanics based theories to
approximate the intermolecular pair potential for molecular dynamics is not a feasible option.
There are few attempts to develop accelerated MD techniques to stretch simulation scales limit.
Monte Carlo Molecular Dynamics MCMD is a techniques used in statistical mechanics [120],
the technique is used to capture thermodynamic properties such as equilibrium, energy, temper-
ature and pressure based on the statistical distribution of the property. Further development in
the area of MC simulation is promising to expand the limitation of MD simulations such as
meta-dynamics, hyper-dynamics, umbrella sampling allowing to extend the molecular dynamics
simulated time scale by more than two order of magnitudes[122, 123, 114].These methods aims
at rare events probability to speed up the simulation process, however at the current state of

such theories are not mature.

Although coupling quantum mechanics with molecular dynamics and Peridynamics provides
an accurate representation of the inter atomic potential, the allowed spatial and temporal scales
are still computationally expensive. Scales of such simulation usually don’t exceed nano meter-
s/second, these are not sufficient to model material related failures such as crack propagation,
on large spatial or temporal scales for industrial applications, and it is more suited, for the time
being, to investigate microscopic material properties or investigating new type of materials be-
haviour. In addition to the wave propagation problem that originates at the molecular dynamics
and Quantum mechanics scales is problematic for large scale simulations on structural level.
Therefore, the use of these Ab-initio methods to approximate the Peridynamics bonds is ruled
out and the bond-based peridynamics theory, with fracture properties derived from experimental

data, is the most suitable method for scope of this thesis.

2.4 Multi-scale methods

Engineers often face two main categories of problems, the first category where macro-scale be-
haviour is the main focus, then its assumed that the micro behaviour can be substituted by a
predefined and simplified constitutive relation. The second category where the main focus of the
problem is micro-scale, in this case its often assumed that a micromodel is sufficient to describe
the problem. Most engineering problems could be solved using the single scale approach [124].
The selection of a multi-scale method is divided into three general steps. Step 1 is to define
what is the most efficient way to exchange information between scales. This is mainly dependent
on the number of missing parameters that requires variables from a micro scale model solution.
Step 2 is to define which kind of problem is the focus of our study. Do we want a micro model
across the whole domain or around a localised singularity or defect. Step 3 It’s important to
select a multi-scale frame work to handle calculations and information exchange between scales.
That is classified according to information flow between scales. Either to pre-calculate the miss-
ing parameters prior to performing the macro model analysis (sequential) or calculate it on the

fly (concurrent).
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There are many attempts available in the literature to develop a multi-scale approach to
assess structural integrity, therefore, it is important to review these trials and understand the
difficulties, advantages and disadvantages, challenges and computational cost of all these meth-
ods, in order to select an appropriate methods that bridge the gap between physics that occurs
at large structural scale and slow temporal responses, down to microscopic size phenomena that
occurs at the speed of sound, which is fracture. Sequential multi-scale coupling, also known as
hierarchical, serial, parameter passing,pre-computing, microscopically-informed modelling is used
for limited problem types, where small number of missing parameters in the macro scale model
that depends on few microscopic variables. Pre-computing of these parameters based on a micro
scale model is feasible in this case. The micro scale computed parameters, which are often stored
as lookup tables, are passed to the macro scale to complete the model. If any missing data were
not pre-computed, then linear interpolation is required to obtain the values between the pre-
calculated parameters. An example of sequential coupling is a well known composite mechanics
problem where a representative volume element RVE is chosen to statistically represent a het-
erogeneous material such as carbon fibre composite. The elasticity tensor is calculated using
RVE method with suitable averaging technique, and used in the macro model to describe stress
and strain relation in the material. Any problem that requires many parameters to be evaluated
that depends on larger number of variables is deemed not feasible with sequential coupling. As
a rule of thumb if the number of missing parameters in the macro model are lower than the
problem dimensions the sequential method is feasible.[125] Concurrent multi-scale coupling is
often referred to as on the fly computation. It is used when the number of missing parameters
is high and function of multiple variables. Often multi-scale modelling concept is related to this
type of coupling where the information is exchanged on the fly between scales. An example of
sequential coupling is Car-Parrinello molecular dynamics method CPMD. This type of simula-
tion is not feasible using a sequential approach. It’s not simple to exchange information on the
fly between scales, often boundary conditions is problematic and requires the researcher to be
careful in selecting boundary conditions [126]. In summary the number of calculations required
for the concurrent coupling method are O(Az~%) where Az is the mesh size and d is the prob-
lem dimensions required to calculate the missing data. For the sequential coupling the number
of calculations are roughly O(h~™) where h is the uniform grid size and m is the number of

variables needed to calculate the missing parameter.

A modern approach to classify multi-scale methods is according to the problem types. Type A
of problems deals with localised events such as singularities, dislocations, local defects, boundary
layer problems, and shocks. The assumption that the macro scale model can describe the most
of the domain, however fails to do so around the local defects and a micro model is used to only
around this region. Few modelling techniques are examples of problem A: Macroscopic, Atom-
istic, AB Initio Dynamics MAAD, in which coupling of finite element model to statistical
molecular dynamics and down to quantum mechanics through semi-empirical tight binding ap-
proach. The algorithm is applied to model rapid silicon slab brittle fracture, with a micro-crack
defect, where uniaxial tension is applied to the slab [6, 127]. Non-local Quasi-continuum
Methods are limited to cracks, dislocations and local defects in crystalline structures. The
continuum scale is based on non-linear elasticity finite element. The method makes use of the
adaptive mesh refinement algorithm at the local defects, reducing the size of the mesh to the
atomic scale where a molecular dynamics simulation is modelled around the defect. The method

suffers from phonon’s reflections at the boundaries between the MD and FE regions, this is
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FIGURE 2.6: Nlustration of the MAAD multi-scale method [6]

mainly due to the periodic nature of the molecular dynamics boundary conditions. This prob-
lem can cause some simulation to over heat and melt the crystal which doesn’t happen in reality
[128, 129, 130, 131, 132, 133, 134, 135, 124, 136, 137]. Coarse-Grained Molecular Dynamics
CGMD, which is a method similar to peridynamics but smaller in scale down to molecular level.
The method was initially developed to simulate micron scale systems providing a seamless cou-
pling between the atomic micro and macro scales with the ability to simulate finite temperatures.
The method is based on formulating constitutive equation at each scale that is compatible with
micro atomic scale at local region. Statistical coarse grained region facilitates the coupling to
the FE domain away from the localised defect [138].

Problem B is where the micro model constitutive properties is not known across the whole
domain, either to enrich the macro model or to replace some missing parameters. A typical
plasticity problem where the atomic locations are used to define the stress strain behaviour of
the material[139], utilising the Multilevel F E? Method [100, 101]. Local Quasi-continuum
Method The local quasi-continuum theory formulates the material constitutive relation based
on Cauchy-born rule and molecular dynamics simulation, however the method is limited to
crystalline structures [128, 129, 130, 131]. Gap-Tooth scheme-Equation-free method An
example of this scheme is the Equation-free method. The method is a general form of the concept
used in the local QC method, where the model is initiated with macroscopic prediction, and micro
model is solved for few domain patches as short carefully chosen burst of appropriately initiated
micro models, where the solution is averaged in these domains and by interpolation ,the macro
solution is calculated, the domain patches communicates with each other while the solution
progresses to maintain macroscopic connections and boundary conditions[140]. Mathematical
homogenisation and averaging methods are used where effective properties of the model is the
main focus. A periodic represented volume is selected and the properties of the composite
structure is averaged over the domain [141, 142, 143]. The multi-grid method [144, 145], fast
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multipole method FMM [146, 147], domain decomposition method, adaptive mesh refinement
method [124]. Multi-resolution representation method [148], has been successfully applied to
composite materials. However, these all based on local continuum mechanics, and requires

fracture mechanics to model cracks, making it computationally expensive.

2.5 Conclusion

The literature review in this section excluded some of the advanced methods, such as Molecular
Dynamics and Tight Binding methods due to it’s computational feasibility required for the
scope of this thesis. Table 2.2 narrows down few of the computationally feasible methods that
are required to establish a multi-scale model of the composite riser system to achieve the research

objectives in section 1.5.

TABLE 2.2: Computationally Feasible Theories and Methods Summary

Method Type Application Feature

Macro riser model

Small angle Bernoulli ~ Finite element Beams with Computationally efficient but

beam small not suitable for large deflections

deflection that riser experience

Large angle Bernoulli  Finite element Flexible risers Suitable for riser

beam and cables problem,computationally
expensive
Lagrangian Finite difference Flexible risers Simpler implementation,
formulation and cables computationally less expensive
than FE
Meso pipe model
CLPT Equivalent Thin Constant transverse shear
single layer Composite
laminate
FSDT Equivalent Moderate Linear transverse shear, shear
single layer thickness locking
Composite
laminate
TSDT Equivalent Thin/Thick Quadratic transverse shear
single layer Composite
laminate
LWT Layerwise Thin/Thick Moderate and Thick laminates
theory Composite

laminate
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3D Conintuum

Theory of Composite
elasticity laminate
modelling

Computationally expensive
without additional benefit at
pipe level

VCCT

Micro laminate model

Computationally expensive, can
simulate crack path, multiple

cracks of pre-cracked model

Gradual Degradation
Method

Fracture De-lamination
Mechanics

Damage Laminate
Mechanics macro failure

Computationally feasible, can
predict Final failure with good

accuracy

Cohesive Elements

Fracture/Damage De-lamination

Requires a predefined crack

Mechanics path
Peridynamics Non-local Intact/Damage Realistic prediction of crack
theory initiation, propagation,

Computationally expensive




Chapter 3

Effects of extensible modelling on
composite riser mechanical

responses

3.1 Mathematical formulation

RiSim, a non-linear extensible, time-domain implicit Keller-box finite difference code is developed
in FORTRAN based on the formulation derived in [71, 78]. The non-linear system of equations
is solved with a modified Powell hybrid method. The method is suitable for calculating the
local minima of complex functions without the need to calculate its derivatives [149]. RiSim is
used to investigate the composite riser response and compared to a finite element in-extensible
hybrid formulation implemented in the riser simulation package, Flexcom, which is based on the
method developed in[92, 62, 67] to determine the accuracy of these models with the reduced

axial stiffness exhibited by composite risers.

Riser design is performed in two stages for computational efficiency reasons. First the response
of the entire riser is modelled under the influence of environmental and vessel loads. The effect
of the maximum mean and low frequency vessel responses are modelled as a static step with
an offset to the initial position of the vessel, while the high frequency dynamic excitations are
captured within the vessel’s RAOs. This dynamic time domain analysis is required to identify
the critical riser responses and sections for ultimate and fatigue limits states. The second step is
to build a detailed model of the critical cross-section. This analysis is performed to predict the
stresses and strains in the laminate to optimise the layup. Outputs from the global analysis, the
tensions and rotations at both ends of the critical sections are applied as boundary conditions

to the cross-section model.

In this analysis the inline linear waves and sinusoidal hang-off excitation are applied to the
riser system. The riser motion is assumed to occur in a 2D plan for simplicity. The governing
dynamic equilibrium system is presented as a series of partial differential equations in 3.1 to

3.6. The derivation is based on the extensible non-linear Lagrangian partial differential equations

29
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representing the 2D riser boundary-value problem. Variables v and v are the velocities in the
tangential and transversal directions t and f, T is the tension, S, is the shear force in the
transverse direction and G is the curvature about the bi-normal direction fi. ® is the angle
between the tangent and the horizontal. m and ma are the mass in air and the added mass per
meter, wq is the apparent weight of the riser per meter. d, is the outer diameter of the riser.
EA and EI are the axial and bending stiffnesses. s is the Lagrangian, un-stretched coordinate,
vy and vy, are the tangential and transversal relative velocities, Cyq; and Cy,, are the tangential
and transversal drag coefficients, ¢ is the time and p is the sea water density, v ,Upne, Uty and

Unw are the current and wave tangential and transversal particle velocities.

FIGURE 3.1: Riser element loads equilibrium diagram

The relationship between the rate of change of the velocities frame angle ® with respect to
time at each node as a function of tension variation and the total force balance along the riser

in the tangential t direction described in equation 3.1,

m <8u 8(1)) - a—T + S + wosind

ot ”E ds
(3.1)
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The governing relationship between the temporal rate of change of the tension, as a function

of axial stiffness, nodal velocities and curvatures, is described in equation 3.3,

oT ou
5~ BAGG, — ) =0, (3.3)

and the reference frame angle is shown in equation 3.4,

T 0P Ov

(1+ (ﬂ))ﬁ ~ 3

- ’LLQb = 0, (34)
The coupled relationship between the axial and bending strains are provided in equation 3.5,

EI% + Sp(1+(

-~ T =, (3.5)

EA

While the definition for the curvature as a function of the reference frame angle along the

riser is provided in equation 3.6,

The tangential and transverse relative velocities, when the wave and current are applied, are

given by equations 3.7 and 3.8,

Vtr = U — VUtc — Vtw, (37)

Unr = U — Une — Vnw- (38)

3.2 Boundary conditions

The 2D riser behaviour is governed by six, first order partial differential equations. The finite
difference discretisation leads to n — 1 equations and the missing 6 equations to solve the system

are given by the equal number of boundary conditions given by equations 3.9- 3.11.

At the touch-down point the boundary conditions are given by equation 3.9,

G =0,u° =0,0° =0, (3.9)

and the boundary conditions in the case of wave loading and pinned hang-off node are defined

in equation 3.10,

GV t=0,uN"1=0,0""T=0. (3.10)
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Assuming a sinusoidal excitation at the hang-off node, the boundary conditions are given by

equation 3.11,

GVt =0,uN "t = 0,0N ! = Asin(wt). (3.11)

Where A is the amplitude of the sinusoidal excitation.

3.3 The Keller-box method

The Keller-box numerical scheme is an implicit method, designed to solve first order parabolic
partial differential equations in time and space [150]. The solution is second order accurate and
simple to implement for large numbers of coupled PDEs. The method requires all the PDEs to

be reformulated in first order form before discretisation.

s At W Known
| O Unknown
X Central point
Ps P2
S| 0 -
Sj-112 As
P P,
S 0
t

G tiip list

FIGURE 3.2: Keller-box method finite difference grid

The algorithm requires discretisation in space and time that is chosen at the central point
(tiﬂ /25851 /2), where ¢ and j represent the current time and spatial node. The discretization is
performed between the points Py, P», P3 and P, as shown in figure 3.2. These points represents
the function evaluation at either the previous time, the next time or spatial step. Let Y be
the unknown variable and then the central differencing of the temporal derivative at the centre
point is determined by fixing the spatial coordinate while the temporal derivative is replaced by

equation 3.12,

oy Y=Y 2
T A o) G2
) l. ) ) 3.12
YT Y -

+ O(h?).

At;

Similarly, the spatial derivative is replaced by equation 3.13,
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oy in+1/2 _yitl/2?

Jj—1 2
- = + O(h*)
Os As;
Yitlpyi—yitl v (3.13)
_J J As.j_l J— —|—O(h2).

By neglecting the higher order terms and expanding equations 3.12- 3.13 the central point

is given by the expressions in equation 3.14,

(Sj +5j_1). (314)

N |

1
liv1/2 = 3 (tix1 +ti),85-172 =

3.4 Riser model benchmarking

The static and dynamic responses of the riser are benchmarked using the in-house developed
algorithm RiSim and FE commercial package Flexcom. An 11 inch composite catenary riser is
investigated with a comparison of when it is unpressurised and with a 200 bar internal pressure.
The riser properties and environmental data are listed in table 3.1, including the maximum
wave height, H,,q,, and corresponding peak wave period, T,,. A wave train that originates at
a location above the global axes origin, on the seabed, that is located at the mid-water line
propagates in the positive horizontal axes direction.The seabed is intentionally not modelled in
this study to isolate the effects of extensibility on the riser response. The structural damping
depends on the type of structure and the material; this is made more complex when considering
composite materials as they exhibit variable damping properties which are dependent on the
natural frequency of each vibration mode. Damping tests are required to quantify these variable
damping values, as assuming variable damping can be misleading. Therefore, riser analysis is
performed without structural damping as a base case [151, 152].
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TABLE 3.1: Properties for the benchmarked riser

Parameter Value
Water depth (d) [m] 400.00
Total riser length (S) [m] 487.43
Bending stiffness (ET) [Nm?] 49.52E+06
Axial stiffness (EA) [N] 37.23E4+09
Mass in air empty (m) [kg/m)] 163.85
Internal fluid density (pf)[kg/m?] 1025.0
Tangential drag coefficient (Cpy) 0.05
Normal drag coefficient (Cpy,) 1.2
Outer diameter (d,) [m] 0.324
Internal diameter (d;) [m] 0.28
Maximum wave height (Hpnaz) [m) 18.6
Wave period (T}) [s] 14.9
Hang-off horizontal coordinate (Xgo) [m] 224.7
Hang-off vertical coordinate (Yro) [m] 400.00
Internal Pressure (P;)[bar] 0/200
Sinusoidal Excitation Amplitude (A) [m/s] 5

3.4.1 Static comparison of extensible and in-extensible methods

A comparison between the tensions and bending moments predicted by the extensible and in-extensible
formulations are shown in figure 3.3 for the tension and figure 3.4 for the resultant bending moment.
A visual check of the figures 3.3- 3.4 infers that both methods predict tension and bending moments
that are indistinguishable from each other. That is because the static tension and bending moments
demonstrate a negligible percentage differences of less than 0.02% for the maximum static tension, while
the maximum bending moment demonstrates a 0.09% difference which shows that both methods are

predicting similar static solution.
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3.4.2 Dynamic comparison of extensible and in-extensible methods

3.4.2.1 Comparison in regular waves

Dynamic riser analysis is performed by applying regular waves to the riser system. This test is used
to verify the regular wave algorithm used in RiSim before applying the top-side excitation. The wave
data is chosen based on the extreme conditions from a 100 year return period that typically occur at the
west of the Shetlands. A good match is reported between the two methods as documented in table 3.2
for an extreme wave height and table 3.3 for a moderate wave height. When applying an extreme wave
that has 34.5 meters wave height and a 17.5 seconds wave period, the maximum percentage difference
between the two methods along the length of the risers is at the minimum tension with a value of 0.65%,
as shown in table 3.2. However, the maximum percentage difference reduces to 0.06% when a moderate
wave is applied with a 18.6 meter wave height and 14.9 seconds wave period, table 3.3. Showing that
when an extreme wave condition with a 100-year return period is applied, the differences between the
two models are negligible with less than 1% maximum error. This gives confidence in the regular wave

algorithm implemented in the RiSim code.

TABLE 3.2: 100 year extreme wave conditions-pinned model

Hmax=34.5m

Tp=17.5s
Parameter Flexcom RiSim D%
Max Tension [kN] 709.25 709.83  0.08%
Min Tension [kN] 671.92 667.52 -0.65%

Max Curvature [m’l] 0.0086  0.0086 0.0%

TABLE 3.3: 100 year moderate wave conditions-pinned model

Hmax=18.6
Tp=14.9
Parameter Flexcom RiSim D%
Max Tension [kN] 694.37 694.84 0.07%
Min Tension [kN] 680.4 679.99 -0.06%

Max Curvature [m_l] 0.0084 0.0084 0.0%

Despite the similarity in results, the FE in-extensible solution experiences some numerical instabilities
during the first wave period and a number of smaller numerical instabilities are exhibited. However,
while the extensible finite difference solution converges immediately to the final response and doesn’t
experience high frequency spurious numerical oscillations. Looking beyond the first wave period, the
comparison between the two methods is shown in figure 3.5 which shows the time-trace of the hang-off
node tension performed in both Flexcom and RiSim with 3 meter element lengths. Figure 3.5 shows
that elastic waves are excited in addition to the transverse waves, and these are only captured by the
extensible riser formulation. For typical composite risers, which are likely to have axial and flexural
stiffnesses separated by only three orders of magnitude, elastic waves can be excited and the behaviour

can be captured using the extensible formulation implemented in RiSim.
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3.4.2.2 Regular waves with top-side excitation

Two types of sinusoidal excitations are applied to replicate a general range of top-side excitations in the
surge direction: an excitation with angular frequency that is in phase with the wave train and another
180 degrees out of phase. The excitation is applied to the hang-off node of a 200 bar pressurised and
unpressurised riser in the transverse direction in addition to the regular waves. Using equation 3.11 a
sinusoidal velocity is applied in the normal direction 7 to the hang-off node. The corresponding Cartesian
time traces of the horizontal and vertical coordinates are extracted and applied to the FEA in-extensible

model as a displacement boundary condition applied to the hang-off node.

Both methodologies match well for the in-phase wave with the top-side excitations using the hang-off
tension time-trace. A maximum difference of less than 0.5% is observed after the inextensible method
has stabilised beyond the first wave period. The results from the 180 degree phase shift also exhibits a
close behaviour with a maximum 1% percentage difference after the FE solution converges to the steady
state solution after three wave periods, this is shown in figure 3.6. Although the variation between both
methods is within the maximum documented percentage difference between dynamic analysis methods
in the literature [153], figure 3.6 illustrates this difference for the pressurised riser. It is observed, for
both the pressurised and unpressurised cases, that the RiSim Finite Differencing algorithm converges
immediately to the final steady state system response while the finite element solution experiences higher

order oscillations that are sensitive to the solutions convergence tolerance.

The in-extensible method experiences 3 times the number of cycles for the tension ranges up to 20k N
compared to the extensible formulation, figure 3.7. The number of cycles reduces to 2 times larger if the
first 3 wave periods are ignored from the in-extensible analysis. This implies that often the first 3 wave
periods should be avoided when using in-extensible methods and a longer simulation period is required
for reliable results. It is not likely that the high order oscillations have a large effect on the total fatigue
life of the riser, however either human or automated filtering process is required to avoid these numerical

instabilities. This problem is not experienced with the extensible formulation.

The hybrid element formulation is a probable cause for such instabilities. It is implemented in the
in-extensible software where the in-extensibility condition is enforced artificially, in which the axial strain
is decoupled and interpolated separately. This type of mixed field variable formulation is reported to

cause spurious numerical errors if the interpolation function used with the axial force is not the same
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FIGURE 3.6: Hotspot wall tension time-trace

order as the strain, e. This can cause a second kind errors in the solution even for arbitrarily small
meshes [62]. The extensible method solved with Keller-box scheme finite difference is demonstrated to
be stable and converges in fewer time steps to the final system steady state response while remaining

consistent to the results from the in-extensible model.
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FIGURE 3.7: Tension range Vs Cycle count

To investigate the phenomena further, the tension time-traces high frequency cycles are counted
using the rain-flow method applied to the extensible and in-extensible results. It is found that for the
riser system analysed the ratio of the observed high frequency oscillations average amplitude to the top
tension high frequency cycle amplitude is close to 1.5%, therefore cycle counting is performed at 1.5% of
the top tension range. The oscillations are calculated using rain-flow counting algorithm to investigate

this phenomena.

To assess the effect of the riser cross-section design on the top tension high frequency cycles. A

non-dimensional parameter A is introduced, defined in equation 3.15. The parameter is suitable for



38 Chapter 3 Effects of extensible modelling on composite riser mechanical responses

investigating the relationship between the in-extensible formulation and the high frequency oscillations
that are observed, since it is used to investigate the cross-over phenomena of the cable elastic and
transverse natural frequencies [154]. Four riser cross-sections are assessed, where the internal diameter
of the riser is kept constant while increasing the outer diameter. The corresponding cross-sectional
properties are estimated as shown in table 3.4 and used in the analysis. The analysis performed in

section 3.4.2.2 is repeated with four cross-sections and the results are is shown in figure 3.8.

TABLE 3.4: Riser Load Cases

Parameters LC1 LC2 LC3 LC4
Internal diameter [m) 0.28 0.28 0.28 0.28
Outer diameter [m] 0.35 0.42 0.49 0.55
Thickness [m] 0.03 0.07 0.10 0.14
Bending Stiffness (EI) [Nm?] 3.87e+07 9.27e+07 1.78e+08 3.06e-+08
Axial Stiffness (EA) [N] 3.12e+09  5.90e+09 9.07e+09 1.27e+10
Mass in air [kg/m] 116.70 216.22 329.79 460.02
A 16.337 18.46m 20.197 17.197

Figure 3.8 demonstrates the relationship between the parameter A, varied as multiples of 7, in
comparison to the number of cycles from the rain-flow counting of the high frequency tension cycles
with amplitude 1.5% of the average tension. A curve is fitted to the data points to demonstrate the
trend. It is found that both extensible and in-extensible formulations follow a closely related trend with
respect to A, however the effect of the high order oscillations observed in the in-extensible commercial
code is demonstrated in figure 3.8 where the average number of cycles is between 2 to 8 times higher

than predicted by the extensible code.

The low amplitude, high frequency, spurious oscillations are only observed in the in-extensible tension
time-traces and don’t appear in the curvature time-trace. This suggests that the behaviour is related
to the interpolation function implemented in the hybrid element formulation and so the extensible

formulation is favoured for composite cross-sections,

2
A= \/(100;2% cos D,. (3.15)

horz

A further investigation of the phenomena strengthen the deduction about the in-extensibility as the
cause of these spurious oscillations observed in Flexcom. Figure 3.9 shows a positive trend, where a

direct increase of the number of oscillations is observed with the increase in the axial stiffness.
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3.5 Composite pipe numerical model

Global riser analysis is required to estimate the critical section of the riser, the ’hot-spot’. The tension
and curvatures time-traces are then imposed as boundary conditions to the composite pipe model.
However, there is a gap in the composite pipe modelling literature for offshore applications where it is
not clear what elements can be used to accurately model the laminate stresses. Therefore further studies

are required to provide higher confidence levels in the modelling methods.

Various element types are developed to model composites: equivalent single layer shells, layer-wise
continuum shell and 3D continuum solid elements [34]. The suitability of these element depends on the

pipe thickness to bending radius ratio. A pipe tends to behave like a thick shell if the ratio between its
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bending radius and thickness is lower than a specific threshold. However, there is no clear separation
in the literature between thin and thick shells for cylindrical pipe applications. Metallic pipes under
uniform bending are considered thick and modelled with brick elements as long as the bending radius
to thickness ratio is below a factor of 10, while solid continuum elements become inaccurate with larger
ratios i.e ratios beyond 25 [96]. 3D solid elements are used for the laminate layup and thickness op-
timisation by constraining one displacement and applying pure tension on the other end, however the
study is limited to laminates under tension load [97]. Homogenisation is used to reduce the computa-
tional burden, especially for thick composites, where homogenised elastic constants are derived based
on an asymptomatic expansion. The homogenised elastic constants is beneficial when it depends on the
stacking sequence, that is often the case with larger thicknesses and small radii. The results obtained

from homogenisation methods of thin composites are often identical to single layer theories [44].

To assess the suitability and computational efficiency of shell, continuum shell and solid elements for
composite riser modelling, the loads that are predicted by the global model are imposed as boundary
conditions to a composite pipe model which is built in ABAQUS finite element packages. A comparison
is made between the following elements: quadratic composite shell S8R, continuum composite shell
SCS8R, linear solid composite C8D8R and quadratic solid composite C8D20R. The results are compared
to the homogenization and FE methods that are reported in [44].

3.5.1 FEA model definition

A 22-layer carbon/epoxy composite riser is chosen based on the geometry tabulated in [44]. The com-
posite riser consists of (from inner to outer layers), a titanium internal liner, composite layers with a
layup [0/90/45/ — 45]5 and a polymer outer sheath. The cross-section design and stacking sequence are
illustrated in figure 3.10. The pipe bonded cross-section dimensions and lay-up are listed in table 3.5,
where contact is not explicitly considered. The titanium liner, composite plies and outer sheath material

properties used in the study are in table 3.6.

TABLE 3.5: Composite riser cross-sectional data

Parameters Value
Internal diameter [m] 0.28
Outer diameter [m] 0.31432
Pipe length [m] 10.0
Liner thickness [m] 0.005
Outer sheath thickness [m)] 0.002

Composite layers thickness [m] 0.01016

Where E; and E» are the Young’s moduli along the fibre and in the transverse direction respectively;
V12, Va3, V13 are the Poisson’s ratios; G12 and G113 are the in-plane shear moduli and Ga3 is the transverse
shear modulus. For failure prediction: X7 and X¢ are the longitudinal tensile and compressive strengths;

Yr and Yc¢ are the transverse tensile and compressive strengths and S is the in-plane shear strength.

The boundary conditions and reference points are illustrated in figure 3.11. Both ends of the pipe
are constrained using multi-point constraint to reference points that lie on the pipe neutral axis. The
reference points are designated RP1 and RP2 and are located in the plane perpendicular to the pipe
ends. The boundary conditions and reference points are illustrated in figure 3.11. Reference points RP1
and RP2 are allowed to rotate freely but RP1 is constrained in the translational X, Y and Z directions.
RP2 is free to move in the longitudinal Z direction. Boundary conditions and loads are applied to
the reference points and transferred via the multi-point constraint to the circumference, to assure even

distribution of loads. The boundary conditions and reference points are illustrated in figure 3.11.
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TABLE 3.6: Composite riser material properties

Liner Composite  Outer sheath
(Titanium) ply (Polymer)

E =120.0 E; =1350 E=3.0
v =0.33 Ey =80 v = 0.40

Es =8.0
Gos = 2.7
Gi3 =38
G2 =38
Vo3 = 0.49
V13 = 0.27
Vig = 0.27
Xr =245
Xco = 1.57
Yr = 0.07
Yec = 0.133
S = 0.098

[1] All moduli are in GPa

Polymer Sheath

Titanium Liner

Titanium Liner

Composite riser cross-section Stacking Sequence

FIGURE 3.10: Composite riser cross-section design and stacking sequence
3.6 Composite pipe benchmarking

The benchmarking cases are chosen to assess the suitability and computational efficiency of shell, con-
tinuum shell and solid elements for composite riser modelling. Stress distributions across the laminate
thickness are investigated, under axial and bending moment loading conditions. Four models are devel-
oped and the results are compared to the homogenization and FE methods that are reported in [44].
Figures 3.12- 3.13 shows the longitudinal and hoop stresses o, resulting from axial force of 1kN and
bending moment load of 1kN.m. The model results obtained from the static FE analysis are found to
match the stresses obtained by the homogenization method in [44]. All the elements are reported to
predict the stress distribution for the tension and bending cases within a 5% difference. It’s found that
layers with fibre angles of 90° and +45° experience higher hoop stresses, compared to the Titanium
liner, outer polymer sheath and 0° fibre plies. Maximum axial stresses appear in the Titanium liner and
0° composite plies as shown in figure 3.12 and 3.13.
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FIGURE 3.11: Pipe model MPC constrain

TABLE 3.7: FEA element type comparison

Element type  nodes elements D.O.F CPU timels]

C3D20R 168240 24000 506172 705.27
C3DS8R 48098 24000 144876 260.37
SC8R 48098 24000 144876 43.95
S8R 66090 22000 396540 83.85
S4R 22046 22000 132276 27.51

A 10 meter pipe with the properties shown in tables 3.5 and 3.6 is loaded with a combined 1kN
axial force and a 1kN.m moment at both reference points RP1 and RP2. The solid quadratic brick
element C3D20R is taken as a reference in this study to quantify the relative percentage difference of
each element type. Table 3.7 provides the total number of nodes, elements, degrees of freedom and CPU

time required for this analysis.

Figures 3.12- 3.13 show the maximum percentage differences in stress of 4%, which are exhibited by
the linear and quadratic shell S4R and S8R elements. Lower percentage differences are observed for the
SC8R continuum shells and the linear C3D8R brick element which shows the lowest difference. However,
the SC8R predicts hoop stresses closer to the quadratic solid C8D20R than the C8D8R brick element.
In general the SC8R elements provide an acceptable prediction accuracy compared to it’s computational
cost which is demonstrated in table 3.7. Therefore, the continuum shell element SC8R is recommended
to model composite risers as it provides the optimum computational cost to accuracy followed by S8R

element.

3.7 Riser-pipe coupled dynamic analysis

The coupled responses between the global and local responses are compared when using the extensible
and in-extensible formulations. First the dynamic global analysis results that are described in section
3.4.2.2 are used to identify the hot-spot. Then, a finite element model of the pipe is built for this critical
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section to investigate the effect of the global loading time-traces predicted by the global models on the
composite laminate stresses. The extensible and in-extensible models are used to predict the global riser
behaviour, where a top-side sinusoidal motion is applied in the surge direction and the environmental
loads are modelled using linear waves according to the methodology described in section 3.4.2.2, in
addition to the parameters in table 3.1. The rotations and tension time-traces are extracted from the
global models and used as boundary conditions for the finite element continuum shell, composite pipe
model. The finite element implicit time domain analysis is performed using the continuum shell elements,
SC8R. The simulation is five wave periods long with a total time for the simulation of 74.5 seconds.
The hot-spot is identified based on the highest tension and curvature standard deviations. Tensions
and curvatures time-traces are the output of the riser analysis, which are applied to the composite pipe

model.

A failure criteria is required, in order to quantify the effect of the global methods on the failure of the
composite riser at the pipe level. The Tsai-Wu failure criterion is selected, which is a commonly used
criterion to predict the first-ply failure and it is recommended as one of the more robust failure theories
by the World Wide Failure Exercise. The first-ply is predicted to fail if the left-hand side of equation
3.16 is equal to, or higher than, unity. Where the terms o1, o2 and 712 are the fibre longitudinal stress,
the stress in the normal to fibre direction and shear stress in the ply; X: and Y; are the longitudinal
and transverse tensile strengths; while X. and Y, are the compressive strengths and; Si2 is the in-plane
shear strength. F} is a failure coefficient that is given by equation 3.17. Composite risers are designed
with large safety factors and therefore failure is not expected with the riser properties used in this study.
However, the criteria is used here to quantify the effect of both the extensible and in-extensible global

models on the Tsai-Wu failure index at the hot-spot location.

2 2 2
o1 o2 1 1 1 1 2F120102 Ti2
4 - = Vo4 — = =)o [ 2292 N (T2) _ 1 (3.16
(thc> (YtYC> (XT XC> a1 (YT YC) 72 <\/7XTXCYTYC) (512) (3.16)

Fl=— — — (3.17)

The boundary conditions are described in section 3.2. The tension time-traces are extracted from
the riser beam model simulation and applied to node RP2 as a point force via the amplitude module
in ABAQUS while the rotation angle time-traces are applied to both RP1 and RP2 reference points as

boundary conditions.



44 Chapter 3 Effects of extensible modelling on composite riser mechanical responses

3.7.1 Dynamic results

The results shows that the maximum Tsai-Wu failure index is found to be 15% higher for the inextensible
formulation in comparison with the extensible simulation, for the unpressurised riser. However, when
the pressure in the riser increases to 200 bar then the percentage difference between RiSim and Flexcom
decreases to 2.3% as shown in table 3.8. Although the percentage difference is attributed to higher
oscillations observed with the in-extensible formulation as explained in section 3.4.2.2. The Tsai-
Wu failure indices are therefore similar and the formulations don’t have a large effect on the composite
failure index in strength conditions. The percentage difference is noticed to decrease with higher internal
pressure as shown in table 3.8. Based on the presented results a reliability analysis or dynamic fatigue
simulation is expected to predict marginally higher probabilities of failure if the in-extensible method
is used compared to the extensible model. However, these differences are currently captured within the
recommended high safety factors that are used in the composite riser design. The finite element analysis
running time is 6.8 minutes to simulate 74.5 seconds of real time on an Intel(R) Core(TM) i7-6700 CPU
@ 3.40GHz with 31 GB RAM computer.

TABLE 3.8: Tsai-Wu failure index

Global model Tsai-Wu failure index
Unpressurised Pressurised

RiSim 0.014 0.101
Flexcom 0.016 0.103

RiSim is developed based on an extensible formulation and compared to an in-extensible FE riser
commercial package Flexcom. Both methods predict similar maximum tensions and curvatures with
less than 1% difference. However, for the environmental loading conditions listed in table 3.3 and
sinusoidal top-side excitation following equation 3.11, the riser tension predicted by the in-extensible
formulation experiences spurious high frequency oscillations, although these reduce after the first three
wave periods. The source of such oscillations is expected to originate from the in-extensibility condition
applied to risers that exhibit lower axial stiffness than flexible steel risers, therefore user care is required
during the post-processing stage. The extensible solution doesn’t suffer from spurious oscillations and
requires minimal user intervention, and is therefore more suitable for efficient automation and digital-
twinning applications, especially those involving supervised learning where these oscillations could affect
the machine learning. Composite elements are compared where continuum shell, SC8R, and quadratic
shell, S8R, elements are found to be the most suitable to model composite pipe cross-sections. The cross-
sectional stresses predicted by the pipe FE model coupled with the in-extensible formulation predicts a
Tsai-Wu failure index that is marginally higher than predicted with the extensible formulation. These

higher stresses do not have a large effect on the strength response of the composite pipe.
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Far-field loading and in-situ
conditions effect on composite

riser integrity

4.1 Requirement for composite risers

To help address the gap in the literature on the composite riser integrity under the influence of far-field
loading combined with variation of material properties and properties variation due to water absorption
this section performs an analysis of composite risers to determine failure at maximum loads and compares
the trends in behaviour to those of steel catenary risers. A static global catenary analysis is performed
with the addition of Classical Laminate Theory which is shown to be accurate to FEA within 10% and its
performance is empirically adjusted to further reduce this error. A strength-based assessment is selected
to provide an initial understanding of risers at larger depths and it is also rare for fatigue failures to occur
in composite materials where first-ply failure is a common mode of analysis. In addition, this analysis is
extended to investigate the effect of moisture absorption on the composite properties between wet and
dry conditions as all current riser analysis addresses only the intact condition. The effect of moisture

absorption on the composite extreme failure based on the Tsai-Wu failure criterion is incorporated.

4.2 Monte-Carlo simulation of a riser

Tensions and moments are predicted by the the global catenary analysis and used as an input to the
Classical Laminate Theory (CLT) algorithm to conduct a local analysis of critical sections of the riser
and to extract the stresses and strains acting on a segment of the riser. The resulting stresses from the
Classical Laminate Theory were then assessed by the Tsai-Wu criterion to determine possible failure.
The local model is utilised as the basis for the reliability analysis with the addition of the von Mises
failure criterion when metallic risers are considered. To perform the reliability analysis a Monte Carlo
simulation was employed, shown in figure 4.1, to analyse variations in mechanical and manufacturing
properties of laminate materials, as well as environmental loads, following a similar procedure to Sobey
et al. [155]. The Monte Carlo simulation generates a large number of random values for the stochastic

variables (Xi), which are then inserted into the limit state function G(X) to determine if the structure

45
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will fail. The method allows for the calculation of the probability of failure over the entire domain of
load inputs. In addition to its simplicity and accuracy, the Monte Carlo simulation is also robust in
its applicability to various situations. However, in cases of small probabilities of failure, the required

number of simulations increases significantly, resulting in additional computational time.

Transferred Variables Define Riser Design Parameters Table 4.2, 4.4

A 4

Riser Configuration,
. 47
Composite Layup and Sample Inputs Table 4.1

Operational Depth

Catenary Model Section 4.3.1
\4
Material Properties . . . !
. ? > Classical Laminate Theory Section 4.3.4
Tensions and Moments
A4
Fibre and Transverse > Tsai-Wu Criterion Equation 4.19

Stresses

Maximum Runs
Reached?

Failure Assessment

Probability of Failure

FIGURE 4.1: Monte Carlo simulation methodology

The material properties for the riser are based on Carbon/Epoxy T700/X4201 manufactured by
Torayca in Japan with statistical distributions taken from Philippidis et al. [156]. Properties for steel
are taken from Xia et al.[157], which alongside the mechanical properties, are given in table 4.1 , where Xt
and Xc are the carbon fibre tensile strength in tension and compression in the fibre direction; similarly
Yt and Yc are the strengths in the transverse direction; S is the shear strength; Ex and Ey are the
elasticity modulus in the fibre and transverse directions; G is the shear modulus and v is the Poisson’s
ratio. It is expected that composite material parameters exhibit co-variation between these properties,
however, the available in the literature doesn’t account for this co-variation, and therefore, it is assumed

that the material properties are statistically independent.

Two different types of risers, from Tan et al. [8] and from Wei [7], are assessed with the topology
and layup for each riser given in table 4.2 and illustrated in figure 4.2. The steel riser was developed to
have the same thickness as the larger composite riser found in Wei [7] with a corresponding unit mass
of 115 kg/m. The risers were subjected to a horizontal tension of 1.3 x 105 N and were assumed to have
an internal fluid density of 700kg/m3. The riser designs are selected to determine trends in behaviour,

not as direct comparisons between each other.
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TABLE 4.1: Statistical variations and material properties for carbon/epoxy and steel.

Composite

Steel

Distribution

Mean Wei z [7]  CoV Philippidis et al. [156]  Mean Xia et al. [157]  CoV Xia et al. [157]
Xt (MPa) 2450 5% N/A N/A Normal
Xc (MPa) 1570 16% N/A N/A Normal
Yt (MPa) 70 18% N/A N/A Normal
Yc (MPa) 133 16% N/A N/A Normal
S (MPa) 98 11% N/A N/A Normal
Yield Strength (MPa) N/A N/A 550 6% Normal
Ex (MPa) 125 10% 197.5 2% Normal
Ey (MPa) 9.588 16% 197.5 2% Normal
G (MPa) 5.4 20% 78 3% Normal
v (MPa) 0.35 11% 0.3 1% Normal

TABLE 4.2: Layup structure and Global properties of each composite pipe under study

Pipe structure Steel Tan et al. (8] Wei [7]
Number of Laminae N/A 20-ply 56-ply
Layup N/A [45/-45/15/80]s  [90/15/-15/90/45/-45/45/-45/45/-45]5 +[45/-45]3

Number of Laminae 18.3 5 7
Number of Laminae 0.1834 0.2796 0.1836
Number of Laminae 0.22 0.31667 0.22
Number of Laminae N/A 0.675 0.075
Number of Laminae N/A 13.5 11.2
Number of Laminae 91 57 46
Number of Laminae 11.9 27.5 8.83
Number of Laminae  2319.19 2500.96 1756.65

Composite Laminate

FIGURE 4.2: Composite riser cross-section design

4.3 Global response model

Steel Liner

The static catenary model is modelled using an analytical approach based on the work of Faltinsen [158],

describing the behaviour of catenary mooring lines and is chosen for computational efficiency.

4.3.1 Catenary model

The global model used to determine the static equilibrium position of the riser was derived from the

steel catenary riser models employed in a number of other analyses including Duan et al. [159], Bridge

[88] and Kang et al. [86]. The catenary model allows a simple representation of the risers including the

specification of the geometry of the system as well as the extraction of axial tensions. While bending

stiffness is inherently neglected in this approach, bending moments can be extracted by including material
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properties and curvature at each point. The governing mathematical equations for the catenary shape
assume neglected bending stiffness, in-extensible cable, infinite axial stiffness, and no hydrodynamic
forces. The equation requires the following inputs: w, submerged weight per unit length of the cable;
T, horizontal tension; p;, density of constituent laminate structure; p;, density of internal fluids; py,
density of external medium; h, operational depth and the geometry of the cylindrical pipe to evaluate

the second order differential equation, equation 4.1,

1+ (y'(2))?, (4.1)

QI

y'(x) =

where « is the catenary parameter,TTHThe boundary conditions are imposed such that equations
4.2- 4.4 are valid:

y(0) =0, (4.2)
y'(0) =0, (4.3)
tanfo = 0, (4.4)

where 0y , is the angle of the seabed at the touchdown point. Assuming the angle of the seabed is 0
leads to equation 4.5,
w
—

y(@) = %[Cosh(TH )= 1] h, (4.5)

which is a catenary curve with a departure point at y = 0, sea level and a touchdown point at a depth
of h metres below the sea surface. The length of the catenary section, s, based on the horizontal, x,

distance from touch-down point can be determined using equation 4.6,

y(@) = %H sinh(7-a), (4.6)

Forces acting on the riser include tension, both vertical and horizontal, as well as the bending moments,
which were estimated using equations 4.7 and 4.8,

Ty(z) = w.s(z), (4.7)

T(x) = /(T3 () + T7), (4.8)

where T, (z) is the distribution of the vertical component of tension along the length of the riser. In
addition, the bending moments acting on a segment of the riser can be estimated by multiplying the
curvature by the bending stiffness inherent to the material and the geometry, which is shown in equation

4.9,
w

Th cos b (7))’

M(z) = El.k(z) = EI (4.9)

This model does not consider any environmental factors, and represents the static position as a free
hanging chain which excludes sea current and wave effects. These factors were then included via statis-
tical distributions based on the findings of DNV [12]; Chu [14] and Zhan [87] where the forces related
to undersea currents are modelled as additions to the constant T, while wave and current variabil-
ity is modelled as additions to the sea depth using the Weibull probability density function shown in
equation 4.10, where the parameters ay and [ are the scale and shape parameters of the Weibull dis-
tribution as shown in table 4.3. The forces related to current flow were applied using the following
simplified assumptions: 1. Tangential current velocity is neglected; this is recommended by DNV [12];
as it is an insignificant consideration for riser applications. 2. Normal current velocity is constant in
the Y, vertical direction or depth. This simplifies the application of an ocean current, without losing
generality. 3. Acceleration of ocean currents is excluded. It is assumed that the normal velocity of
the ocean currents remain constant which eliminates inertial loading effects as predicted by Morison’s

Formula.
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TABLE 4.3: Characteristics of ocean current velocity and wave height, DNV [12] and Chur[14]

Distribution  Suggested Parameters

Wave Height Weibull o =0.681,8 =2.126
Current Velocity Weibull apg =0.3,8=2
plup) = (PP e (W27, (410)
oy OH afg

The Weibull shape parameter 3 is equal to the slope of the probability plot where 8 > 1 indicates that
the value is close to the mean wave height and slightly positively skewed with a tail to right of the
distribution curve, while the scale parameter g shrink or squeeze the density function and affect if the
function is narrow or wide banded. Therefore, the force acting on the riser per unit length for constant
current is equivalent to the drag term of the Morison formula in equation 4.12. Where v,el is the
riser velocity relative to the water particle velocity, accounting for wave, vyqve , and current velocities,

Veurrent &S given by equation 4.11,
VUrel = Uriser — Ucurrent — Vwave, (411)

As this study is based on the static catenary model, the riser velocity, v,iser i equal to zero in equation
4.11. The dynamic effect of the wave and the hang-off excitation is accounted for in the Dynamic
Amplification Factor, which is equal to unity for wave conditions that are described in section 4.3.2 and
are the basis of this study.

Fo = %pC’DDvrel|vrel|. (4.12)

where F,, is the force per unit length, p is the density of surrounding fluids, Cp is the normal drag
coefficient, D is the diameter and v is the current velocity. The Cp for the purpose of this analysis a

value of 1.25 was chosen.

4.3.2 Verification of riser model

The outputs of the developed model using the properties listed in Table 4.4 are shown in Figures 4.4
and 4.5 in comparison to the FEA model utilised in Zhan [87]. Both models reflect similar results
for the static geometric profile and characteristic forces acting on the riser. Maximum tensions and
bending moments as well as their distribution along the length of the riser are similar and almost
identical between the models. A sensitivity study is carried out using FLEXCOM software to quantify
the maximum dynamic amplification factor due to waves and the FPSO motion. A 270 m FPSO is
chosen and exposed to a range of sea states with wave periods close to its heave heave natural frequency,
of 15.7 s, and water depths, of 1500, 2000, 3000 and 4000 m, to replicate the worst-case scenario. This
is performed using the thicker, 56-ply riser configuration proposed for the later studies, documented in
Figure 4.6, and top-tensions in Table 4.5. The sensitivity results in Figure 4.3 show that the dynamic
model using regular waves can be approximated by the simple static approach for regions which are
dominant by waves of up to 4 m wave height, at which the dynamic amplification factor is close to unity.
This approximation is acceptable for regions, such as Gulf of Guinea, where the short-term environmental
conditions matches the criteria of the 4 m maximum wave height. In such cases the variations between
the simple static analytical approach and the FEA approach are less than 1%. The effects of wave height
are not included in the final model as they are found to increase the computational expense but with a

limited increase in accuracy, while current effects are still included.
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4.3.3 Investigation into riser response

A simple comparison between the steel and composite risers, shown in Table 4.5, gives an indication
for the differences between the maximum bending moments that are observed at the touch-down zone
and maximum tensions at the hang-off point. Water depths of 1500 m are chosen to represent current
deep-water applications with incremental increases to 4000 m, indicating the maximum depth for which

future riser applications are likely to be aiming.

Composite catenary risers exhibit greater horizontal displacements than the traditional steel catenary
risers with similar operating depths as a result of the lower density and transverse stiffness of composite
systems as shown in Figure 4.6. This also has the consequence of increasing the necessary length of
composite systems compared to steel catenary risers to reach the surface elevation starting from the
same touch-down point, due to lighter apparent weight of composites. This is most evident for the
20-ply composite system which has the lowest density, and requires a total length of 2079 m to reach its
operating depth of 1500 m. It is observed that the maximum bending moments remain constant for those
models with the same materials, and is thus independent of operating depth, as opposed to tensions
which are weight, and hence depth, dependant. As a result, steel catenary risers incur significantly larger

bending moments, which peak at the touchdown point.

TABLE 4.4: SCR Verification Study Properties

Parameter Value

Outer diameter (m) 0.273

Wall thickness (m) 0.0127

Weight in air (kg/m) 125

Internal fluid density (kg/m?)) 700
Length (m) 2240

Water depth (m) 1000

Hang-off to point of no motion (Horizontal distance)(m) 1500
Modulus of elasticity (GPa) 207
Boundary condition = Pinned-Pinned

Analysis type Static

TABLE 4.5: Maximum bending moments and tensions related to global models

Water Depth (m)  Arc-Length (m) Max. Tension (N) Max. Bending Moment (Nm)

56-ply composite Wei [7]

1500 1957 485914 28049
2000 2471 613628 27526
3000 3490 866054 28019
4000 4498 1116779 28049
20-ply composite Tan et al. [§]
1500 2079 392603.7 66068
2000 2601 491228.6 66893
3000 3625 684859 66922
4000 4642 876417 66068
Steel
1500 1659 1323057 79672
2000 2160 1723999 80664
3000 3176 2522527 79863
4000 4181 3323526 79672

4.3.4 Pipe model

Global loads are obtained from the catenary equation but because the method is based on a one-
dimensional beam formulation, that only represents the centre line of the riser, there is missing infor-

mation for the remaining two spatial dimensions of the pipe cross-section. Two interface equations are
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FIGURE 4.3: Amplification factor sensitivity between the static analysis and a dynamic case

needed to recover this information for the cross-sectional local analysis and to calculate the equivalent
in-plane force, N, and the equivalent induced moment, M. If an infinitesimal section of the composite
pipe wall is considered at the maximum curvature location, then the in-plane forces at this location is

due to the tension in the beam and the tension induced by the curvature at the location of the outer

ply.

The tension, T, and the bending moment, M,are calculated from the catenary equation. The equiv-
alent in-plane force, N, is the equivalent force that is applied to the laminate x direction and causes the
same stress at the outer ply that results from the tension force and bending moment. The calculations

are based on equation 4.13,

N =T + Feqouterply, (4.13)

which is dependant on Feqouterply , the equivalent force at the outer ply, defined in equation,

Mglobal * Touterply * AC

1— I

(4.14)

FQQOuterply ==

where 1 is distance from the pipe neutral axis to the outer ply centre, Ac is the cross-sectional area and

I is the second moment of area of the pipe.

The difference between the stress at the outer ply and the mid-plane of the composite laminate
generates a rectifying moment about the y axis of the laminate that is located at the neutral axis of
the laminate section as shown in Figure 4.7. Therefore, the equivalent moment is calculated using

equation 4.15,

tx (Feqoute'rply - Feqmidfplane)
2 7

where t is the thickness of the riser. The equivalent force at the mid-plane, F'e¢mid—piane , can be found

M=

(4.15)

by replacing Touterply With Tmidpiane in equation 4.14. The principal stresses obtained by this analytical

method are verified against a finite element model constructed using continuum shell elements, where
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FIGURE 4.4: Tension forces from static global model in comparison to Zhan
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FIGURE 4.5: Bending moments from static global model in comparison to Zhan

the load from the static model is applied and the end of the pipe are constrained using a multi-point
constraint which are tied to a point on the neutral axis. The highest principal component stress at
the outer ply is found to be 10% higher than the analytical values, and therefore a multiplier of 1.1 is
applied to the analytical model to adjust for this difference. The pipe analysis is conducted to determine
the stresses and strains acting on the laminate structure of the riser. This is performed using Classical
Laminate Theory (CLT), defined in equation 4.16, using the notation from Nijhof [160];

0L 36

where A is the extension stiffness matrix; B is the bending-extension coupling effects between in plane

A B
B D

stresses and curvatures and between bending and twisting moments and in plane strains; D is the stiffness

of the laminate in the perpendicular direction under the influence of bending and twisting moments;
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€% is the vector of strain at a particular point in the laminate; % is the vector of curvatures induced
in the laminate by the external forces; N represents the in-plane forces acting on the segment of the
composite pipe and M representing the corresponding induced moments about the laminate mid-plane.

The in-plane strain vector {e}x for the kth lamina is given by equation 4.17,

{ehe = [Q1u{"} + 2[Q'1{~}, (4.17)
The stress-strain relationship can be determined for the kth lamina by employing equation 4.18,

{o}r = {€"} + z{K}. (4.18)

1400 -

1200 A

1000 -

800 A

600 -

Vertical Distance (m)

400 A

=
—-'""‘H—

0 200 400 600 800 1000 1200
Horiztonal Distance (m)

FIGURE 4.6: Comparison of configurations for risers manufactured using different material
properties

where zj is the distance from the mid-plane of the laminate in the thickness direction, Q' is the
transformed reduced stiffness matrix for each lamina, dependent on the lamina’s angle relative to the
principle direction of the laminate, and € = {eg, €y, €2y } is a vector of in-plane strains experienced by the
laminate. The stress components of {c}, are evaluated by the Tsai-Wu failure criterion, in equation 4.19,

and is used to determine the reliability.

01 () 2 1 1 1 1 2F120’10’2 T12
()t (- )+ () + (o
( Jor + ( Joz + ( oXoVve (5,

2
(XTXC) +(YTYC) XT XC’
The Tsai-Wu criterion is chosen as a good predictor of first-ply failure, and it is assumed that after

Y=1 (419

this initial failure that the riser is unsafe and that the failure will propagate. The left-hand side of the
equation is evaluated, at each node along the riser length, and the utilisation factor can take values
between 0 and 1, where 1 indicates first ply failure. The highest Tsai-Wu value for each riser is found
near the touchdown point (x = 0) or departure point which agrees with the findings of Wang et al.
[161] and Buberg [162]; where bending moments and tension forces are maximized respectively. As the

operational depth increases the Tsai-Wu value closest to the departure point fails, until by 4000 m, the
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FIGURE 4.7: Schematic of the global loads applied to the local cross-section

Tsai-Wu value is lowest at the departure point. This analysis is selected to provide initial guidance on
the probability of failure for composite risers, which are unlikely to fail in the same manner as steel,
and to ascertain the importance of water saturation. The steel analysis forms a point of reference and
in reality extreme bending moments are an unlikely reason for failure in steel catenary risers that are
in service because the riser configuration is often designed to avoid low bending radii and that the most

likely form of failure is due to fatigue at the touch-down zone.

The integral equation required to evaluate the probability of failure over the total number of Monte-
Carlo simulations are given by the weighted sum of failed runs over N total number of total runs as per

equation 4.20:

Sy (%)

pr = BlI(X)] » &=L0

(4.20)

4.4 Reliability of risers

An analysis is performed to compare the trends in reliability between conventional steel risers with
composite alternatives across different configurations. This analysis is also extended to investigate the
change in reliability estimation of FRP composite risers in wet and dry conditions. The number of
runs used for each simulation is 10® with values below this probability judged to be due to numerical
phenomena rather than an accurate estimate of the reliability. The probability of failure Pyis calculated
as the ratio between the number of failures predicted by Tsai-Wu criteria divided by the total number
of runs, which is equal to 10%. The analysis predicting the probability of failure due to extreme wave
loading conditions and not due to fatigue. The probability of encountering a specific extreme current
velocity, wave height and waver period is given by equation 4.10 and distribution parameters listed in
Table 4.3. Each Monte-Carlo simulation run draws a sample of the wave height, period and current
velocities. These environmental loads are used as an input to the global riser model. The global riser
model, given these environmental loads, predicts tensions and moments along the riser length. These
tensions and moments are sequentially transferred to the composite laminate theory model, that predicts

strains and stresses across the laminate. These stresses and strains are used to evaluate the Tsai-Wu
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failure criteria in equation 4.19. At the onset where the evaluation of the Tsai-Wu failure index is higher
than unity, a failure is register for that specific run. This process is repeated for 10® runs for each
water depth, for two cross-sections, 56-ply and 20-ply and for three material properties; dry laminate,

Malmstein and Zafar with properties de-rated due to water absorption.

4.4.1 Sensitivity to dynamic effects

One challenge when combining a dynamic FEA analysis and Monte-Carlo simulation, is the computa-
tional expense which makes the approach infeasible. However, a dynamic amplification factor study,
shown in Figure 4.3, predicts values close to unity for significant wave height conditions that are lower
than 4 m. To verify this assumption the following steps are followed and the results compared to the

quasi-static approach for dry and wet conditions:

1. A load case matrix is constructed covering 1-6 m wave heights and wave periods ranging between
12 and 22 s. A Flexcom finite element riser model, that is used in the dynamic amplification
study in Fig. 3, is utilised to perform the detailed analysis of the load matrix cases. The dynamic
amplification factors are estimated for maximum tension and curvature using regular waves. The
dynamic amplification factors are estimated as the ratio between the maximum tension or curva-
ture along the riser length divided by the static value for each load case; these values are listed in

Tables 1 and 2 in section 5.

2. For conservatism, extreme short-term omni-directional wave conditions are assumed. The annual
waves distribution is predicted by Weibull distribution in equation (10) and parameters listed in
Table 4. This distribution is found to represent the short-term wave height in the Gulf of Guinea
region. The maximum short-term significant wave height is found to be 2.67 m, Akinsanya [163].
The environmental directions are assumed to be in the far and near directions for conservatism. In-
line waves, currents and offset directions are considered to capture both extreme cases of maximum

top-tensions and curvatures.

3. The drag force is calculated using a quasi-static approach by summing the constant velocity current

and the maximum wave particle velocities along the riser length.

4. The 2nd Order FPSO response is captured by varying the offset as a function of the wave height as
shown in equation 4.21, the bottom tension is re-calculated for each run with new configurations
after adding the offset and the corresponding top tension is estimated. The load case offset, offset
LC, is given by the following equation 4.21,

Hic )

HZ0"

of fsetLc = of fsetmaz * ( (4.21)

where the maximum offset, of fsetmaz, is defined as 0.9% of the depth.

5. The maximum axial force that propagates along the riser, due to the FPSO pitch and heave

motions, is approximated using the tension dynamic amplification factor.

6. The maximum curvature that occurs due to the transverse waves propagating along the riser
length, due to the FPSO motion, is approximated using the curvature dynamic amplification

factor.

7. Two distinctive dynamic amplification factors are used, one for the tension and another for curva-
ture to capture the difference in peak dynamic amplification factor noticed around different wave
periods. For environmental conditions that lies between the pre- simulated dynamic amplification
factors provided in section 5, Tables 1 and 2 a linear interpolation is incorporated.

The reliability analysis results, shown in Figure 4.12, are the probability of failures calculated using

the quasi-static approach, compared to the detailed dynamic amplification factor predicted by the
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FEA analysis. A slight increase of the probability of failure is observed, however, the figure shows
that the quasi-static approach remains a reasonable approximation for the short-term extreme

environmental conditions in the Gulf of Guinea region.

4.4.2 Steel catenary risers vs composite risers

The reliability of two Steel Catenary Risers, one at 1500 m and another at 4000 m, are analysed and
compared to the results of a composite-based riser system to establish a benchmark for comparison.
The results show negligible probability of failure and justifies why such risers are in widespread use
for offshore hydrocarbon extraction. Further simulations are not performed as the results demonstrate
that the probability of failure is low and simulations where failures only occur deep in the tails of the
distributions may not be significant from a practical perspective. The reliability of these simulations is
similar to the dynamic results from Carrillo et al. [79]; which is assessed to be 1.33210*! in the catenary
transition zone and 1.732107' at the connection to the tension leg platform for a riser of unknown length,
but who quote a reliability on the order of 107° at the weakest points near the Touchdown Zone which
are not exhibited in this model. The simulation of the Steel Catenary Riser operating in ocean depths of
4000 m reveals a significantly higher top tension much larger than that of the of the Steel Catenary Riser

operating at 1500 m. However, the probability of failure for these risers is still lower than composites.

To determine the probability of failure, a convergence study is performed to select the appropriate
number of runs required for the Monte-Carlo simulation, illustrated in Figures 4.8 and 4.9. In com-
parison, Figure 4.8 reveals the rate of failures for the 56-ply composite layup operating at 1,500 m.
These simulations provide a probability of failure of 4.4x10~7 which is higher than the steel catenary
riser operating at 1500 m which recorded no failures. However, this is still determined to be a safe value
according to the DNV rules, Table 1.2. This increases to 1.62107° for depths of 4000 m which is still
safe, but more importantly shows only a small increase in probability of failure but where the rate in

change of failure for the steel catenary is unknown as no failures have occurred.

Figure 4.9 shows that the probability of failure for the 20-ply riser, [8]; has not converged but reaches
a value of 6.021078 . However, this can be considered to be a numerical anomaly as they are occurring
in the tails in the normal distribution and unlikely to represent real properties as they are unrealistically
far from the mean value. Therefore, the simulations are stopped at this point and assumed to be a very
low value. This demonstrates a similar probability of failure to that of a steel catenary riser with similar
thickness and operating depth. For the 20-ply case the probability of failure increases to 1.221077 at

4000 m demonstrating convergence and a similar low probability of failure.

Table 4.6 compares the different systems with respect to the unit weight and the total weight of the
entire riser system. Steel catenary risers show smaller deflections than the composite risers and the low
stiffness exhibited by composite materials increases the overall length of the composite system. A larger
thickness for the riser might improve the performance of the riser system but will also require higher
tension loads and the results in this analysis demonstrate the opposite effect, thin and light risers are
less likely to fail. The Marginal Reliability, the improvement in probability of failure for each kilogram of
additional material, of Carbon/Epoxy improves reliability by 9.072107*% and 1.53z10~ '3 for the 56-ply
and 20-ply composite riser respectively and at 4000 m this increased to 1.43z107'! and 1.37210713 .
The probability of failure per kilogram, Pf/kg is a normalized failure probability that is a parameter to
allow easier comparison of the cross-sectional design by addition or reduction of riser material to indicate

the change in the probability of failure.

Both composite layups fulfil DNV’s lower safety class recommendation, Py = 10 — 5 DNV [12]; at
depths of 1500 m and 4000 m. This builds confidence in the ability of composite risers to be utilised
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in deep-water conditions and the potential to benefits from lower weight, and therefore reduced in-
stallation costs. However, the analysis shows limited benefits, in terms of reliability, over steel under
extreme conditions. The steel catenary riser provides a higher level of reliability than the design using
a composite material statically. However, the two composite riser and steel catenary riser designs are
chosen arbitrarily and the analysis shows that thinner thicknesses of pipe provide a safer design but that
the steel benefits from a higher stiffness. This analysis therefore needs to be extended with an analysis
performed on optimally designed pipes for each distance, supported by the findings from the parametric

study performed in this section, and a dynamic analysis.

4.4.3 The impact of moisture absorption on riser reliability

Whilst the results of the previous study indicate the potential for composites for deep-water applications,
it is unlikely that these materials will perform for extended periods with the performance of testing in
dry conditions. To account for this, the riser properties are degraded to represent the wet state according
to experiments from the open literature. Malmstein et al. [164] provide data for glass/epoxy composites
in conditions lasting up to 6 weeks in distilled water. The material properties of the degraded material
are shown to be more dependent on the composite matrix resin material, so findings related to the
degradation percentage of glass provides can be extrapolated to carbon, due to the small quantity of
data available in the open literature. The findings of these experiments show that the riser flexural
strength is reduced by 50% and the weight is increased by 2%; the flexural modulus is also reduced by
1.6% but this reduction is ignored. The degradation of composites in distilled water is often higher than
in salt water and the results are also for flexure, rather than tension, and so this degradation factor
is considered as a worst-case scenario. Experiments are also performed on carbon/epoxy specimens by
Zafar et al. [165] who found an increase in weight of 2.12% in conditions lasting up to 300 days in
salt water. The corresponding loss of tensile strength was 20% and Young’s modulus was 10%. These
values are therefore included into the model where Zafar et al. [165] represents more realistic values for
risers due to the similar materials and tensile properties alongside experiments conducted in salt water.
The reliability analysis for different depths is reported in Figure 4.10 where the probability of failure
is shown in logarithmic scale, for the 56-ply case, and similarly, Figure 4.11, for the 20-ply case. The
results are assumed to have converged as the probability of failure for the wet simulations should be
higher than those in the dry condition, requiring fewer runs to converge and therefore the same number

of simulations are performed.

These results imply that, as expected, there is a negative relationship between water retention and
reliability. The reduction in ultimate tensile strength and Young’s Modulus combined with the increased
weight per unit leads to a combined effect of increasing the tension while reducing the materials resistance
to external loadings. This explains why the probability of failure is higher for the moisture absorbed
riser systems. Comparing the two types of moisture absorption the Zafar et al. [165] case reports higher
probability of failures for all of the risers in comparison to the dry properties; at lower depths this
increase is mild however at the larger depths it is more significant. This trend also occurs for the less

realistic properties from Malmstein et al. [164] but the probability of failure is higher.

The results for the wet composites, summarised in Table 4.7, are more indicative of the number of
failures to be expected as the system matures over time, and may be used to establish the upper limits
for the operating lifetime for FRP riser systems. Even in the worst-case material degradation scenario,
the Malmstein et al. [164] ageing and the thicker 56 ply case, the probability of failure for the 1,500 m
is still 7.562107% and is only predicted to pass the lower safety limit at 4,000 m with a probability of

failure of 3.05210™ , which could be reduced with enhanced cross-sectional design.
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The increase in probability of failure due to the hygrothermal ageing is higher for the thicker com-
posite, where the values increase by a factor of 62-746 over the intact riser for the extreme case of
Malmstein et al. [164] and by 1-6 for the more realistic ageing case of Zafar et al. [165]; than for
the thinner riser, with an increase by a factor of 17-190 for the extreme ageing case of Malmstein et
al.[164] and 1.18-1.98 for the more realistic ageing case of Zafar et al. [165]; where these values are
highest at the higher depths. This underscores the need for effective and robust waterproof layering to
protect the laminate from direct contact with the surrounding saline environment as suggested by Tan
et al. [8] for their composite system. This system will extend the operating lifetime of the pipeline, and
potentially reduce maintenance and operational expenses in the long run by reducing moisture contact
with the laminate. However, it is unlikely that it will be totally able to remove the moisture from the
environment and determining the levels of absorption over time appears to be a critical characteristic
in reducing safety factors for composite risers in deep-water conditions, where even the more realistic
water uptake estimates give an increase in probability of failure of 6 for the thicker riser and 1.98 for

the thinner riser.
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FIGURE 4.8: Probability of failure for the 56-ply composite, Wei [7];operating at 1500 m.

TABLE 4.6: Comparison of weight and probability of failure for steel catenary and composite

risers.
1500 m 4000 m
Steel 56-ply 20-ply Steel 56-ply 20-ply
Submerged Weight Full of Product (N/m) 794 248 189 794 248 189
Arc-Length (m) 1659 1957 2079 4181 4498 4642
Total Weight (kg) 1.3E406 4.9E+4+05 3.9E+05 3.3E+06 1.1E4+06 8.8E+405
P; (MPa) i1.0E-8 4.4E-07 6.0E-08 i1.0E-8 1.6E-05 1.2E-07

Py /kg il.0E-13 9.1E-13 1.5E-13  j1.0E-13 1.4E-11 1.4E-13
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TABLE 4.7: Probabilities of failure for composite risers with moisture absorption.

56-ply 20-ply

Dry Malmstein et al.[164]  Zafar et al.[165] Dry Malmstein et al.[164] Zafar et al.[165]
1500 m
Py 4.40E-07 7.56E-06 5.20E-07 6.00E-08 3.74E-06 5.00E-08
Weight (kg) 4.85E4-05 4.89E+05 4.89E4+05  3.92E+405 3.99E+05 3.99E+05
Pf/kg 9.07E-13 1.55E-11 1.06E-12 1.53E-13 9.37E-12 1.25E-13
2000 m
Pf 9.30E-07 2.87E-05 1.18E-06 6.00E-08 3.75E-06 5.00E-08
Weight (kg) 6.13E+405 6.18E+05 6.18E+05 4.91E405 4.99E+05 4.99E+05
Pf/k'g 1.52E-12 4.65E-11 1.91E-12 1.22E-13 7.51E-12 1.00E-13
3000 m
Py 3.64E-06 3.52E-04 6.08E-06 6.00E-08 9.50E-06 1.80E-07
Weight (kg) 8.65E+405 8.72E+05 8.72E+05 6.84E405 6.97E+05 6.97E+05
Pf/kg 4.21E-12 4.04E-10 6.97E-12 8.77TE-14 1.36E-11 2.58E-13
4000 m
Py 1.60E-05 3.05E-03 3.18E-05 1.20E-07 8.95E-05 7.20E-07
Weight (kg) 1.12E4-06 1.12E4-06 1.12E406  8.76E+05 8.92E+05 8.93E+05
Pf/kg 1.43E-11 2.71E-09 2.82E-11 1.37E-13 1.00E-10 8.06E-13







Chapter 5

Far-field loading and laminate
mechanical properties
manufacturing uncertainties effect

on composite riser integrity

5.1 Peridynamics micro modelling

As established in section 4, a higher failure probability of the composite risers are expected due to
mechanical properties uncertainties, that are caused by water absorption combined with far-field dynamic
riser loadings. As shown in the literature review in section 2.1, other sources of the mechanical properties
uncertainties are the variations of void content, in addition to its statistical arrangement within the
laminate. To investigate these variational effects, a micro model is based on peridynamics non-local
theory as summarised in the literature review. That is because it is required to simulate fracture
initiation and propagation to determine the ultimate strength of the RVE under the influence of these
micro model variations. In this section peridynamics RVE is modelled to investigate the void content
effect on RVE properties. A representative 25 years environmental data of the north sea are used to
simulate full-scale model under stochastic wave conditions. The full scale model utilise RiSim algorithm
developed in section 3 to predict tension and curvatures along the riser length, CRIMMO algorithm in
section 5 extract the boundary conditions at two hot-spot locations, the hang-off and touch-down zones
and creates Abaqus dynamic shell element composite model, the maximum strain element is identified
and peridynamics model is created using PeriPy algorithm. The Tsai-wu failure criterion is used and
compared to the damage predicted with peridynamics to benchmark the peridynamics failure predictions

and highlight the advantage of peridynamics model to capture cross-sectional defects.

5.1.1 Bond-based peridynamics formulation

Peridynamics is a continuum form of molecular dynamics, the equation of motion is formulated in [107].
The domain is discretized into material points, each material point acceleration i, that is located at

coordinate x in the un-deformed configuration, at time instance t is given by,
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pli(x,t) = flux',t) —u(x,t),x —x)dV, + b(x,t), (5.1)

Hy

where p is the mass density, u is the displacement vector field, x is the point coordinate vector,fis
the pairwise force function between points x and x’ and is influenced by material points in the neigh-
bourhood, H,, and limited by the horizon radius § and b is the body force density field. The relative
position vector between material points x and x’ in the deformed configuration is given by n + ¢, where
¢ is the relative position vector, given by equation 5.2 and 7 is the relative displacement, which is given
by equation 5.3. The bond between material points x and x’ is the attraction force that is exchanged
between the particles and extends beyond the adjacent particles to the horizon limit. The concept of
a bond between particles that are within a specific horizon necessitate that the force at each material
point is the vector sum of each neighbour particle contribution that lies within the horizon. This non-
local property is the main fundamental difference between classical continuum mechanics theory and

peridynamics.

(=x"—-x (5.2)

n=u(x',t) —u(x,t) (5.3)

The bond force, between material points is a scalar quantity and given by

_ C+n
fn,¢) = |C+n|f(y(t)74,t) v¢,m, (5.4)
y=In+| (5.5)

By substituting the scalar bond force equation 5.4 to the peridynamics equation of motion 5.1, the
perdynamics equation can be discretized. The quantity s, described as scalar bond stretch is developed
to formulate the constitutive properties of the material and can be utilised to define bond breakage,

given by equation 5.6,

s = 7|<+Z‘ =< (5.6)
5o = 1/ 260 (5.7)

9k
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The key equation that describes the material microscopic properties is the scalar function f. The
composite matrix and fibres behaviour can be approximated with brittle microelastic material properties

as follows,

fs,t,¢) = p(t, ¢) = p(t, Q)es (5-8)

where c is the elastic constant, which is a function of the material bulk modulus x and p is the damage
function, that takes a value of 0 for a broken bond or 1 for an active bond, the bond is considered broken
if the stretch s exceeds a specific critical stretch sg. For brittle materials, the linear elastic critical stretch
is a material related property that can by related to the critical energy release rate, Go. It is formulated
so the energy release rate should be equal to the work required to break all bonds per unit area as given
by equation 5.7. The damage at each point is an accumulative function, where damage is defined as the
ratio between the sum of all broken bonds connected to a material point to the total number of bonds

and given by equation 5.10,

1 ifs(t,¢) <so YOSH <t
ut,0) = { 0 otherwise (5.9)
1-— X dV;
B(x, 1) = Ju, 1Ge 1, OV (5.10)

me dve

Equation 5.9 represent the peridynamics bond damage function, and the accumulative damage is

given by equation 5.10. The 3D elastic constant c is given by equation 5.11,

_ 18k

c=—. (5.11)

5.2 Model verification

5.2.1 RVE geometry

PeriPy code is utilised [166] to simulate the peridynamics equation of motion. An RVE with 50um
cube length, contains carbon fibres in an epoxy matrix is modelled. RVE fibres diameter are randomly
generated, with a fibre mean radius Frmean and coeflicient of variation C'Vy. Voids are explicitly modelled
in the RVE as spherical voids according to a specific void ratio. Voids are randomly created, following
a normal distribution with size between Vipin and Vimaez, and void length to width ratio Viqtio for
longitudinal voids. Table 5.1 is a summary of the properties used to build the RVE model, shown in
Figure 5.1.

The distribution of the voids and fibres sizes follows the Gaussian distribution probability density

function as shown in equation 5.12, using the mean and standard deviation values listed in Table 5.1.

e 2? (5.12)
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TABLE 5.1: RVE Properties [9]

Property  Description Value
CVy Fibre diameter coeflicient of variation 0.17
Vi, atio Void length to width ratio 20

L RVE side length (um) 20

Vy Fibre volume fraction(%) 60
Frmean Fibre mean radius(um) 5.0
F., Fibre radius standard deviation(um) 0.5
Vimin Spherical voids minimum radius (um) 2.5
Vimaz Spherical voids maximum radius (um) 5.0
Vi Spherical voids mean radius (um) 3.75
Vio Spherical voids standard deviation (um) 1.25
Fyen Fibre density (kg/m?) 2000.0
Men Matrix density (kg/m?) 1400.0
Ey Fibre elastic modulus (G Pa) 230
E,. Matrix elastic modulus (G Pa) 3.2
Intgen Interface density (kg/m?) 1600.0
G.M Matrix strain energy release rate (J/m?) 78
G.F Fibre strain energy release rate (J/m?) 100
G.int Matrix/Fibre strain energy release rate (J/m?) 100

The units utilised are according to the consistent units as listed in Table 5.2. All RVE dimensions
are in um. The geometry is created in gmsh [167] python API to create stochastic RVE with specific
void ratio. A special code is written for this thesis to create the RVE is attached in section 5. The .msh

file created by the algorithm is passed to the code to analyse the stress/strain response of the RVE.

TABLE 5.2: Consistent Units

Description  SI Unit Consistent Unit

Mass M kg

Length L wm

Time T S

Force - uN

Energy - pJ

Stress - M Pa
Density - 107 18kg/m?
Damping - kg/um?

The peridynamics code is able to simulate multiple material bonds, however, a special function is
required to identify the bond type for each material point to calculate the peridynamics force. The
python code that creates the RVE, in section 5, returns a list of material points that are in the fibre and
matrix domains. This enables the peridynamics code to compare each material point to a predefined list
for each fibres and matrix and use the suitable bond stiffness and stretch. The following code snippet is

used with the peridynamics code to to identify matrix and fibre bond types and density.

class bonding:

93 9

Returns bond density given two points in the material

def __init__(self, fibres_data):
self . fibres_data = fibres_data

def is_fibre (self X):
in_.chk = [(X[0] — key[0])*x2 + (X[1] — key[1])=*x2 — self.fibres_data [key]x*2
for key in self.fibres_data.keys()]
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FIGURE 5.1:
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if matrix = 1:
output = Mden #
elif pl:

output = Fden #
elif not pl:
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5.2.2 Transverse tensile strength

The transverse stress/strain response of the RVE is assessed in this section, assuming no voids in the
matrix, and the maximum transverse strength is verified against published FEA model that is using
cohesive elements modelling for a similar size RVE, with no voids [9]. The FEA model is selected to verify
the peridynamics model, since the FEA model doesn’t incorporate voids, before incorporating the voids
in the peridynamics model. As shown in Figure 5.3 the maximum FEA transverse stress is observed to
be 40 MPa, this is confirmed by the peridynamics virtual experiment shown in Figure 5.2. Both figures
shows that the maximum stress is reached at 2% strain after which the RVE damage accumulates
and strength is lost down to 25 MPa at 3% strain. Although, the main aim of this verification is to
benchmark the maximum transverse strength of the RVE, which is successfully demonstrated in this
figures 5.2 and 5.3. An investigation of the transverse elastic modulus predicted by both FEA and
peridynamics is carried out. The FEA model elastic modulus of 7.0 GPa is calculated from figure 5.3.
However, it is observed that the peridynamics RVE exhibits lower transverse elastic modulus at 0.2%
strain, which is 3.5G Pa. There are multiple factors that contributes to this difference, such as damage
accumulating in peridynamics model can occur at any material point, while the FEA model is limited
to damage at pre-defined cohesive zones, but one of the largest contributing factors is the limitation on
the bond-based peridynamics formulation, which limits Poisson’s ratio to i. This limitation leads to a
restriction on the material point force vector direction and magnitude, imposing a specific limitation on
the elastic properties. It is noted in the literature that the material stiffness predicted by peridynamics

with Poisson’s ratio of 0.45 can lead to error percentage up to 56% [168].
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It is shown that bond-based peridynamics predicts the transverse stress-strain relation and RVE

damage with less than 5% error, but results in less stiffer matrix response.

5.2.3 Axial tensile strength

To verify the axial response of the RVE, the closest carbon fibre composite material with T300 carbon
fibres is used here to verify the model ability to model the axial tensile stress-strain response and strength
[10]. Maximum CFRP stress is observed to reach 550 MPa at 1.8% strain as shown in the peridynamics
predicted response in Figure 5.4, this is a 10% higher maximum stress compared to the experimental value
shown in Figure 5.5. The experimental data shows that the maximum CFRP stress reaches 500 MPa
at 1.5% strain. It is observed that the axial stiffness correlates much closer to the experimental values,
that is because the carbon fibre Poisson’s ratio is close to 0.25, which is the bond-based peridynamics

limit.
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5.2.4 Void content effect on RVE strength
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After verifying the peridynamcis code, to investigate the effect of void content uncertainty on the RVE

integrity an RVE with voids is created. It is shown the literature that voids larger than 0.4% nega-

tively affect the mechanical properties of composites [55]. Therefore, the RVE is built, as explained in

section 5.2.1 with stochastic spherical and longitudinal voids to simulate the entrapped bubbles in the

epoxy mixture, these bubbles coalesce into larger spherical and longitudinal voids. The introduction of

bubbles in the model allows to study the effect of void ratio on mechanical properties.
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FIGURE 5.6: Void content % effect on Transverse Tensile Strength

The transverse stress is investigated against a range of void ratios that are simulated between no

voids and up to 10% void content. A fixed random seed is used to create the RVE geometry, including

voids and fibre diameters and locations.

The seed is chosen to be fixed at the seed producing the

mean ultimate tensile strength. Figure 5.6 shows the results of maximum stress observed for each void

percentage simulated. There is a clear reduction observed in the maximum stress of the RVE with void

content. A rapid reduction in the mechanical properties of the RVE is observed at 8% void content,

with a maximum stress reduction of 65%.
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FIGURE 5.7: Void content % effect on Axial Tensile Strength

The axial tensile strength is also investigated as shown in figure 5.7. It is observed that the maximum
reduction at 8% void content with a reduction of 40% of the maximum tensile strength with no void. Tt

is also observed that the reduction is linear in contrary to the transverse strength.

5.2.5 Mechanical properties statistical distribution

To investigate the effect of void, fibre diameters and distributions on the mechanical properties variations,
the statistical distribution of the composite RVE mechanical properties is sampled, with 5% void ratio is
investigated. 300 peridynamics simulation are carried out to create the histogram shown in figures 5.8-
5.9. The coefficient of variation for the axial tensile strength distribution is found to be 45% while 70%
for transverse tensile strength the [156]. Although a large number of samples is required to quantify the
stationary statistical distribution of the mechanical properties, an attempt is made to investigate the

distribution function suitable to describe the variation in properties.

Various probability distribution functions are iterated, using Scipy python package [169], to fit the
statistical simulated data shown in the histogram figures 5.8- 5.9, these distributions are compared to the
data and the sum of square errors, SSE, is used to select the best fitting distributions. It is found that
both the axial tensile strength and the transverse tensile strengths follows a Johnson SB distribution

match better the transverse tensile strength simulated samples with 0.0001 SSE.

The coefficient of variation is shown to higher with the transverse tensile properties, compared to
the axial properties. That is because the transverse strength is relying on the matrix strength and
the random distribution of the voids in the matrix has higher variational effect on the strength of the

composite in that direction, while for axial loading the fibres are dominating the strength of the laminate.
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5.2.6 Integrity of risers exposed to stochastic waves

This section aims to investigate the full-scale riser response, using the full multi-scale algorithm developed
in this thesis. The riser geometrical properties in table 3.1 and cross-sectional properties listed in tables
3.5 and 3.6 are used in this section to create a multi-scale model. The scatter diagram shown in table 5.4
is the long-term met-ocean wave data for the north of Shetland region. The scatter diagram provides
information about the expected wave heights and the associated peak wave periods and it’s occurrence
over 25 years period. Wave heights and periods are divided into bins, in which waves that fits the bins
wave height and period criteria fall into it and the number of occurrences are predicted. The analysis
performed in this section is not a reliability study, therefore it doesn’t aim to predict the probability of
failure of the composite riser in real environment, however the main aim of this analysis is to predict
the failure of a specific riser configuration that is exposed to realistic environmental loading of a typical
sea states in the north sea region, using the full multi-scale approach developed in this thesis, including
peridynamics. The peridynamics failure predictions are benchmarked against Tsai-Wu failure criterion

predictions.

TABLE 5.3: Operational Conditions

Description Value Units

Internal Pressure 200 bar
Temperature 80 c°
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RiSim code is used to simulate the wave bins using stochastic sea-states. Each wave bin is simulated
using 3 hours JONSWAP spectrum. The riser is assumed to be connected to the FPSO, which is
under dynamic motion due to wave conditions and exposed to harsh operational conditions as shown in
table 5.3. This is simulated using FLEXCOM software and the dynamic motion of the riser hang-off
point is extracted for each wave bin and is used as a boundary condition to RiSim code. RiSim simulates
the dynamic motion of the riser and predicts tension and angle at each node along the riser length. The
multi-scale algorithm, CRIMMO shown in the appendix 5, is a multi-scale python code created for this
analysis and is used to extract tensions, angles at two hot-spot locations, the touch-down zone and
hang-off zone. The algorithm extracts wall tensions and rotation angles for a length that covers the
hot-spot region. The nodes at which the tensions and rotation angles are extracted is determined based
on the tension and curvature values that is lower than 10% of the hot-spot values. This is to minimize
the boundary conditions effects on the hotspot response in the composite pipe FEA model. It is found
that failure predicted for few of the wave bin cases are due to buckling at the composite pipe scale,
this is only captured by combining the far-field loading with the pipe and laminate scale models. The
temperature, pressure effects combined with the dynamic motion of the riser initiates a buckling effect

that leads to the composite riser failure due to extreme strain that initiates failure at a microscopic level.
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FIGURE 5.10: Stochastic node velocity (m/s)

The multi-scale frame-work and the information flow diagram between the scales are shown in figure
5.12. A dynamic analysis of the composite riser us performed, using stochastic waves. The extreme
wave conditions, which is typical to the north sea region, are used in the analysis. The global analysis
is performed using RiSim, simulating 3 hours of stochastic waves simulation for each wave bin. The
composite riser is modelled using beam formulation, where the tensions and rotation angles are extracted
for an extreme response window. A shorter simulation window is selected, based on the global simulation
results, extending 100 seconds around the maximum tension and curvature onset as shown in figure 5.10.
The multi-scale algorithm creates approximately 12 m length of the composite pipe model around the
hot-spot region. The length of the section is selected to maintain the tension and curvature at 10%
of the hot-spot predicted values, to reduce the boundary effects in the composite pipe FEA model.
The boundary conditions that are post-processed from the RiSim analysis results are rotation angles
at both end nodes of the selected section and wall tension time-traces. The Abaqus model is post-
processed for the maximum principle logarithmic strain along the composite pipe length. The strain

values are used as an input to the peridynamics model and simulates, in a quasi-static model, the
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predicted damage for each wave bin in the RVE as shown in figure 5.14.The damage predicted with the
peridynamics micro-model, assuming 5% void content is compared to the Tsai-Wu failure criterion, that

is evaluated with equation 3.16. Th Tsai-Wu failure criterion is calculated based on the axial, transverse
and shear stresses that are post-processed directly from the composite pipe FEA Abaqus model, using

the composite laminate post-processed results at the outer-ply.
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The onset of failure is assessed using both Tsai-Wu criterion and peridynamics elastic bond damage
model. Tsai-Wu failure criterion, is a quadratic, stress-based criterion that predicts ply failure, if any
of the three principal stresses exceeds the ultimate strength value, by evaluating the equality shown in
equation 5.13. The maximum stresses are post-processed of the FEA composite pipe analysis in the
axial and transverse directions in addition to shear stress. The criterion assumes no interaction between
stress components, moreover it doesn’t account for micro-level variations of laminate properties such as

fibre diameter and distribution, voids size and distribution.

2 2 2
o1 o2 1 1 1 1 2F120102 Ti2
i = - = Vo4 — = =)o [ 2292 N (T2) _ 1 (513
(thc> (YtYC> (XT XC> a1 (YT YC) 72 (‘/7XTXCYTYC) <S12) (5.13)

_ 1
X X.

F1 (5.14)

The peridynamics damage concept is a micro modelling approach, The bond damage model is a strain
based non-local failure model, which is applied at the fibre and matrix micro levels. The peridynamics
model accounts for the fibre and void diameter variation and distribution, which are directly modelled.
Both two failure prediction methods used in this analysis can’t be directly compared, since peridynamics
models encapsulates the details of the microscopic geometrical properties of the RVE, while Tsai-Wu is
applied at the ply level and relies on ply stresses. The aim is to compare both methods final predicted
failure, as a benchmark, while investigating the opportunities that comes with peridynamics non-local

modelling capabilities.

The peridynamics damage is given by equation 5.18, where the damage at each material point, which
is at microscopic scale, is given by the sum of damaged bonds, divided by the total bonds (of all damaged
material points) within the horizon volume of that material point. The total damage in the RVE is the
total number damaged bonds among all damaged material points to the total number of bonds for all
damaged material points. A damaged bond in peridynamics is given by equation ?? where the bond
is considered either intact or damaged. Damaged bonds are those that are stretched beyond a critical
stretch value at microscopic level. The critical stretch is given by equation 5.16 which is a function
of the strain energy release rate of the material, and is determined experimentally. The damage in
peridynamics initiates when the first bond is broken at a specific material point, due to exceeding the
critical stretch limit, after which the force interaction between this point and the other points within it’s
horizon are re-distributed between the remaining intact bonds. This force redistribution increases the
force per bond share, leading to higher stretching of these bonds and eventually the crack propagates
until final failure. This process occurs at independent sites in the RVE, depending on the geometry,

loading axes and force distribution within the RVE.

1 ifst,()<sy YO<t <t
w(t,¢) = ( , ) (5.15)
0 otherwise
5o = 1/ 260 (5.16)

9k0

The bond model used in this analysis is given by equations 5.15 and 5.16 is based on binary state
of the elastic bonds failure. Which is used for linear elastic brittle materials, similar to carbon fibre
and the matrix which are common for composite pipe failures. This bond model definition results in

an abrupt failure of the bond, which is dominating the sudden failure observed as shown in figure 5.14.
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There are alternative bond models that can be implemented to provide progressive failure damage and
material properties degradation to substitute the model used in this analysis. As the example shown in
equation 5.17 and figure 5.13, which is bond model developed for cohesive quasi brittle materials [11].
Multiple other models are possible depending on the material behaviour. However the current analysis
focuses on ultimate strength of the composite pipe under extreme loading conditions in offshore low
temperature environment,where the outer ply is expected to be exposed to temperature down to 4 deg
C, therefore the classical bond model is chosen to be suitable to predict the brittle sudden failure under

extreme loading.

cs , 8 < So
u(t,¢) = ki (5.17)
cso | exp 0 fa—+ ,8 > So
A
a=0
|
g
] \
° \
5 \
a \
[
: \
g \
o \
\\\

a.c.S,

\J

S, Bond Stretch, S

FIGURE 5.13: Cohesive Quasi-brittle bond damage model [11]

Tsai-Wu failure criterion and peridynamics damage can not be linearly correlated beyond failure
index equal to unity, since both predictions are focusing on different parameters of failure. The Tsai-Wu
failure criterion is a quadratic approximation of the yield ellipsoidal surface which cannot be open-ended,
with the use of strength tensors. Any Tsai-Wu failure index exceeding unity means that the stress vector
01,03, T12 reaches the failure ellipsoid surface defined by the equality shown in equation 5.13. There is no
meaningful interpretation or information in the literature about the failure index higher than unity and
the relation between the Tsai-Wu failure index that exceeds unity and peridynamics damage, moreover,
there are multiple limits imposed by the stability conditions in the formulation. Therefore, no correlation
against the damage predicted by peridynamics is expected, other than the final failure conclusion [170].
Further research in this area is required. Therefore, The index value is only interpreted in this work to
indicate failure, without speculating on the physical interpretation of index values that exceeds unity.
Peridynamics bond damage captures micro cracks initiation as a damage at a specific material point,
in such case peridynamics predicts a damage percentage at each material point and globally ratio of
the total damage. The damage in peridynamics can occur at multiple material points and the damage
parameter keeps track of the failure initiation and progression or history of the damage. However, Tsai-
Wau failure criterion is based on evaluating failure in composite ply based on principal stress components.

Tsai-Wu have been successfully used to predict composite failures, but peridynamics shows promising
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technique to predict micro cracks and evolution of fracture, given specific manufacturing defects, such

as voids, opening the door for more deeper understanding of the microstructure effect on failure.

1- sz M(X> t? C)d‘/(
me dVe

P(x,t) = (5.18)

FIGURE 5.14: RVE damage

The analysis results shows similar final failure predictions for both peridynamics and Tsai-Wu crite-
rion. The Tsai-Wu failure index results are plotted on figure 5.15, which shows that for all wave bins,
both touch-down and hang-off zones first ply failure is predicted with failure index larger than unity. It

is observed that the for the majority of wave blocks a large failure index is observe.

Comparing the Tsai-Wu failure index shown in figure 5.15 to the peridynamics predicted total damage
of the damaged material points bonds, it is shown in figure 5.16 that for the majority of wave blocks
100% bonds failure is not reached. However,for all wave bins the damaged material points have a damage
higher than 50%. It is difficult to draw a line to what is considered as a total failure. The total damaged
material points damage is shown to be on average 80% of the cross-sectional total bonds that are broken
for most of the wave blocks, although it is not 100% bonds failure, however in reality that means the
crack initiated and propagating and that will be considered as failure. the Tsai-Wu failure index and
peridynamics damage results are shown in table 5.4, highlighting that for all wave bins both theories
predict outer-ply failure. The peridynamics RVE is created with 5% void content, however the Tsai-Wu
criterion doesn’t account for voids in the material. Although, as a final conclusion both theories predicts
failure. Peridynamics total damage, although it doesn’t predict 100% cross-sectional material points

failure, but a complete crack surface is formed and also considered as failure.
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FIGURE 5.16: Wave blocks peridynamics damage
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TABLE 5.4: Wave scatter diagram failure assessment - Touch-down Zone

Wave Block  Wave Height, H (m) Wave Period, Tp (s) TDZ Tsai-Wu  Status TDZ Peri  Status

1 1 5.8 3.36 FAIL 0.76 FAIL
2 3 6.4 3.34 FAIL 0.76 FAIL
3 5 6.7 3.27 FAIL 0.76 FAIL
4 7 7 3.34 FAIL 0.76 FAIL
5 1 8.9 3.34 FAIL 0.76 FAIL
6 2 9 3.29 FAIL 0.76 FAIL
7 3 9 3.24 FAIL 0.76 FAIL
8 7 8.5 3.15 FAIL 0.76 FAIL
9 1 10.9 3.29 FAIL 0.76 FAIL
10 2 10.9 3.16 FAIL 0.76 FAIL
11 3 10.9 3.01 FAIL 0.76 FAIL
12 7 10.4 2.58 FAIL 0.76 FAIL
13 5 9.5 3.02 FAIL 0.76 FAIL
14 4 9.5 3.2 FAIL 0.76 FAIL
15 5 10.5 2.82 FAIL 0.76 FAIL
16 4 10.5 2.93 FAIL 0.76 FAIL
17 5 11.5 2.62 FAIL 0.76 FAIL
18 4 11.5 2.77 FAIL 0.76 FAIL
19 3 12.5 2.82 FAIL 0.76 FAIL
20 2 12.5 3.02 FAIL 0.76 FAIL
21 1 12.5 3.24 FAIL 0.76 FAIL
22 3 13.5 2.82 FAIL 0.76 FAIL
23 2 13.5 2.97 FAIL 0.76 FAIL
24 1 13.5 3.23 FAIL 0.76 FAIL
25 7 12.5 2.07 FAIL 0.76 FAIL
26 6 12.5 2.28 FAIL 0.76 FAIL
27 5 12.5 2.47 FAIL 0.76 FAIL
28 4 12.5 2.64 FAIL 0.76 FAIL
29 7 13.5 2.1 FAIL 0.76 FAIL
30 6 13.5 2.29 FAIL 0.76 FAIL
31 5 13.5 2.47 FAIL 0.77 FAIL
32 4 13.5 2.63 FAIL 0.76 FAIL
33 12 12.5 1.29 FAIL 0.76 FAIL
34 7 10.7 2.5 FAIL 0.76 FAIL
35 12 14.8 3 FAIL 0.76 FAIL
36 12 9.2 2.81 FAIL 0.76 FAIL
37 14 13 2 FAIL 0.76 FAIL
38 18 14.9 1.37 FAIL 0.76 FAIL
39 16 12.3 0.98 FAIL 0.76 FAIL
40 18 12.6 1.37 FAIL 0.86 FAIL
41 23 13 1.76 FAIL 0.76 FAIL
42 7 14.9 2.12 FAIL 0.76 FAIL
43 7 17 2.38 FAIL 0.76 FAIL
44 7 22.9 2.88 FAIL 0.76 FAIL
45 3 14.5 2.78 FAIL 0.76 FAIL
46 2 14.5 3.03 FAIL 0.76 FAIL
47 1 14.5 3.22 FAIL 0.76 FAIL
48 3 15.5 2.8 FAIL 0.76 FAIL
49 2 15.5 2.99 FAIL 0.76 FAIL
50 1 15.5 3.23 FAIL 0.76 FAIL
51 3 17.1 2.94 FAIL 0.76 FAIL
52 3 20 2.97 FAIL 0.78 FAIL
53 3 23 3.08 FAIL 0.76 FAIL
54 12 17 2.55 FAIL 0.95 FAIL
55 12 19.9 2.69 FAIL 0.82 FAIL
56 14 14.9 1.3 FAIL 0.76 FAIL
57 14 17 1.55 FAIL 0.76 FAIL
58 18 16.9 2.56 FAIL 0.76 FAIL
59 23 14.9 5 FAIL 0.76 FAIL
60 7 20 2.71 FAIL 0.86 FAIL
61 7 26 2.95 FAIL 0.76 FAIL
62 21.8 17.6 5 FAIL 0.76 FAIL
63 6 30.27 3.04 FAIL 0.86 FAIL
64 12 22.98 2.7 FAIL 0.86 FAIL
65 18 19.73 5 FAIL 0.86 FAIL
66 23 18.69 5 FAIL 0.86 FAIL
67 23 10.46 5 FAIL 0.86 FAIL
68 23 16.79 5 FAIL 0.86 FAIL
69 27 12.14 5 FAIL 0.86 FAIL
70 27 14.44 5 FAIL 0.86 FAIL
71 27 16.92 5 FAIL 0.86 FAIL
72 32 16.9 5 FAIL 0.86 FAIL
73 34 14.3 5 FAIL 0.86 FAIL
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TABLE 5.5: Wave scatter diagram failure assessment - Hang-off Zone

Wave Block  Wave Height, H (m) Wave Period, Tp (s) HO Tsai-Wu  Status HO Peri  Status

1 1 5.8 3.75 FAIL 0.76 FAIL
2 3 6.4 3.74 FAIL 0.76 FAIL
3 5 6.7 3.74 FAIL 0.76 FAIL
4 7 7 3.74 FAIL 0.76 FAIL
5 1 8.9 3.74 FAIL 0.76 FAIL
[§ 2 9 3.73 FAIL 0.76 FAIL
7 3 9 3.72 FAIL 0.76 FAIL
8 7 8.5 3.7 FAIL 0.76 FAIL
9 1 10.9 3.72 FAIL 0.76 FAIL
10 2 10.9 3.7 FAIL 0.76 FAIL
11 3 10.9 3.68 FAIL 0.76 FAIL
12 7 10.4 3.63 FAIL 0.76 FAIL
13 5 9.5 3.69 FAIL 0.76 FAIL
14 4 9.5 3.7 FAIL 0.76 FAIL
15 5 10.5 3.65 FAIL 0.76 FAIL
16 4 10.5 3.67 FAIL 0.76 FAIL
17 5 11.5 3.63 FAIL 0.76 FAIL
18 4 11.5 3.65 FAIL 0.76 FAIL
19 3 12.5 3.65 FAIL 0.76 FAIL
20 2 12.5 3.69 FAIL 0.76 FAIL
21 1 12.5 3.72 FAIL 0.76 FAIL
22 3 13.5 3.65 FAIL 0.76 FAIL
23 2 13.5 3.66 FAIL 0.76 FAIL
24 1 13.5 3.71 FAIL 0.76 FAIL
25 7 12.5 3.5 FAIL 0.76 FAIL
26 6 12.5 3.54 FAIL 0.76 FAIL
27 5 12.5 3.59 FAIL 0.76 FAIL
28 4 12.5 3.62 FAIL 0.76 FAIL
29 7 13.5 3.42 FAIL 0.76 FAIL
30 6 13.5 3.47 FAIL 0.76 FAIL
31 5 13.5 3.52 FAIL 0.76 FAIL
32 4 13.5 3.57 FAIL 0.76 FAIL
33 12 12.5 3.27 FAIL 0.76 FAIL
34 7 10.7 3.61 FAIL 0.76 FAIL
35 12 14.8 3.09 FAIL 0.76 FAIL
36 12 9.2 3.69 FAIL 0.76 FAIL
37 14 13 3.05 FAIL 0.76 FAIL
38 18 14.9 3.3 FAIL 0.88 FAIL
39 16 12.3 3.1 FAIL 0.76 FAIL
40 18 12.6 3.3 FAIL 0.76 FAIL
41 23 13 4.22 FAIL 0.76 FAIL
42 7 14.9 3.36 FAIL 0.76 FAIL
43 7 17 3.35 FAIL 0.76 FAIL
44 7 22.9 3.54 FAIL 0.76 FAIL
45 3 14.5 3.6 FAIL 0.76 FAIL
46 2 14.5 3.65 FAIL 0.76 FAIL
47 1 14.5 3.7 FAIL 0.76 FAIL
48 3 15.5 3.6 FAIL 0.76 FAIL
49 2 15.5 3.65 FAIL 0.76 FAIL
50 1 15.5 3.7 FAIL 0.76 FAIL
51 3 17.1 3.59 FAIL 0.76 FAIL
52 3 20 3.63 FAIL 0.76 FAIL
53 3 23 3.64 FAIL 0.76 FAIL
54 12 17 2.99 FAIL 0.76 FAIL
55 12 19.9 3.02 FAIL 0.76 FAIL
56 14 14.9 2.85 FAIL 0.8 FAIL
57 14 17 2.86 FAIL 0.88 FAIL
58 18 16.9 3.3 FAIL 0.76 FAIL
59 23 14.9 4.22 FAIL 0.76 FAIL
60 7 20 3.45 FAIL 0.76 FAIL
61 7 26 3.56 FAIL 0.88 FAIL
62 21.8 17.6 4 FAIL 0.76 FAIL
63 6 30.27 3.58 FAIL 0.76 FAIL
64 12 22.98 3.38 FAIL 0.88 FAIL
65 18 19.73 3.3 FAIL 0.88 FAIL
66 23 18.69 4.22 FAIL 0.88 FAIL
67 23 10.46 5 FAIL 0.88 FAIL
68 23 16.79 5 FAIL 0.88 FAIL
69 27 12.14 5 FAIL 0.88 FAIL
70 27 14.44 5 FAIL 0.88 FAIL
71 27 16.92 5 FAIL 0.88 FAIL
72 32 16.9 5 FAIL 0.88 FAIL
73 34 14.3 5 FAIL 0.88 FAIL







Chapter 6

Conclusion and recommendations

6.1 Conclusion

The effect of far-field loading on composite risers, combined with uncertainties in the laminate mechanical
properties is investigated. A multi-scale modelling framework is utilised, with three numerical models.
The riser model is finite difference Fortran code that is developed based on beam theory formulation,
RiSim. Beam theory is a simplified approach to reduce the complexity and the total number of degrees of
freedom required to model the total riser length, which can be longer than 500m. The response of the riser
under harsh environmental conditions and vessel excitation is captured using wave theories and Morisons
equation. The composite pipe model, which uses the risers model tensions and curvatures predictions
as boundary conditions, is created in finite element package Abaqus. A python multi-scale framework
is developed to automate the loads post-processing produced with RiSim and creates a composite pipe
length to predict the response through the pipe cross-section. Shell elements are used and the maximum
principal strain among all elements is post-processed. A peridynamics RVE model is developed and used
to predict fracture at the element that exhibits the highest maximum principal strain, at the outer ply,
using the parallelised python package PeriPy. The analysis is performed utilising the high performance
computing facility , Iridis 5.

All developed algorithms are benchmarked against commercial software packages or published lit-
erature as shown in sections 3, 5. Loads and material uncertainties are investigated in this study at
multiple levels, which propagates from the far-field loadings, that are due to the response of the floating
vessel and the riser to the temporal variation of the environmental conditions, coupled with the effect of
these loading regimes on the composite riser response, given the inherited uncertainties in the composite
laminates mechanical properties. Finally all research components are combined together to investigate
the effect of far-field stochastic environmental conditions on the integrity of composite risers, which is
susceptible to mechanical properties uncertainties due to void entrapment, fibre diameter variation and
variation in its distribution. The analysis of the full-scale system is carried out simulate the riser response
that is exposed to stochastic environmental conditions. A wave scatter diagram representative of the
north of Shetland area, UK is used. Utilising the RiSim composite riser macro model, FEA composite
pipe meso model and finally the micro peridynamics RVE model. The damage predicted for each wave

bin is calculated with both peridynamics and Tsai-Wu failure criterion.

The findings of this work are summarised as follows:

83
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Chapter 6 Conclusion and recommendations

. RiSim, the finite difference extensible beam modelling algorithm that is developed as part of this

thesis, is able to capture the composite riser response with less than 1% percentage difference wen
benchmarked against commercial packages. The riser top tension predicted with in-extensible
formulation experiences high frequency oscillations in harsh weather conditions, compared to the

extensible formulation as shown in section 3.

. Reliability of Epoxy based deep-water composite risers is lower in comparison to steel equivalents

in-situ, due to moisture absorption. The reliability becomes more pronounced at depths exceeding
2000m. The probability of failure at 1500m, for the riser configuration investigated in this thesis,
is 1,700% the dry conditions. While, the probability of failure, for the same riser properties,
increases with depth to 19,000% the dry conditions.The variation of composite riser mechanical

properties due to water absorption are investigated in section 4

. Peridynamics has few limitations such as computational capacity. The amount of computational

capacity required to model highly detailed peridynamics model requires high performance com-
putational capabilities to solve compared to same problem solved with continuum mechanics FE

model.

. Bond-based peridynamics, which is based on the limitation on material points interaction magni-

tude and direction is only suitable for materials that are brittle and exhibits a Poisson’s ratio close
to i. This is prominent when comparing the predictions of the elastic modulus that are predicted

by peridynamics composite RVE model to finite element or experimental methods.

. Transverse and axial strengths of Carbon-fibre/Epoxy RVE are found to follow Johnson SB distri-

bution, which is observed over three hundred random samples that are created with random voids
distribution and fibres diameters following a normal distribution with mean values as shown in
table 5.1. The analysis in section 5.2.5 shows that the properties have a mean value corresponds to
the experimental average properties values. The effect of voids percentage in the composite matrix
as shown in section 5.2.4, the axial and transverse tensile strength reduces between 40% and 70%
of the no-void predicted values. This highlights the importance of accurate micro modelling to

capture the variation in composite riser properties.

. Failure prediction, using strain-based bond damage criteria using Peridynamics microscopic RVE

model is benchmarked against T'sai-Wu stress-based failure criterion. Both methods predicts same

final conclusion for the wave bins analysed in section 5.2.6.

. Both Tsai-wu and peridynamics predict failure for this composite riser cross section,that is due to

the harsh environmental conditions. Peridynamics bond damage is evaluated as shown in section
5.2.6 for wave bins that are representative of harsh weather conditions in the north sea. The
damage predicted, on average, among all wave bins analysed is 80% of the fracture surface bonds.

Which is failure of the outer ply and the composite riser integrity is compromised.

. Altough Tsai-Wu failure criterion is successfully used to predict failure, as shown in section 5.2.6

and the criterion is suitable as a rapid design tool. It is found that non-local peridynamics mod-
elling is a promising modelling approach to predict composite failure given specific composite
material uncertainties, manufacturing quality and imperfections such as voids. The virtual testing
method detailed in this thesis enables to investigate and isolate the manufacturing and environ-
mentally induced imperfections and its effect on the final fracture due to far-field harsh loadings.
The method allows manufacturers to optimize the qualification processes and tests required to

capture the effect of the composite riser mechanical properties uncertainties on composites failure.
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6.2 Recommendations and Future Work

The work presented in this thesis demonstrates that far-field modelling of composite risers using a multi-
scale approach to model the far-field loading and the composite pipe response. That includes a non-local
micro modelling peridynamics approach, which is demonstrated to be a promising technique that allows
to capture complex fracture initiation and propagation responses that occurs in dynamic composite riser,

in-situ and exhibits multiple manufacturing defects within its laminate.

The following recommendations and future research that are required to complete the virtual testing
framework and add value to composites manufacturers, these recommendations are summarised in the

following points:

1. A reliability study is suggested as future research to be performed similar to the study presented
in section 4, using the full multi-scale frame work that is developed in the analysis and presented
in section 5.2.6. In such analysis it is recommended to perform initial study to predict the suit-
able number of RVE samples that produces stationary statistical material strength properties

distribution.

2. Fatigue analysis is recommended to be analysed in future work using the multi-scale frame work
presented in section 5.2.6. A modification of the failure bond model is recommended, following a
suitable bond failure model that incorporates progressive damage behaviour similar to the model

presented in [11].

3. Moisture absorption is found to negatively affect the mechanical properties of composite risers.
It is recommended to investigate in future work the moisture absorption phenomena that affect
the composite matrix. There are two physical processes that governs the composite properties
uncertainties in such case. Water absorption through micro cracks and moisture accumulation in
voids is short term phenomena, in such case the void percentage and operational temperatures
will have a large effect on the mechanical properties degradation, usually through the vapour/fluid
pressure entrapped in these voids. The second process is through plasticisation which occurs at the
molecular level. This process will requires a non-ordinary state-based peridynamics formulation

and possibly utilising molecular-dynamics to initiate the constitutive equation of the matrix.

4. Peridynamics calibration using Digital Volume/Image Correlation can be used successfully to
calibrate the peridynamics bonds using the strain energy density parameter. In addition to char-
acterizing matrix micro-cracks and voids percentage that has a direct effect on fracture. This shall
done using Inverse Bayesian approach where multi-level Markov Chain Monte Carlo simulation is
used to calibrate the uncertainty in the modelling and experimental biases.The research is promis-
ing and has a great potential to create a truly digital twin at the material level that could be able

to replicate experiments and failure process.

5. Markov Chain Monte Carlo simulations are suggested to be implemented with peridynamics virtual
testing framework to capture the effect of each of the environmental and material uncertainties
on composite riser integrity, enhancing partial safety factors of the load and material resistance

factors used in the codes and standards.
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The change from steel risers to composites comes with uncertainties that led to large safety factors. One area of
uncertainty is the predicted response and stresses derived from commercial packages that are based on formu-
lations that assume in-extensible riser. However, composite pipes exhibit a lower axial stiffness and therefore the
velocity of the axial waves will change with a corresponding change in dynamic response. To determine the
effect of this assumption, this paper assesses the effect of extensibility on the time-domain response. It is found
that the in-extensible model predicts 3 times the number of high frequency tension cycles in the 20 kN tension
range. To determine the impact of this change on the stress, the accuracy of available composite pipe models is
benchmarked using shell, continuum-shell and solid elements. The quadratic and continuum-shell elements
provide a maximum percentage difference of 4% compared to solid elements but the continuum-shell is selected
as it has a lower computational cost. The response from the extensible and in-extensible models are input into the
pipe model, they provide similar Tsai-Wu failure factors, alleviating concerns when modelling the strength.
However, the change in dynamics remains a concern for other applications such as machine-learning or digital-

twins.

1. The importance of composite risers

Production risers are vital subsea components for hydrocarbon pro-
duction. However, the design process is complex as they are long,
slender and exposed to dynamic multi-axial loading conditions. In
addition, they are subjected to large temperature and pressure differ-
entials through the thickness which are caused by the transfer of hot
fluids between the surface platforms and the subsea systems, sometimes
in parts of the ocean where the ambient temperature is below 0°C.
Where temperature and pressure differentials leads to the seabed sec-
tions of a pipeline or SCR walking, which can lead to failure (Carr and
Sinclair, 2008; Reda et al., 2018; Reda et al., 2019). Steel is the most
common material used in subsea applications. However, at large depths
the technical challenges increase due to the large top-tensions, instal-
lation difficulties and long-term integrity issues related to corrosion. As
the offshore industry expands their operations to greater depths,
potentially beyond 4000 m, these problems will only get worse. Grad-
ually replacing steel with composite materials could reduce the opera-
tional and capital expenditure due to their higher specific strength to
weight ratios, lack of corrosion and excellent vibrational damping
properties (Tarnopol’skii et al., 1999; Ochoa and Salama, 2005; Beyle
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et al., 1997). However, these benefits do not come without challenges,
for example, the lighter weight of the composite could lead to higher
compression loads (Reda et al., 2016) that requires ballast weights or
internal metallic liners and high initial costs that are dependent on the
manufacturing and qualification processes. This is in part because of the
lack of full-scale in-situ field data due to the short track record in the
offshore environment, in addition to the complexity and lack of accuracy
of the failure prediction tools (Pham et al., 2016). A possible reduction
in the qualification costs can be provided by sufficiently accurate and
rapid numerical models developed to predict full-scale in-situ behaviour
and failure during operation. However there is little published research
on the suitability of the current riser numerical models to capture the
composite riser’s non-linear dynamic response at the global riser and
pipe levels.

This paper therefore aims to determine the effect that extensibility
has on global riser and pipe levels, in an effort to improve confidence in
modelling composite risers. First, the effect of the extensible and in-
extensible beam formulations on the composite riser global response is
investigated, to determine if the change in axial stiffness in composite
pipes changes the behaviour and requires a different formulation than is
currently used for flexible risers. Then, the suitability of different
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element types for predicting the composite pipe response is investigated,
due to the lack of available benchmarks in the open literature. The
investigation shows which of these different methods can accurately,
and efficiently, capture the stresses within the laminate. Finally these
two elements are combined to show how the choice of extensible or in-
extensible methods affects the stress predictions at the laminate scale.

2. Catenary riser numerical model
2.1. Review of methods for modelling the global response

Riser design is performed in two stages for computational efficiency.
First the global response of the entire riser is modelled under the in-
fluence of environmental and vessel loads. The dynamic excitations are
captured within the vessel’s top excitation. This dynamic time domain
analysis is required to identify the critical riser responses and sections
for ultimate and fatigue limits states. The second step is to build a
detailed model of the critical cross-section. This analysis is performed to
predict the stresses and strains in the laminate to optimise the layup.
Outputs from the global analysis, the tensions and rotations at both ends
of the critical sections are applied as boundary conditions to the cross-
section model.

The catenary equation is the simplest approach for modelling the
global response of catenary shaped risers. However, the closed-form
formulation limits its application. Solving dynamic riser simulations
requires the solution of the full set of partial differential equations with
time varying boundary conditions and loads and can only be solved with
a suitable numerical method such as finite elements or finite differ-
encing. The riser’s global dynamics can be formulated using two main
approaches: extensible and in-extensible beams. Cables exhibit two
main vibrating modes, "elastic’, where the axial waves propagate with a
velocity proportional to the axial stiffness, and ’transverse’, where they
propagate as a function of the beam flexural stiffness. Flexible steel risers
exhibit high axial stiffnesses due to their multi-layer cross-sectional
design which are often five orders of magnitude higher than their flex-
ural stiffness, due to their multi-layer cross-sectional design, while
maintaining favourable low bending stiffnesses. Therefore, it is
reasonable to approximate these flexible pipes response using an in-
extensible beam model. Approaches that are specifically developed for
flexible steel risers enforce these conditions to avoid the singularity that
arises in the numerically ill-conditioned system matrix (Patel and Seyed,
1995) and this is common in most design software. However, composite
risers exhibit a lower axial stiffness that is likely to be only three orders
of magnitude higher than the flexural stiffness. At these lower ratios the
elastic waves could be excited and it may be necessary to model the
composite riser as an extensible cable.

The dynamic equilibrium system that governs the riser response
consists of a number of non-linear coupled hyperbolic partial differential
equations with boundary value constraints. The full-scale response of
the riser can be adequately modelled using Bernoulli beam formulation
as the length to thickness ratio is larger than the limit below which the
Timoshenko-beam theory applies (Timoshenko et al., 1990).

To solve these partial differential equations the Lagrangian coordi-
nate formulation makes up the largest portion of the open literature.
Initially these models are solved with a numerical semi-implicit finite
differencing scheme (Nordgren, 1974). The method is conditionally
stable if the time step is carefully calculated based on the arc length and
the tension. However, this method is not practical for industrial appli-
cations as the stability parameters vary dynamically. Therefore, un-
conditionally stable time integration methods are favoured. To improve
the accuracy and stability of the solution Galerkin’s finite element
formulation and first-order Adams-Moulton time integration algorithm
is implemented (Garrett, 1982). However, the multi-step integration
implemented in Adams-Moulton method is computationally expensive.
A variational finite element approach and the Newton-Raphson algo-
rithm improved the computational feasibility of this method (Huang and
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Chucheepsakul, 1985). A static finite element method is proposed, to
improve the deformation dependency of the boundary conditions and
load points. This includes a predictor-corrector multi-step scheme
formulation based on non-linear vectorial equilibrium formulation is
proposed however, the method is computationally expensive and its
stability is not discussed in the literature (Bernitsas and Kokarakis,
1988).

The increase in flexible riser installations required new formulations
to overcome the simulation difficulties attributed to the large axial
stiffnesses. Therefore, a 2D Cartesian in-extensible hybrid beam-column
formulation is proposed for un-bonded flexible risers implementing a
convected coordinate scheme; where the hybrid beam formulation is
used to solve the flexible riser ill-conditioned system stiffness matrix
problem. In addition, a local coordinate system is fixed to each element,
to decouple the rigid body motion and strains. This is connected to the
global Cartesian coordinate system via rotation angles allowing for large
deflections (McNamara et al., 1988). The hybrid-beam element formu-
lation is used in which the axial deformation and in-extensibility con-
ditions are satisfied. The method uses non-linear programming
techniques to apply the Lagrangian constraint and imposes the
in-extensibility condition allowing for large deformations with con-
vected axes. This method is extended to a 3D analysis (O’'Brien and
McNamara, 1988) and implemented in a commercial riser
three-dimensional non-linear finite element package Flexcom. The
method uses Houbolt operator time integration which is shown to be
suitable for the slow motion periods that flexible risers exhibit (Patel and
Seyed, 1995; McNamara et al., 1988). Another time integration method
is suggested, the Hilbert-Hughes-Taylor one step method which is un-
conditionally stable with linear systems and allows for variable time
steps. The optimal time step is calculated automatically using the cur-
rent step period parameter and after a few incremental steps the optimal
value is chosen (O’Brien and McNamara, 1989). Recently a multi-scale
element type for flexible risers is developed (Edmans et al., 2019)
which allows the stick/slip behaviour of flexible steel risers to be
captured via a hybrid beam element user defined subroutine in Abaqus.
However, this method mostly benefits un-bonded flexible riser analysis
and doesn’t provide additional information about the bonded
cross-sections at the global riser scale since composite pipes are bonded
and don’t exhibit hysteresis like flexible risers.

The literature related to extensible formulations is sparse compared
to the in-extensibility formulations. A non-linear cable formulation is
successfully solved with the finite element technique and New-mark’s
time integration method (Fried, 1982). However, this method causes
large errors in predicting the cable natural frequencies (Leckie and
Lindberg, 1963) as the lumped mass technique is implemented (Bergan
et al., 1985). A full 3D extensible cable is derived in (Casarella and
Parsons, 1970; Choc and Young-IlCasarella, 1972), which is solved with
an implicit second order box finite difference method (Ablow and
Schechter, 1983) resulting in an unconditionally stable method that is
discretized and centred in space and time and second order accurate.
However, the method is developed for negligible flexural stiffness cables
and requires the inverse of the system matrix, which causes a singularity
in slack conditions. The method is expanded to include cables with
considerable flexural stiffness and solved with Newton-Raphson method
(Hover et al., 1994; Triantafyllou, 1984) and later solved with relaxation
method (Chatjigeorgiou, 2008; Chatjigeorgiouloannis and Mavrakos,
2016).

Although the literature is rich with multiple extensible and in-
extensible dynamic analysis methods, it lacks a comparison between
the two methods especially to quantify the effect of composite riser
cross-section on the calculated tensions and curvatures.

2.2. Mathematical formulation

RiSim, a non-linear extensible, time-domain implicit Keller-box
finite difference code is developed in FORTRAN based on the



H. Ragheb and A. Sobey

formulation derived in (Ablow and Schechter, 1983; Hover et al., 1994).
The non-linear system of equations is solved with a modified Powell
hybrid method. The method is suitable for calculating the local minima
of complex functions without the need to calculate its derivatives
(Powell, 1964). RiSim is used to investigate the composite riser response
and compared to a finite element in-extensible hybrid formulation
implemented in the riser simulation package, Flexcom, which is based
on the method developed in (O’'Brien and McNamara, 1988, 1989;
McNamara et al., 1988) to determine the accuracy of these models with
the reduced axial stiffness exhibited by composite risers.

Riser design is performed in two stages for computational efficiency
reasons. First the response of the entire riser is modelled under the in-
fluence of environmental and vessel loads. The effect of the maximum
mean and low frequency vessel responses are modelled as a static step
with an offset to the initial position of the vessel, while the high fre-
quency dynamic excitations are captured within the vessel’s RAOs. This
dynamic time domain analysis is required to identify the critical riser
responses and sections for ultimate and fatigue limits states. The second
step is to build a detailed model of the critical cross-section. This anal-
ysis is performed to predict the stresses and strains in the laminate to
optimise the layup. Outputs from the global analysis, the tensions and
rotations at both ends of the critical sections are applied as boundary
conditions to the cross-section model.

In this analysis the inline linear waves and sinusoidal hang-off
excitation are applied to the riser system. The riser motion is assumed
to occur in a 2D plan for simplicity. The governing dynamic equilibrium
system is presented as a series of partial differential equations in 1-6.
The derivation is based on the extensible non-linear Lagrangian partial
differential equations representing the 2D riser boundary-value problem
(see Fig. 1). Variables u and v are the velocities in the tangential and
transversal directions t and f, T is the tension, S, is the shear force in the
transverse direction and G, is the curvature about the bi-normal direc-
tion n. @ is the angle between the tangent and the horizontal. m and ma
are the mass in air and the added mass per meter, wy is the apparent
weight of the riser per meter. d, is the outer diameter of the riser. EA and
EI are the axial and bending stiffnesses. s is the Lagrangian, un-stretched
coordinate, v, and v, are the tangential and transversal relative ve-
locities, Cq4 and Cgy are the tangential and transversal drag coefficients, t
is the time and p is the sea water density, Vi ,Vnc, Vv and vy, are the
current and wave tangential and transversal particle velocities.

The relationship between the rate of change of the velocities frame
angle ® with respect to time at each node as a function of tension
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variation and the total force balance along the riser in the tangential t
direction described in equation 1,

m<% — v‘%’) — %T-%— S8 + wosin®

it

1 T W
+§ﬂ/)d(,cmv,,‘v” W1+ (F) =0.
and in transversal direction n in equation 2,
m (% + u%) + m‘,a‘d"," — % —Q, T+ wocos®
)

1 T
= PoConVir[Vir|y [ 1 = =0
+2pa" CanVurlVur|( [ 1+ (EA) 0

The governing relationship between the temporal rate of change of
the tension, as a function of axial stiffness, nodal velocities and curva-
tures, is described in equation 3,

—— Q/,v) =0. (€))
s

and the reference frame angle is shown in equation 4,
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The coupled relationship between the axial and bending strains are
provided in equation 5,

09, T\\’
EIW-#SM(I + (H)) =0. ©)

While the definition for the curvature as a function of the reference
frame angle along the riser is provided in equation 6,

E—Q;,:O. 6)

The tangential and transverse relative velocities, when the wave and

current are applied, are given by equations 7 and 8,
Vie = Viws @)

Vip =U —

Vir =V = Vie = Vi (©)]

Fig. 1. Riser element loads equilibrium diagram.
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2.3. Boundary conditions

The 2D riser behaviour is governed by six, first order partial differ-
ential equations. The finite difference discretisation leads to n— 1
equations and the missing 6 equations to solve the system are given by
the equal number of boundary conditions given by equations 9- 11.

At the touch-down point the boundary conditions are given by
equation 9,

GY=0,u’ =0,»* =0, )

and the boundary conditions in the case of wave loading and pinned
hang-off node are defined in equation 10,

GV '=0,uM" =0, =0. (10)

Assuming a sinusoidal excitation at the hang-off node, the boundary
conditions are given by equation 11,

Gy ' =0,u""" =0,V =5.0sin(wr). 1)
2.4. The Keller-box method

The Keller-box numerical scheme is an implicit method, designed to
solve first order parabolic partial differential equations in time and
space (Vajravelu, 2014). The solution is second order accurate and
simple to implement for large numbers of coupled PDEs. The method
requires all the PDEs to be reformulated in first order form before
discretisation.

The algorithm requires discretisation in space and time that is chosen
at the central point (t;,1/2,j_1/2), where i and j represent the current
time and spatial node. The discretisation is performed between the
points Py, P5,P3 and P, as shown in Fig. 2. These points represents the
function evaluation at either the previous time, the next time or spatial
step. Let Y be the unknown variable and then the central differencing of
the temporal derivative at the centre point is determined by, fixing the
spatial coordinate while the temporal derivative is replaced by equation
12,
i1 _yi
§=g o () .

LR/ It e (P
= AL + ().

Similarly, the spatial derivative is replaced by equation 13,

12 i
yiti2_yit1/2

) 1 7 ( h2
=t ()
yit! +yji7y;jll 7yj§7| ((hl) (13)
= +
As;
s At M Known
O Unknown
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Ps b
S; |
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Pa b
Siq 0
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G L lisa

Fig. 2. Keller-box method finite difference grid.
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By neglecting the higher order terms and expanding equations 12-13
the central point is given by the expressions in equation 14,

tipp =5 (i +4), 810 =

2 E(SJJFS/*')‘ a4

3. Riser model benchmarking

The static and dynamic responses of the riser are benchmarked using
the in-house developed algorithm RiSim and FE commercial package
Flexcom. An 11 inch composite catenary riser is investigated with a
comparison of when it is unpressurised and with a 200 bar internal
pressure. The riser properties and environmental data are listed in
Table 1, including the maximum wave height Hpe and corresponding
peak wave period T,. A wave train that originates at a location above the
global axes origin, on the seabed, that is located at the mid-water line
propagates in the positive horizontal axes direction.The seabed is
intentionally not modelled in this study to isolate the effects of exten-
sibility on the riser response. The structural damping depends on the
type of structure and the material; this is made more complex when
considering composite materials as they exhibit variable damping
properties which are dependent on the natural frequency of each vi-
bration mode. Damping tests are required to quantify these variable
damping values, as assuming variable damping can be misleading.
Therefore, riser analysis is performed without structural damping as a
base case (Rakshit and Atluri, 2008; Wood, 2018).

3.1. Static comparison of extensible and in-extensible methods

A comparison between the tensions and bending moments predicted
by the extensible and in-extensible formulations are shown in Fig. 3 for
the tension and Fig. 4 for the resultant bending moment. A visual check
of the Figs. 3 and 4 infers that both methods predict tension and bending
moments that are indistinguishable from each other. That is because the
static tension and bending moments demonstrate a negligible percent-
age differences of less than 0.02% for the maximum static tension, while
the maximum bending moment demonstrates a 0.09% difference which
shows that both methods are predicting similar static solution.

3.2. Dynamic comparison of extensible and in-extensible methods

3.2.1. Comparison in regular waves

Dynamic riser analysis is performed by applying regular waves to the
riser system. This test is used to verify the regular wave algorithm used
in RiSim before applying the top-side excitation. The waves data are
chosen based on the extreme conditions from a 100 year return period

Table 1

Properties for the benchmarked riser.
Parameter Value
Water depth (d) [m] 400.00
Total riser length (S) [m] 487.43
Bending stiffness (EI) [Nm?] 49.52E+06
Axial stiffness (EA) [N] 37.23E+09
Mass in air empty (m) [kg/m] 163.85
Internal fluid density (o) [kg/m®] 1025.0
Tangential drag coefficient (Cp;) 0.05
Normal drag coefficient (Cpp) 1.2
Outer diameter (d,) [m] 0.324
Internal diameter (d;) [m] 0.28
Maximum wave height (Hpax) [m] 18.6
Wave period (Tp) [s] 14.9
Hang-off horizontal coordinate (Xgo) [m] 224.7
Hang-off vertical coordinate (Ygo) [m] 400.00
Internal Pressure [bar] 0/200
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extreme conditions that typically occurs at west of the Shetlands. A good
match is reported between the two methods as documented in Table 2
for an extreme wave height and Table 3 for a moderate wave height.
When applying an extreme wave that has 34.5 m wave heightanda 17.5
s wave period, the maximum percentage difference between the two
methods along the length of the risers is at the minimum tension with a
value of 0.65%, as shown in Table 2. However, the maximum percentage
difference reduces to 0.06% when a moderate wave is applied with 18.6
m wave height and 14.9 s wave period, Table 3. Showing that when an
extreme wave condition with a 100-year return period is applied, the
differences between the two models are negligible with less than 1%
maximum error. This gives confidence in the regular wave algorithm
implemented in the RiSim code.

Despite the similarity in results, the FE in-extensible solution expe-
riences some numerical instabilities during the first wave period and a
number of smaller numerical instabilities are exhibited. However, while
the extensible finite difference solution converges immediately to the
final response and doesn’t experience high frequency spurious

Table 2
100 year extreme wave conditions-pinned model.

Hmax = 34.5m

Tp = 17.5s
Parameter Flexcom FD D%
Max Tension [kN] 709.25 709.83 0.08%
Min Tension [kN] 671.92 667.52 —0.65%
Max Curvature [m™!] 0.0086 0.0086 0.0%
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Table 3
100 year moderate wave conditions-pinned model.
Hmax = 18.6
Tp = 14.9
Parameter Flexcom FD D%
Max Tension [kN] 694.37 694.84 0.07%
Min Tension [kN] 680.4 679.99 —0.06%
Max Curvature[m 1] 0.0084 0.0084 0.0%

numerical oscillations. Looking beyond the first wave period, the com-
parison between the two methods is shown in Fig. 5 which shows the
time-trace of the hang-off node tension performed in both Flexcom and
RiSim with 3 m element lengths. Fig. 5 shows that elastic waves are
excited in addition to the transverse waves, and these are only captured
by the extensible riser formulation. For typical composite risers, which
are likely to have axial and flexural stiffnesses separated by only three
orders of magnitude, elastic waves can be excited and the behaviour can
be captured using the extensible formulation implemented in RiSim.

3.2.2. Regular waves with top-side excitation

Two types of sinusoidal excitations are applied to replicate a general
range of top-side excitations in the surge direction: an excitation with
angular frequency that is in phase with the wave train and another 180°
out of phase. The excitation is applied to the hang-off node of a 200 bar
pressurised and unpressurised riser in the transverse direction in addi-
tion to the regular waves. Using equation 11 a sinusoidal velocity is
applied in the normal direction 7' to the hang-off node. The corre-
sponding Cartesian time traces of the horizontal and vertical coordinates
are extracted and applied to the FEA in-extensible model as a displace-
ment boundary condition applied to the hang-off node.

Both methodologies match well for the in-phase wave with the top-
side excitations using the hang-off tension time-trace. A maximum dif-
ference of less than 0.5% is observed after the inextensible method has
stabilised beyond the first wave period. The results from the 180° phase
shift also exhibits a close behaviour with a maximum 1% percentage
difference after the FE solution converges to the steady state solution
after three wave periods, this is shown in Fig. 6. Although the variation
between both methods is within the maximum documented percentage
difference between dynamic analysis methods in the literature (Larsen,
1992), Fig. 6 illustrates this difference for the pressurised riser. It is
observed, for both the pressurised and unpressurised cases, that the
RiSim Finite Differencing algorithm converges immediately to the final
steady state system response while the finite element solution experi-
ences higher order oscillations that are sensitive to the solutions
convergence tolerance.

The in-extensible method experiences 3 times the number of cycles
for the tension ranges up to 20kN compared to the extensible formula-
tion, Fig. 7. The number of cycles reduces to 2 times larger if the first 3
wave periods are ignored from the in-extensible analysis. This implies
that often the first 3 wave periods should be avoided when using in-
extensible methods and a longer simulation period is required for reli-
able results. It is not likely that the high order oscillations have a large
effect on the total fatigue life of the riser, however either human or
automated filtering process is required to avoid these numerical in-
stabilities. This problem is not experienced with the extensible
formulation.

The hybrid element formulation is a probable cause for such in-
stabilities. It is implemented in the in-extensible software where the in-
extensibility condition is enforced artificially, in which the axial strain is
decoupled and interpolated separately. This type of mixed field variable
formulation is reported to cause spurious numerical errors if the inter-
polation function used with the axial force is not the same order as the
strain e. This can cause a second kind errors in the solution even for
arbitrarily small meshes (McNamara et al., 1988). The extensible
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method solved with Keller-box scheme finite difference is demonstrated
to be stable and converges in fewer time steps to the final system steady
state response while remaining consistent to the results from the
in-extensible model.

To investigate the phenomena further, the tension time-traces high
frequency cycles are counted using the rain-flow method applied to the
extensible and in-extensible results. It is found that for the riser system
analysed the ratio of the observed high frequency oscillations average
amplitude to the top tension high frequency cycle amplitude is close to
1.5%, therefore cycle counting is performed at 1.5% of the top tension
range. The oscillations are calculated using rain-flow counting algo-
rithm to investigate this phenomena.

To assess the effect of riser cross-section design on the top tension
high frequency cycles. A non-dimensional parameter X is introduced,
defined in equation 15. The parameter is suitable for investigating the
relationship between the in-extensible formulation and the high fre-
quency oscillations that are observed, since it is used to investigate the

cross-over phenomena of the cable elastic and transverse natural fre-
quencies in (Burgess and Triantafyllou, 1988). Four riser cross-sections
are assessed, where the internal diameter of the riser is kept constant
while increasing the outer diameter. The corresponding cross-sectional
properties are estimated as shown in Table 4 and used in the analysis.
The analysis performed in section 3.2.2 is repeated with the
cross-sections and the results are is shown in Fig. 8.

Fig. 8 demonstrates the relationship between the parameter A, varied
as multiples of w, in comparison to the number of cycles from the rain-
flow counting of the high frequency tension cycles with amplitude
1.5% of the average tension. A curve is fitted to the data points to
demonstrate the trend. It is found that both extensible and in-extensible
formulations follow a closely related trend with respect to A, however
the effect of the high order oscillations observed in the in-extensible
commercial code is demonstrated in Fig. 8 where the average number
of cycles is between 2 and 8 times higher than predicted by the exten-
sible code.
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Table 4
Riser load cases.
Parameters LC1 LCc2 LC3 Lc4
Internal diameter [m] 0.28 0.28 0.28 0.28
Outer diameter [m] 0.35 0.42 0.49 0.55
Thickness [m] 0.03 0.07 0.10 0.14
Bending Stiffness (EI) [Nm?] 3.87e+07 9.27e+07 1.78e+08 3.06e+08
Axial Stiffness (EA) [N] 3.12e+09 5.90e+09 9.07e+09 1.27e+10
Mass in air [kg/ m] 116.70 216.22 329.79 460.02
Al 16.33n 18.461 20.191 17.19n
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The low amplitude, high frequency, spurious oscillations are only
observed in the in-extensible tension time-traces and don’t appear in the
curvature time-trace. This suggests that the behaviour is related to the
interpolation function implemented in the hybrid element formulation
and so the extensible formulation is favoured for composite cross-
sections.

cos®, (15)

T}

horz

4. Composite pipe numerical model

Global riser analysis is required to estimate the critical section of the
riser, the "hot-spot’. The tension and curvatures time-traces are then
imposed as boundary conditions to the composite pipe model. However,
there is a gap in the composite pipe modelling literature for offshore
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applications where it is not clear what elements can be used to accu-
rately model the laminate stresses. Therefore further studies are
required to provide higher confidence level in the modelling methods.

Various element types are developed to model composites: equiva-
lent single layer shells, layer-wise continuum shell and 3D continuum
solid elements (Reddy, 2003). The suitability of these element depends
on the pipe thickness to bending radius ratio. A pipe tends to behave like
a thick shell if the ratio between its bending radius and thickness is lower
than a specific threshold. However, there is no clear separation in the
literature between thin and thick shells for cylindrical pipe applications.
Metallic pipes under uniform bending are considered thick and
modelled with brick elements as long as the bending radius to thickness
ratio is below a factor of 10, while solid continuum elements become
inaccurate with larger ratios i.e ratios beyond 25 (Sadowski and Rotter,
2013). 3D solid elements are used for the laminate layup and thickness
optimisation by constraining one displacement and applying pure ten-
sion on the other end, however the study is limited to laminates under
tension load (Wang et al., 2015). Homogenization is used to reduce the
computational burden, especially for thick composites, where homoge-
nised elastic constants are derived based on an asymptomatic expansion.
The homogenised elastic constants is beneficial when it depends on the
stacking sequence, that is often the case with larger thicknesses and
small radii. The results obtained from homogenization methods of thin
composites are often identical to single layer theories (Sun et al., 2013).

To assess the suitability and computational efficiency of shell, con-
tinuum shell and solid elements for composite riser modelling, the loads
that are predicted by the global model are imposed as boundary con-
ditions to a composite pipe model which is built in ABAQUS finite
element packages. A comparison is made between the following ele-
ments: quadratic composite shell S8R, continuum composite shell SC8R,
linear solid composite C3D8R and quadratic solid composite C3D20R.
The results are compared to the homogenization and FE methods that
are reported in (Sun et al., 2013).

4.1. FEA model definition

A 22-layer carbon/epoxy composite riser is chosen based on the
geometry tabulated in (Sun et al., 2013). The composite riser consists of
(from inner to outer layers), a titanium internal liner, composite layers
with a layup [0/90/45/ —45]; and a polymer outer sheath. The
cross-section design and stacking sequence are illustrated in Fig. 9. The
pipe bonded cross-section dimensions and lay-up are listed in Table 5,
where contact is not explicitly considered. The titanium liner, composite
plies and outer sheath material properties used in the study are in
Table 6.

Where E; and E; are the Young’s moduli along the fibre and in the
transverse direction respectively; v12, V23, V13 are the Poisson’s ratios;
G2 and G5 are the in-plane shear moduli and Go; is the transverse shear
modulus. For failure prediction: Xr and X¢ are the longitudinal tensile
and compressive strengths; Yr and Y are the transverse tensile and
compressive strengths and S is the in-plane shear strength.

The boundary conditions and reference points are illustrated in
Fig. 10. Both ends of the pipe are constrained using multi-point constraint
to reference points that lie on the pipe neutral axis. The reference points
are designated RP1 and RP2 and are located in the plane perpendicular
to the pipe ends. The boundary conditions and reference points are
illustrated in Fig. 10. Reference points RP1 and RP2 are allowed to rotate
freely but RP1 is constrained in the translational X, Y and Z directions.
RP2 is free to move in the longitudinal Z direction. Boundary conditions
and loads are applied to the reference points and transferred via the
multi-point constraint to the circumference, to assure even distribution
of loads. The boundary conditions and reference points are illustrated in
Fig. 10.
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Table 5

Composite riser cross-sectional data.
Parameters Value
Internal diameter [m] 0.28
Outer diameter [m] 0.31432
Pipe length [m] 10.0
Liner thickness [m] 0.005
Outer sheath thickness [m] 0.002

Composite layers thickness [m] 0.01016

Table 6
Composite riser material properties.

Liner Composite Outer sheath
(Titanium) ply (Polymer)
E =120.0 E; =135.0 E=3.0
v=10.33 E; =8.0 v=0.40

E; = 8.0

Goz = 2.7

Gi3 =3.8

G2 =3.8

Va3 = 0.49

vz = 0.27

v = 0.27

Xr =2.45

Xc =157

Yr =0.07

Yc =0.133

$=10.098

All moduli are in GPa.
5. Composite pipe benchmarking

The benchmarking cases are chosen to assess the suitability and
computational efficiency of shell, continuum shell and solid elements for
composite riser modelling. Stress distributions across the laminate
thickness are investigated, under axial and bending moment loading
conditions. Four models are developed and the results are compared to

the homogenization and FE methods that are reported in (Sun et al.,
2013). Figs. 11 and 12 shows the longitudinal and hoop stresses o,
resulting from axial force of 1 kN and bending moment load of 1 kN m.
The model results obtained from the static FE analysis are found to
match the stresses obtained by the homogenization method in (Sun
et al., 2013). All the elements are reported to predict the stress distri-
bution for the tension and bending cases within a 5% difference. It’s
found that layers with fibre angles of 90° and +45° experience higher
hoop stresses, compared to the Titanium liner, outer polymer sheath and
0 fibre plies. Maximum axial stresses appear in the Titanium liner and 0"
composite plies as shown in Figs. 11 and 12.

A 10 m pipe with the properties shown in Tables 5 and 6 is loaded
with a combined 1 kN axial force and a 1 kN m moment at both reference
points RP1 and RP2. The solid quadratic brick element C3D20R is taken
as a reference in this study to quantify the relative percentage difference
of each element type. Table 7 provides the total number of nodes, ele-
ments, degrees of freedom and CPU time required for this analysis.

Figs. 11 and 12 show the maximum percentage differences in stress
of 4%, which are exhibited by the linear and quadratic shell S4R and S8R
elements. Lower percentage differences are observed for the SC8R
continuum shells and the linear C3D8R brick element which shows the
lowest difference. However, the SC8R predicts hoop stresses closer to the
quadratic solid C3D20R than the C3D8R brick element. In general the
SC8R elements provide an acceptable prediction accuracy compared to
it’s computational cost which is demonstrated in Table 7. Therefore, the
continuum shell element SC8R is recommended to model composite
risers as it provides the optimum computational cost to accuracy fol-
lowed by S8R element.

6. Riser-pipe coupled dynamic analysis

The coupled responses between the global and local responses are
compared when using the extensible and in-extensible formulations.
First the dynamic global analysis results that are described in section
3.2.2 are used to identify the hot-spot. Then, a finite element model of
the pipe is built for this critical section to investigate the effect of the
global loading time-traces predicted by the global models on the com-
posite laminate stresses. The extensible and in-extensible models are
used to predict the global riser behaviour, where a top-side sinusoidal
motion is applied in the surge direction and the environmental loads are
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Fig. 10. Pipe model MPC constraint.
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Fig. 11. Stress distributions under axial force.

modelled using linear waves according to the methodology described in
section 2, in addition to the parameters in Table 1. The rotations and
tension time-traces are extracted from the global models and used as
boundary conditions for the finite element continuum shell, composite
pipe model. The finite element implicit time domain analysis is per-
formed using the continuum shell elements, SC8R. The simulation is five
wave periods long with a total time for the simulation of 74.5 s. The hot-
spot is identified based on the highest tension and curvature standard
deviations. Tensions and curvatures time-traces are the output of the
riser analysis, which are applied to the composite pipe model.

A failure criteria is required, in order to quantify the effect of the
global methods on the failure of the composite riser at the pipe level. The

Tsai-Wu failure criterion is selected, which is a commonly used criterion
to predict the first-ply failure and it is recommended as one of the more
robust failure theories by the World Wide Failure Exercise. The first-ply
is predicted to fail if the left-hand side of equation 16 is equal to, or
higher than, unity. Where the terms o1, 62 and 7, are the fibre longi-
tudinal stress, the stress in the normal to fibre direction and shear stress
in the ply; X, and Y, are the longitudinal and transverse tensile strengths;
while X, and Y. are the compressive strengths and; Si» is the in-plane
shear strength. F; is a failure coefficient that is given by equation 17.
Composite risers are designed with large safety factors and therefore
failure is not expected with the riser properties used in this study.
However, the criteria is used here to quantify the effect of both the
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Table 7 Table 8
FEA element type comparison. Tsai-Wu failure index.
Element type nodes elements D.O.F CPU time[s] Global model Tsai-Wu failure index
C3D20R 168240 24000 506172 705.27 Unpressurised Pressurised
C3D8R 48098 24000 144876 260.37 .
SC8R 48098 24000 144876 43.95 ;{I'S"“ g'gig g'ig;
S8R 66090 22000 396540 83.85 excom - -
S4R 22046 22000 132276 27.51
the pressure in the riser increases to 200 bar then the percentage dif-
extensible and in-extensible global models on the Tsai-Wu failure index ference between RiSim and Flexcom decreases to 2.3% as shown in
at the hot-spot location. Table 8. Although the percentage difference is attributed to higher os-
2 2 2
0 0, 1 1 ) ( 1 1 ) ( 2F,20,0, ) (m)
o) Tl ) v ot ot ————= )t ) =I (16)
(X;X(:) <Y1 Y(:) (XT Xc Yr Ye VXrXcYrYe Sz
cillations observed with the in-extensible formulation as explained in
section 3.2.2. The Tsai-Wu failure indices are therefore similar and the
L1 formulations don’t have a large effect on the composite failure index in
F1 =X X a7 strength conditions. The percentage difference is noticed to decrease
e with higher internal pressure as shown in Table 8. Based on the pre-
The boundary conditions are described in section 2.3. The tension sented results a reliability analysis or dynamic fatigue simulation is
time-traces are extracted from the riser beam model simulation and expected to predict marginally higher probabilities of failure if the in-
applied to node RP2 as a point force via the amplitude module in extensible method is used compared to the extensible model. Howev-
ABAQUS while the rotation angle time-traces are applied to both RP1 er, these differences are currently captured within the recommended
and RP2 reference points as boundary conditions. high safety factors that are used in the composite riser design. The finite
element analysis running time is 6.8 min to simulate 74.5 s of real time
6.1. Dynamic results on an Intel(R) Core(TM) i7-6700 CPU @ 3.40 GHz with 31 GB RAM
computer.

The results shows that the maximum Tsai-Wu failure index is found
to be 15% higher for the inextensible formulation in comparison with
the extensible simulation, for the unpressurised riser. However, when

10
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7. Conclusion

As the industry increases the use of composite risers there is a need to
review the current techniques used in design. This paper compares
models of the global riser and pipe response to determine their appro-
priateness for composite riser applications. The literature is divided into
two main methods for global riser behaviour: extensible and in-
extensible beam formulations. In this paper RiSim is developed based
on an extensible formulation and compared to an in-extensible FE riser
commercial package Flexcom. Both methods predict similar maximum
tensions and curvatures with less than 1% difference. However, for the
environmental loading conditions listed in Table 3 and sinusoidal top-
side excitation following equation 11, the riser tension predicted by
the in-extensible formulation experiences spurious high frequency os-
cillations, although these reduce after the first three wave periods. The
source of such oscillations is expected to originate from the in-
extensibility condition applied to risers that exhibit lower axial stiff-
ness than flexible steel risers, therefore user care is required during the
post-processing stage. The extensible finite difference solution doesn’t
suffer from spurious oscillations and requires minimal user intervention,
and is therefore more suitable for efficient automation and digital-
twinning applications, especially those involving supervised learning
where these oscillations could affect the machine learning. Composite
elements are compared where continuum shell, SC8R, and quadratic
shell, S8R, elements are found to be the most suitable to model com-
posite pipe cross-sections. The cross-sectional stresses predicted by the
pipe FE model coupled with the in-extensible formulation predicts a
Tsai-Wu failure index that is marginally higher than predicted with the
extensible formulation. These higher stresses do not have a large effect
on the strength response of the composite pipe.
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ARTICLE INFO ABSTRACT

Keywords: As current oil reserves start to deplete, companies are looking to exploit deeper deposits. At these
Monte Carlo simulation greater depths composite risers, with their high strength-to-weight ratio, reduce the effective
Composite risers tensions and bending moments compared to steel risers. However, there is still limited research
Catenary N . . . - . . . . .
Durability into their behaviour, with one key missing element being a comparison with traditional riser

designs which accounts for variances in material properties and wave loads. This paper therefore
conducts a strength-based reliability analysis of composite catenary risers operating between
1,500 m and 4,000 m. A static global catenary model is combined with Classical Laminate Theory
to determine the extreme response and its performance is verified against FEA. This response is
evaluated with the Tsai-Wu failure criterion to determine first-ply failure. The effect of laminate
moisture absorption on the long-term reliability of submerged composite-based risers is also
investigated as it can cause a significant reduction in the strength of composite risers. The reli-
ability analysis is conducted using the Monte Carlo Method, revealing that the composite risers
perform well at 4000 m. The degradation in performance from moisture absorption becomes
increasingly important at greater depths and needs further investigation for these applications.

Hygrothermal aging

1. Requirement for composite risers

The rapid growth in the demand for energy has increased the desire to access new hydrocarbon reserves below the ocean floor.
Approximately 12% of global conventional oil reserves lie between 1000 and 4000 m under water. This equates to a total reserve of
approximately 300 billion barrels of oil, which could produce 9 million barrels of oil per day by 2035.

Risers are an integral component of this offshore hydrocarbon extraction, allowing oil and gas to be transported from seabed wells
to floating platforms for refinement and transfer to shore. Traditionally, these riser elements have been constructed from metal alloys,
predominantly steel, which are susceptible to corrosion in the ocean environment, and expensive non-corrosive metal-alloys based on
titanium, copper-nickel, duplex and super duplex stainless steel. These conventional materials have had great success in providing safe
structures for depths up to 1500 m however, Tarnopol’skii et al. [1] and Ochoa [2] highlight the potential advantages of
composite-based risers at greater depths. Composite materials, especially carbon-epoxy, have potential benefits for offshore appli-
cations due to a unique combination of their high specific strength, thermal conductivity and low maintenance requirements. Due to
these benefits there have been a growing number of investigations into the use of these materials but the lack of research literature and
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current applications has resulted in the use of large safety factors, such as in DNV-RP-F202 DNV [3] which are between 15 and 50.
These large safety factors demonstrate that these materials are not well understood for use in these applications, requiring further
investigation. One important area highlighted by Pham et al. [4]; is the lack of available studies investigating the reliability of such
systems. This is despite the fact that DNV [5] outlines a reliability-based design in their recommendations for composite risers which
should meet the target safety levels, outlined in Table 1, which reflect the probability of structural failure due to normal variability in
load and resistance. Further motivation comes from Skogdalen and Vinnem [7,8] who describe the risks that can occur in offshore
scenarios such as riser breakage which can have major consequences and who advocate a proactive risk-based approach to safety,
requiring a greater quantitative understanding of new technologies.

Whilst there is limited published evidence of stochastic analyses for composite risers, steel designs have been utilised for longer and
methods are already available to investigate their reliability. Carrillo et al. [9] presents a methodology to analyse the structural
reliability of the ultimate limit strength of a steel catenary riser (SCR) under conditions present in the Gulf of Mexico. The results
indicate that the lowest probability of failure occurs at the contact point and submarine connection, with annual failure probabilities of
2.958 x 107> and 7.318 x 107>, with the elements connected with the TLP and Catenary Transition areas experiencing failure rates of
1.731 x 10 * and 1.133 x 10~ ! respectively. Li and Low [10] performed a fatigue reliability analysis for steel risers utilising FORM
on a response surface method generated from an Orcaflex model and outlines a number of other studies in this area demonstrating the
importance of these studies.

While reliability studies have been conducted on steel catenary risers, application of these to a large-scale composite riser still
remains an important challenge, Pham et al. [4]. To help address the gap in the literature this paper performs an analysis of composite
risers to determine failure at maximum loads and compares the trends in behaviour to those of steel catenary risers. A static global
catenary analysis is performed with the addition of Classical Laminate Theory which is shown to be accurate to FEA within 10% and its
performance is empirically adjusted to further reduce this error. A strength-based assessment is selected to provide an initial un-
derstanding of risers at larger depths and it is also rare for fatigue failures to occur in composite materials where first-ply failure is a
common mode of analysis. In addition, this analysis is extended to investigate the effect of moisture absorption on the composite
properties between wet and dry conditions as all current riser analysis addresses only the intact condition. The paper then incorporates
the effect of moisture absorption on the composite extreme failure based on the Tsai-Wu failure criterion.

2. Monte Carlo simulation of a riser

The analysis of riser systems has been conducted by various studies using a number of different techniques. DNV [5,6] recommends
a global-local procedure, where a global analysis is first conducted to extract effective tensions, bending moments, thermal loads and
pressure loads, which act as boundary conditions for the subsequent local analysis. The local analysis then yields the local stresses and
strains which are applied to a particular failure criteria to evaluate possible failure mechanisms of the riser elements. Tan et al. [11];
Kang et al. [12] and Zhan [13] all conducted studies utilising static global catenary models to determine equilibrium positions, force
extraction or the basis for a further dynamic study. Kang et al. [12] noted that the bending moments generated were larger than those
calculated via other methodologies along with some discrepancy in the static position of the riser as compared to other models.
However, Bridge [14] concludes that the use of the simple catenary equations is considered a good approximation. In a similar
application Da Silva et al. [15] utilised this type of model to optimize a composite laminate structure for a riser system. An analytical
catenary solver was used for the static global model due to the faster run times compared to FEA while also providing representative
results. The global analysis was used to extract the riser shape and effective axial tensions, based on the weight per unit length,
top/departure angle and the operating depth of the riser system. Classical Laminate Theory (CLT) was then utilised to conduct a local
analysis of critical sections of the riser and to extract the stresses and strains acting on a segment of the riser. The resulting stresses from
the Classical Laminate Theory were then assessed by the Tsai-Wu criterion to determine possible failure. The local model is utilised as
the basis for the reliability analysis with the addition of the von Mises failure criterion when metallic risers are considered.

To perform the reliability analysis a Monte Carlo simulation was employed, shown in Fig. 1, to analyse variations in mechanical and
manufacturing properties of laminate materials, as well as environmental loads, following a similar procedure to Sobey et al. [16]. The
Monte Carlo simulation generates a large number of random values for the stochastic variables (X;), which are then inserted into the
limit state function G(X) to determine if the structure will fail. The method allows for the calculation of the probability of failure over
the entire domain of load inputs. In addition to its simplicity and accuracy, the Monte Carlo simulation is also robust in its applicability
to various situations. However, in cases of small probabilities of failure, the required number of simulations increases significantly,
resulting in additional computational time.

The material properties for the riser are based on Carbon/Epoxy T700/X4201 manufactured by Torayca in Japan with statistical
distributions taken from Philippidis et al. [17]. Properties for steel are taken from Xia et al. [18]; which alongside the mechanical

Table 1
Target annual failure rate for composite risers as recommended by DNV [5,6].
Failure Type Failure Consequence
Low Safety Class Normal Safety Class High Safety Class
Ductile Pr=10"° Pp=10"* Pr=10"°
Brittle Pr=10""* P=10"° Pp=10"°
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Fig. 1. Monte Carlo simulation methodology.

properties, are given in Table 2, where Xt and Xc are the carbon fibre tensile strength in tension and compression in the fibre direction;
similarly Yt and Yc are the strengths in the transverse direction; S is the shear strength; Ex and Ey are the elasticity modulus in the fibre
and transverse directions; G is the shear modulus and v is the Poisson’s ratio. It is expected that composite material parameters exhibit
co-variation between these properties, however, the available in the literature doesn’t account for this co-variation, therefore, and
therefore, it is assumed that the material properties are statistically independent.

Two different types of risers, from Tan et al. [11] and from Wei [19]; are assessed with the topology and layup for each riser given in
Table 3 and illustrated in Fig. 2. The steel riser was developed to have the same thickness as the larger composite riser found in Wei
[19] with a corresponding unit mass of 115 kg/m. The risers were subjected to a horizontal tension of 1.3 x 10° N and were assumed to
have an internal fluid density of 700 kg/m®. The riser designs are selected to determine trends in behaviour, not as direct comparisons
between each other.
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Table 2
Statistical variations and material properties for carbon/epoxy and steel.
Composite Steel Distribution
Mean Wei [19] CoV Philippidis et al. [17] Mean Xia et al. [18] CoV Xia et al. [18]
Xt (MPa) 2450 5% N/A N/A Normal
Xc (MPa) 1570 16% N/A N/A Normal
Yt (MPa) 70 18% N/A N/A Normal
Yc (MPa) 133 16% N/A N/A Normal
S (MPa) 98 11% N/A N/A Normal
Yield Strength (MPa) N/A N/A 550 6% Normal
Ex (GPa) 125 10% 197.5 2% Normal
Ey (GPa) 9.588 16% 197.5 2% Normal
G (GPa) 5.4 20% 78 3% Normal
v 0.35 11% 0.3 1% Normal
Table 3
Layup structure & Global properties of each composite pipe under study.
Pipe structure Steel Tan et al. [11] Wei [19]
Number of Laminae N/A 20-ply 56-ply
Layup N/A [45/-45/15/801s [90/15/-15/90/45/-45/45/-45/45/-45]5 +[45/-45]3
Thickness of Steel liner (mm) 18.3 5 7
ID (m) 0.1834 0.2796 0.1836
OD (m) 0.22 0.31667 0.22
Ply Thickness (mm) N/A 0.675 0.075
Laminate Wall thickness (mm) N/A 13.5 11.2
Mass in air (kg/m) 91 57 46
Bending Stiffness, EI (MN.m2) 11.9 27.5 8.83
Axial Stiffness, EA (MN) 2319.19 2500.96 1756.65

Composite Laminate

3. Global response mod

el

Fig. 2. Composite riser cross-section design.

Steel Liner

The static catenary model is modelled using an analytical approach based on the work of Faltinsen [20]; describing the behaviour of
catenary mooring lines and is chosen for computational efficiency.

3.1. Catenary model

The global model used to determine the static equilibrium position of the riser was derived from the steel catenary riser models
employed in a number of other analyses including Duan et al. [21]; Bridge [14] and Kang et al. [12]. The catenary model allows a
simple representation of the risers including the specification of the geometry of the system as well as the extraction of axial tensions.
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While bending stiffness is inherently neglected in this approach, bending moments can be extracted by including material properties
and curvature at each point.

The governing mathematical equations for the catenary shape assume neglected bending stiffness, in-extensible cable, infinite axial
stiffness, and no hydrodynamic forces. The equation requires the following inputs: w, submerged weight per unit length of the cable;
Ty, horizontal tension; p;, density of constituent laminate structure; p;, density of internal fluids; py, density of external medium; h,
operational depth and the geometry of the cylindrical pipe to evaluate the second order differential equation, eq. (1),

Y=\ 1+ @ &

where « is the catenary parameter, % The boundary conditions are imposed such that eqgs. (2)-(4) are valid:

¥(0)=0, (2)
¥ (0)=0, 3
tan 6y = 0; @

where 6y, is the angle of the seabed at the touchdown point. Assuming the angle of the seabed is 0 leads to eq. (5),

y(x) :% [cosh (%x) - l] —h. 5)

which is a catenary curve with a departure point at y =0, sea level and a touchdown point at a depth of h metres below the sea surface.
The length of the catenary section, s, based on the horizontal, x, distance from touch-down point can be determined using eq. (6),

s(x) = T—]: sinh (TK x) (6)
H

Forces acting on the riser include tension, both vertical and horizontal, as well as the bending moments, which were estimated
using egs. (7) and (8),

T,(x) =w.s(x), @
T(x)= /(o) + T%), ®

where T, (x) is the distribution of the vertical component of tension along the length of the riser. In addition, the bending moments
acting on a segment of the riser can be estimated by multiplying the curvature by the bending stiffness inherent to the material and the
geometry, which is shown in eq. (9),

w

Ty cos h? (ﬁx)

This model does not consider any environmental factors, and represents the static position as a free hanging chain which excludes
sea current and wave effects. These factors were then included via statistical distributions based on the findings of DNV [6]; Chu [22]
and Zhan [13] where the forces related to undersea currents are modelled as additions to the constant Ty, while wave and current
variability is modelled as additions to the sea depth using the Weibull probability density function shown in equation (10), where the
parameters oy and p are the scale and shape parameters of the Weibull distribution as shown in Table 4. The forces related to current
flow were applied using the following simplified assumptions:

M (x) =El.x(x)=EI 9

1. Tangential current velocity is neglected; this is recommended by DNV [6]; as it is an insignificant consideration for riser
applications.

2. Normal current velocity is constant in the Y, vertical direction or depth. This simplifies the application of an ocean current, without
losing generality.

3. Acceleration of ocean currents is excluded. It is assumed that the normal velocity of the ocean currents remain constant which
eliminates inertial loading effects as predicted by Morison’s Formula.

Table 4
Characteristics of ocean current velocity and wave height, DNV [6]] and Chu [22]].
Distribution Suggested Parameters
Wave Height Weibull oy = 0.681, p = 2.126
Current Velocity Weibull o =03,p=2
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pon = () el (1)

The Weibull shape parameter f is equal to the slope of the probability plot where p > 1 indicates that the value is close to the mean
wave height and slightly positively skewed with a tail to right of the distribution curve, while the scale parameter oy shrink or squeeze
the density function and affect if the function is narrow or wide banded.

Therefore, the force acting on the riser per unit length for constant current is equivalent to the drag term of the Morison formula in
eq. (12). Where vy, is the riser velocity relative to the water particle velocity, accounting for wave, vyqye, and current velocities, Veyrrent
as given by eq. (11),

Vrel = Vriser — Veurrent — Vwave 1y

As this study is based on the static catenary model, the riser velocity, v, is equal to zero in equation (11). The dynamic effect of the
wave and the hang-off excitation is accounted for in the Dynamic Amplification Factor, which is equal to unity for wave conditions that
are described in section 3.2 and are the basis of this study.

1
F, :E/)CUDVreI‘Vrells (12)

where F,, is the force per unit length, p is the density of surrounding fluids, Cp is the normal drag coefficient, D is the diameter and v is
the current velocity. The Cp, for the purpose of this analysis a value of 1.25 was chosen.

3.2. Verification of riser model

The outputs of the developed model using the properties listed in Table 5 are shown in Figs. 4 and 5 in comparison to the FEA model
utilised in Zhan [13]. Both models reflect similar results for the static geometric profile and characteristic forces acting on the riser.
Maximum tensions and bending moments as well as their distribution along the length of the riser are similar and almost identical
between the models. A sensitivity study is carried out using FLEXCOM software to quantify the maximum dynamic amplification factor
due to waves and the FPSO motion. A 270 m FPSO is chosen and exposed to a range of sea states with wave periods close to its heave
heave natural frequency, of 15.7 s, and water depths, of 1500, 2000, 3000 and 4000 m, to replicate the worst-case scenario. This is
performed using the thicker, 56-ply riser configuration proposed for the later studies, documented in Fig. 6, and top-tensions in
Table 6. The sensitivity results in Fig. 3 show that the dynamic model using regular waves can be approximated by the simple static
approach for regions which are dominant by waves of up to 4 m wave height, at which the dynamic amplification factor is close to
unity. This approximation is acceptable for regions, such as Gulf of Guinea, where the short-term environmental conditions matches
the criteria of the 4 m maximum wave height. In such cases the variations between the simple static analytical approach and the FEA
approach are less than 1%. The effects of wave height are not included in the final model as they are found to increase the compu-
tational expense but with a limited increase in accuracy, while current effects are still included.

3.3. Investigation into riser response

A simple comparison between the steel and composite risers, shown in Table 6, gives an indication for the differences between the
maximum bending moments that are observed at the touch-down zone and maximum tensions at the hang-off point. Water depths of
1500 m are chosen to represent current deep-water applications with incremental increases to 4000 m, indicating the maximum depth
for which future riser applications are likely to be aiming.

Composite catenary risers exhibit greater horizontal displacements than the traditional steel catenary risers with similar operating
depths as a result of the lower density and transverse stiffness of composite systems as shown in Fig. 6. This also has the consequence of
increasing the necessary length of composite systems compared to steel catenary risers to reach the surface elevation starting from the

Table 5

SCR verification study properties.
Parameter Value
Outer diameter (m) 0.273
Wall thickness (m) 0.0127
Weight in air (kg/m) 125
Internal fluid density (kg/m>) 700
Length (m) 2240
Water depth (m) 1000
Hang-off to point of no motion (Horizontal distance)(m) 1500
Modulus of Elasticity (GPa) 207
Boundary condition Pinned-Pinned
Analysis type Static
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Table 6
Maximum bending moments and tensions related to global models.
Water Depth (m) Arc-Length (m) Max. Tension (N) Max. Bending Moment (Nm)
56-ply composite Wei [19]
1500 1957 485914 28049
2000 2471 613628 27526
3000 3490 866054 28019
4000 4498 1116779 28049
20-ply composite Tan et al. [11]
1500 2079 392603.7 66068
2000 2601 491228.6 66893
3000 3625 684859 66922
4000 4642 876417 66068
Steel
1500 1659 1323057 79672
2000 2160 1723999 80664
3000 3176 2522527 79863
4000 4181 3323526 79672
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Fig. 3. Amplification factor sensitivity between the static analysis and a dynamic case.

same touch-down point, due to lighter apparent weight of composites. This is most evident for the 20-ply composite system which has
the lowest density, and requires a total length of 2079 m to reach its operating depth of 1500 m. It is observed that the maximum
bending moments remain constant for those models with the same materials, and is thus independent of operating depth, as opposed to
tensions which are weight, and hence depth, dependant. As a result, steel catenary risers incur significantly larger bending moments,
which peak at the touchdown point.

4. Pipe model

Global loads are obtained from the catenary equation but because the method is based on a one-dimensional beam formulation,
that only represents the centre line of the riser, there is missing information for the remaining two spatial dimensions of the pipe cross-
section. Two interface equations are needed to recover this information for the cross-sectional local analysis and to calculate the
equivalent in-plane force, N, and the equivalent induced moment, M,. If an infinitesimal section of the composite pipe wall is
considered at the maximum curvature location, then the in-plane forces at this location is due to the tension in the beam and the
tension induced by the curvature at the location of the outer ply.

The tension, T, and the bending moment, M4, are calculated from the catenary equation. The equivalent in-plane force, N, is the
equivalent force that is applied to the laminate x direction and causes the same stress at the outer ply that results from the tension force
and bending moment. The calculations are based on equation (13),

N =T + Feqouterpiy (13)
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which is dependant on Feqyrply, the equivalent force at the outer ply, defined in equation (14),

* * .
M, global ~ Touterply Ac

F €outerply = 7

14
where r is distance from the pipe neutral axis to the outer ply centre, Ac is the cross-sectional area and I is the second moment of area of
the pipe.

The difference between the stress at the outer ply and the mid-plane of the composite laminate generates a rectifying moment about
the y axis of the laminate that is located at the neutral axis of the laminate section as shown in Fig. 7. Therefore, the equivalent moment
is calculated using equation (15),

Feqouerpty — F e%z’d—plane)

=
M= 5 :

15)

where t is the thickness of the riser. The equivalent force at the mid-plane, Feqmiq—piane, can be found by replacing royserpiy With Timig—piane
in equation (14). The principal stresses obtained by this analytical method are verified against a finite element model constructed using
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Fig. 7. Schematic of the global loads applied to the local cross-section.

continuum shell elements, where the load from the static model is applied and the end of the pipe are constrained using a multi-point
constraint which are tied to a point on the neutral axis. The highest principal component stress at the outer ply is found to be 10%
higher than the analytical values, and therefore a multiplier of 1.1 is applied to the analytical model to adjust for this difference.

The pipe analysis is conducted to determine the stresses and strains acting on the laminate structure of the riser. This is performed
using Classical Laminate Theory (CLT), defined in equation (16), using the notation from Nijhof [23];

N A B[

() -1 Bl 0o
where A is the extension stiffness matrix; B is the bending-extension coupling effects between in plane stresses and curvatures and
between bending and twisting moments and in plane strains; D is the stiffness of the laminate in the perpendicular direction under the
influence of bending and twisting moments; & is the vector of strain at a particular point in the laminate;  is the vector of curvatures
induced in the laminate by the external forces; N represents the in-plane forces acting on the segment of the composite pipe and M
representing the corresponding induced moments about the laminate mid-plane. The in-plane strain vector {e} for the kth lamina is
given by equation (17),

{ele={"} +alx} a7

The stress-strain relationship can be determined for the kth lamina by employing equation (18),
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(o} =104} +alQ]{x}, as)

where 2 is the distance from the midplane of the laminate in the thickness direction, Q' is the transformed reduced stiffness matrix for
each lamina, dependent on the lamina’s angle relative to the principle direction of the laminate, and £ ={ &y, &, &x) is a vector of in-
plane strains experienced by the laminate. The stress components of {c}, are evaluated by the Tsai-Wu failure criterion, in equation
(19), and is used to determine the reliability,

o1\’ o\ (1 1 11 2F12610, 72)°
+ ot (o (2222 ) (22 oy 19
(XTXC) (YTYC) * <XT XC) 7 <YT YC) ” (\/XTXCYTYC) * (SIZ) 19

The Tsai-Wu criterion is chosen as a good predictor of first-ply failure, and it is assumed that after this initial failure that the riser is
unsafe and that the failure will propagate. The left-hand side of the equation is evaluated, at each node along the riser length, and the
utilisation factor can take values between 0 and 1, where 1 indicates first ply failure. The highest Tsai-Wu value for each riser is found
near the touchdown point (x = 0) or departure point which agrees with the findings of Wang et al. [24] and Buberg [25]; where
bending moments and tension forces are maximized respectively. As the operational depth increases the Tsai-Wu value closest to the
departure point fails, until by 4000 m, the Tsai-Wu value is lowest at the departure point. This analysis is selected to provide initial
guidance on the probability of failure for composite risers, which are unlikely to fail in the same manner as steel, and to ascertain the
importance of water saturation. The steel analysis forms a point of reference and in reality extreme bending moments are an unlikely
reason for failure in steel catenary risers that are in service because the riser configuration is often designed to avoid low bending radii
and that the most likely form of failure is due to fatigue at the touch-down zone.

5. Reliability of risers

An analysis is performed to compare the trends in reliability between conventional steel risers with composite alternatives across
different configurations. This analysis is also extended to investigate the change in reliability estimation of FRP composite risers in wet
and dry conditions. The number of runs used for each simulation is 10 with values below this probability judged to be due to nu-
merical phenomena rather than an accurate estimate of the reliability.

5.1. Sensitivity to dynamic effects

One challenge when combining a dynamic FEA analysis and Monte-Carlo simulation, is the computational expense which makes
the approach infeasible. However, a dynamic amplification factor study, shown in Fig. 3, predicts values close to unity for significant
wave height conditions that are lower than 4 m. To verify this assumption the following steps are followed and the results compared to
the quasi-static approach for dry and wet conditions:

1. Aload case matrix is constructed covering 1-6 m wave heights and wave periods ranging between 12 and 22 s. A Flexcom finite
element riser model, that is used in the dynamic amplification study in Fig. 3, is utilised to perform the detailed analysis of the load
matrix cases. The dynamic amplification factors are estimated for maximum tension and curvature using regular waves. The dy-
namic amplification factors are estimated as the ratio between the maximum tension or curvature along the riser length divided by
the static value for each load case; these values are listed in Tables 9 and 10 in the Appendix.

2. For conservatism, extreme short-term omni-directional wave conditions are assumed. The annual waves distribution is predicted by
Weibull distribution in equation (10) and parameters listed in Table 4. This distribution is found to represent the short-term wave
height in the Gulf of Guinea region. The maximum short-term significant wave height is found to be 2.67 m, Akinsanya [26]. The
environmental directions are assumed to be in the far and near directions for conservatism. In-line waves, currents and offset
directions are considered to capture both extreme cases of maximum top-tensions and curvatures.

3. The drag force is calculated using a quasi-static approach by summing the constant velocity current and the maximum wave particle
velocities along the riser length.

4. The 2nd Order FPSO response is captured with varying the offset as a function of the wave height as shown in equation (20), the
bottom tension is re-calculated for each run with new configurations after adding the offset and the corresponding top tension is
estimated. The load case offset, offset;c, is given by the following equation (20),

H, 2
offsetrc = offsetna* (HL> (20)

where the maximum offset, offsetiqy, is defined as 0.9% of the depth.

5. The maximum axial force that propagates along the riser, due to the FPSO pitch and heave motions, is approximated using the
tension dynamic amplification factor.

6. The maximum curvature that occurs due to the transverse waves propagating along the riser length, due to the FPSO motion, is
approximated using the curvature dynamic amplification factor.

7. Two distinctive dynamic amplification factors are used, one for the tension and another for curvature to capture the difference in
peak dynamic amplification factor noticed around different wave periods. For environmental conditions that lies between the pre-
simulated dynamic amplification factors provided in the Appendix, Tables 9 and 10 a linear interpolation is incorporated.

10
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The reliability analysis results, shown in Fig. 12, are the probability of failures calculated using the quasi-static approach, compared
to the detailed dynamic amplification factor predicted by the FEA analysis. A slight increase of the probability of failure is observed,
however, the figure shows that the quasi-static approach remains a reasonable approximation for the short-term extreme environ-
mental conditions in the Gulf of Guinea region.

5.2. Steel catenary risers vs composite risers

The reliability of two Steel Catenary Risers, one at 1500 m and another at 4000 m, are analysed and compared to the results of a
composite-based riser system to establish a benchmark for comparison. The results show negligible probability of failure and justifies
why such risers are in widespread use for offshore hydrocarbon extraction. Further simulations are not performed as the results
demonstrate that the probability of failure is low and simulations where failures only occur deep in the tails of the distributions may
not be significant from a practical perspective. The reliability of these simulations is similar to the dynamic results from Carrillo et al.
[9]; which is assessed to be 1.33 x 107! in the catenary transition zone and 1.73 x 104 at the connection to the tension leg platform
for a riser of unknown length, but who quote a reliability on the order of 10> at the weakest points near the Touchdown Zone which
are not exhibited in this model. The simulation of the Steel Catenary Riser operating in ocean depths of 4000 m reveals a significantly
higher top tension much larger than that of the of the Steel Catenary Riser operating at 1500 m. However, the probability of failure for
these risers is still lower than composites.

To determine the probability of failure, a convergence study is performed to select the appropriate number of runs required for the
Monte-Carlo simulation, illustrated in Figs. 8 and 9. In comparison, Fig. 8 reveals the rate of failures for the 56-ply composite layup
operating at 1,500 m. These simulations provide a probability of failure of 4.4 x 10”7 which is higher than the steel catenary riser
operating at 1500 m which recorded no failures. However, this is still determined to be a safe value according to the DNV rules, Table 1.
This increases to 1.6 x 10> for depths of 4000 m which is still safe, but more importantly shows only a small increase in probability of
failure but where the rate in change of failure for the steel catenary is unknown as no failures have occurred.

Fig. 9 shows that the probability of failure for the 20-ply riser, [11]; has not converged but reaches a value of 6.0 x 105, However,
this can be considered to be a numerical anomaly as they are occurring in the tails in the normal distribution and unlikely to represent
real properties as they are unrealistically far from the mean value. Therefore, the simulations are stopped at this point and assumed to
be a very low value. This demonstrates a similar probability of failure to that of a steel catenary riser with similar thickness and
operating depth. For the 20-ply case the probability of failure increases to 1.2 x 1077 at 4000 m demonstrating convergence and a
similar low probability of failure.

Table 7 compares the different systems with respect to the unit weight and the total weight of the entire riser system. Steel catenary
risers show smaller deflections than the composite risers and the low stiffness exhibited by composite materials increases the overall
length of the composite system. A larger thickness for the riser might improve the performance of the riser system but will also require
higher tension loads and the results in this analysis demonstrate the opposite effect, thin and light risers are less likely to fail. The
Marginal Reliability, the improvement in probability of failure for each kilogram of additional material, of Carbon/Epoxy improves
reliability by 9.07 x 107! and 1.53 x 107 '3 for the 56- and 20-ply composite riser respectively and at 4000 m this increased to 1.43 x
10" and 1.37 x 1073, The probability of failure per kilogram, Pf/kg is a normalized failure probability that is a parameter to allow
easier comparison of the cross-sectional design by addition or reduction of riser material to indicate the change in the probability of
failure.

Both composite layups fulfil the DNV’s lower safety class recommendation, P = 10> DNV [5]; at depths of 1500 m and 4000 m.
This builds confidence in the ability of composite risers to be utilised in deep-water conditions and the potential to benefits from lower
weight, and therefore reduced installation costs. However, the analysis shows limited benefits, in terms of reliability, over steel under
extreme conditions. The steel catenary riser provides a higher level of reliability than the design using a composite material statically.
However, the two composite riser and steel catenary riser designs are chosen arbitrarily and the analysis shows that thinner thicknesses
of pipe provide a safer design but that the steel benefits from a higher stiffness. This analysis therefore needs to be extended with an
analysis performed on optimally designed pipes for each distance, supported by the findings from the parametric study performed in
this paper, and a dynamic analysis.

5.3. The impact of moisture absorption of riser reliability

Whilst the results of the previous study indicate the potential for composites for deep-water applications, it is unlikely that these
materials will perform for extended periods with the performance of testing in dry conditions. To account for this, the riser properties
are degraded to represent the wet state according to experiments from the open literature. Malmstein et al. [27] provide data for
glass/epoxy composites in conditions lasting up to 6 weeks in distilled water. The material properties of the degraded material are
shown to be more dependent on the composite matrix resin material, so findings related to the degradation percentage of glass
provides can be extrapolated to carbon, due to the small quantity of data available in the open literature. The findings of these ex-
periments show that the riser flexural strength is reduced by 50% and the weight is increased by 2%; the flexural modulus is also
reduced by 1.6% but this reduction is ignored. The degradation of composites in distilled water is often higher than in salt water and
the results are also for flexure, rather than tension, and so this degradation factor is considered as a worst-case scenario. Experiments
are also performed on carbon/epoxy specimens by Zafar et al. [28] who found an increase in weight of 2.12% in conditions lasting up
to 300 days in salt water. The corresponding loss of tensile strength was 20% and Young’s modulus was 10%. These values are
therefore included into the model where Zafar et al. [28] represents more realistic values for risers due to the similar materials and

11
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Table 7
Comparison of weight and probability of failure for steel catenary and composite risers.
1500 m 4000 m
Steel 56-ply 20-ply Steel 56-ply 20-ply
Submerged weight full of product (N/m) 794 248 189 794 248 189
Arc-Length (m) 1659 1957 2079 4181 4498 4642
Total Weight 1.3E+06 4.9E+05 3.9E+05 3.3E+06 1.1E+06 8.8E+05
Ps <1.0E-8 4.4E-07 6.0E-08 <1.0E-8 1.6E-05 1.2E-07
Py/kg <1.0E-13 9.1E-13 1.5E-13 <1.0E-13 1.4E-11 1.4E-13
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Fig. 10. Probability of failure for the 56-ply composite riser, Wei [19]; after water absorption aging at increasing water depths.

tensile properties alongside experiments conducted in salt water. The reliability analysis for different depths is reported in Fig. 10
where the probability of failure is shown in logarithmic scale, for the 56-ply case, and similarly, Fig. 11, for the 20-ply case. The results
are assumed to have converged as the probability of failure for the wet simulations should be higher than those in the dry condition,
requiring fewer runs to converge and therefore the same number of simulations are performed.

These results imply that, as expected, there is a negative relationship between water retention and reliability. The reduction in
ultimate tensile strength and Young’s Modulus combined with the increased weight per unit leads to a combined effect of increasing
the tension while reducing the materials resistance to external loadings. This explains why the probability of failure is higher for the
moisture absorbed riser systems. Comparing the two types of moisture absorption the Zafar et al. [28] case reports higher probability of
failures for all of the risers in comparison to the dry properties; at lower depths this increase is mild however at the larger depths it is
more significant. This trend also occurs for the less realistic properties from Malmstein et al. [27] but the probability of failure is
higher.

The results for the wet composites, summarised in Table 8, are more indicative of the number of failures to be expected as the
system matures over time, and may be used to establish the upper limits for the operating lifetime for FRP riser systems. Even in the
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Fig. 11. Probability of failure for the 20-ply composite riser, Tan et al. [11]; after water absorption aging at increasing water depth.
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Fig. 12. Probability of failure for the 56-ply composite riser using a quasi-static analysis and dynamic analysis, for dry and after water absorption
aging at increasing water depths.

Table 8
Probabilities of failure for composite risers with moisture absorption.
56-ply 20-ply
Dry Malmstein et al. [27] Zafar et al. [28] Dry Malmstein et al. [27] Zafar et al. [28]

1500 m

P 4.40E-07 7.56E-06 5.20E-07 6.00E-08 3.74E-06 5.00E-08
Weight (kg) 4.85E+05 4.89E+05 4.89E+05 3.92E+05 3.99E+05 3.99E+05
Py/kg 9.07E-13 1.55E-11 1.06E-12 1.53E-13 9.37E-12 1.25E-13
2000 m

P¢ 9.30E-07 2.87E-05 1.18E-06 6.00E-08 3.75E-06 5.00E-08
Weight (kg) 6.13E4+05 6.18E+05 6.18E+05 4.91E+05 4.99E+05 4.99E+05
Pg/kg 1.52E-12 4.65E-11 1.91E-12 1.22E-13 7.51E-12 1.00E-13
3000 m

Ps 3.64E-06 3.52E-04 6.08E-06 6.00E-08 9.50E-06 1.80E-07
Weight (kg) 8.65E+05 8.72E+05 8.72E+05 6.84E+05 6.97E+05 6.97E+05
Py/kg 4.21E-12 4.04E-10 6.97E-12 8.77E-14 1.36E-11 2.58E-13
4000 m

P¢ 1.60E-05 3.05E-03 3.18E-05 1.20E-07 8.95E-05 7.20E-07
Weight (kg) 1.12E+06 1.12E+06 1.12E+06 8.76E+05 8.92E+05 8.93E+05
Py/kg 1.43E-11 2.71E-09 2.82E-11 1.37E-13 1.00E-10 8.06E-13

worst-case material degradation scenario, the Malmstein et al. [27] aging and the thicker 56-ply case, the probability of failure for the
1,500 m is still 7.56 x 10~ and is only predicted to pass the lower safety limit at 4,000 m with a probability of failure of 3.05 x 1073,
which could be reduced with enhanced cross-sectional design.

The increase in probability of failure due to the hygrothermal aging is higher for the thicker composite, where the values increase
by a factor of 62-746 over the intact riser for the extreme case of Malmstein et al. [27] and by 1-6 for the more realistic aging case of
Zafar et al. [28]; than for the thinner riser, with an increase by a factor of 17-190 for the extreme aging case of Malmstein et al. [27]
and 1.18-1.98 for the more realistic aging case of Zafar et al. [28]; where these values are highest at the higher depths. This un-
derscores the need for effective and robust waterproof layering to protect the laminate from direct contact with the surrounding saline
environment as suggested by Tan et al. [11] for their composite system. This system will extend the operating lifetime of the pipeline,
and potentially reduce maintenance and operational expenses in the long run by reducing moisture contact with the laminate.
However, it is unlikely that it will be totally able to remove the moisture from the environment and determining the levels of ab-
sorption over time appears to be a critical characteristic in reducing safety factors for composite risers in deep-water conditions, where
even the more realistic water uptake estimates give an increase in probability of failure of 6 for the thicker riser and 1.98 for the thinner
riser.
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6. Conclusions

Composite risers are increasingly being investigated for industrial applications with some current applications already in place.
However, there is limited literature documenting the stochastic behaviour of risers made from these materials. Therefore, this paper
conducts a strength-based reliability assessment of full-scale carbon/epoxy composite risers in comparison with traditional steel
catenary risers. A dynamic amplification factor is derived, and verified, using an FE model to predict a similar probability of failure
compared to the quasi-static approach, confirming the suitability of the quasi-static model to predict the failure probability in the Gulf
of Guinea region. The results confirm the benefits of FRP composites risers for depths approaching 4,000 m over conventional steel
risers, in that they provide a safe but lighter weight system which is therefore cheaper to install; thinner risers are shown to have a
lower probability of failure due to the lighter weight and lower tensions. However, the risers are shown to have a higher probability of
failure in comparison to the steel equivalents. Additional studies are performed to account for the effect of water absorption on the
material degradation and the performance of the composite risers. The results show that the reliability of composite risers is reduced
due to moisture absorption and that this becomes more pronounced at depths exceeding 2,000 m.
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Appendix

Table 9
Tension Dynamic Amplification Factors (1500/3000/4000 m)

‘Wave Period (s)

12 13 14 15 16 17 18 19 20 21 22
Maxim 1 1.02/ 1.03/ 1.04/ 1.04/ 1.04/ 1.04/ 1.04/ 1.04/ 1.04/ 1.03/ 1.02/
Wave 1.02/ 1.03/ 1.03/ 1.04/ 1.04/ 1.04/ 1.04/ 1.04/ 1.03/ 1.03/ 1.02/
Height 1.02/ 1.03/ 1.03/ 1.03/ 1.03/ 1.03/ 1.03/ 1.03/ 1.03/ 1.03/ 1.02/
(m) 1.01 1.02 1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.01
2 104/ 1.06/ 1.07/ 1.08/ 1.08/ 1.08/ 1.08/ 1.08/ 1.07/ 1.07/ 1.04/
1.04/ 1.06/ 1.07/ 1.08/ 1.08/ 1.08/ 1.08/ 1.08/ 1.07/ 1.07/ 1.04/
1.03/ 1.05/ 1.06/ 1.07/ 1.07/ 1.07/ 1.07/ 1.07/ 1.06/ 1.06/ 1.03/
1.03 1.05 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.05 1.03
3 106/ 1.09/ 1.11/ 1.12/ 1.12/ 1.13/ 1.12/ 1.12/ 1.12/ 111/ 1.06/
1.06/ 1.09/ 1.11/ 1.12/ 1.12/ 1.12/ 1.12/ 1.12/ 1.11/ 111/ 1.06/
1.05/ 1.08/ 1.09/ 1.11/1.1 1.11/11 1.11/11 1.1/1.09 1.1/1.09 1.09/ 1.09/ 1.05/
1.04 1.07 1.09 1.08 1.08 1.04
4 108/ 1.12/ 1.15/ 1.17/ 1.17/ 1.18/ 1.17/ 1.18/ 1.17/ 1.16/ 1.08/
1.08/ 1.12/ 1.14/ 1.16/ 1.17/ 1.17/ 1.17/ 1.17/ 1.16/ 1.16/ 1.08/
1.07/ 1.1/1.09 112/ 1.14/ 1.14/ 1.14/ 1.14/ 1.13/ 1.13/ 1.12/ 1.07/
1.06 111 113 1.13 1.13 112 112 111 111 1.06
5 1l1/1.1/ 1.15/ 1.18/ 1.22/ 1.22/ 1.24/ 1.24/ 1.24/ 1.23/ 1.23/ 1.1/1.1/
1.08/ 1.15/ 1.18/ 1.21/ 1.22/ 1.24/ 1.23/ 1.23/ 1.23/ 1.22/ 1.08/
1.07 1.13/ 1.16/ 1.18/ 1.18/ 1.18/ 1.18/ 1.18/ 1.17/ 1.16/ 1.07
112 1.14 1.16 1.16 1.16 1.15 1.15 1.14 1.13
6 112/ 1.18/ 1.23/ 1.27/ 1.29/ 1.31/ 1.31/ 1.32/ 1.31/ 1.3/ 1.12/
1.12/ 1.18/ 1.22/ 1.27/ 1.28/ 1.31/ 1.3/ 1.31/ 1.3/ 1.29/ 1.12/
1.1/1.09 1.16/ 1.19/ 1.22/1.2 1.22/ 1.23/ 1.22/ 1.22/ 1.22/ 1.21/ 1.1/1.09
1.14 1.17 1.19 1.19 1.19 1.18 1.17 1.16

Table 10
Curvature Dynamic Amplification Factors (1500/3000/4000 m)

‘Wave Period (s)

12 13 14 15 16 17 18 19 20 21 22
Maxim 1 1.02/ 1.03/ 1.04/ 1.04/ 1.04/ 1.05/ 1.05/ 1.05/ 1.05/ 1.04/ 1.02/
Wave 1.02/ 1.03/ 1.03/ 1.04/ 1.04/ 1.05/ 1.05/ 1.05/ 1.05/ 1.05/ 1.02/

(continued on next page)
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Table 10 (continued)

‘Wave Period (s)

12 13 14 15 16 17 18 19 20 21 22
Height 1.01/ 1.02/ 1.03/ 1.03/ 1.04/ 1.04/ 1.04/ 1.04/ 1.04/ 1.04/ 1.01/
(m) 1.01 1.01 1.01 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.01

2 1.04/ 1.06/ 1.07/ 1.08/ 1.09/ 1.1/ 1.1/1.1/ 1.1/1.1/ 1.1/1.1/ 1.1/1.1/ 1.04/

1.03/ 1.05/ 1.07/ 1.08/ 1.09/ 1.09/ 1.08/ 1.08/ 1.08/ 1.08/ 1.03/

1.02/ 1.04/ 1.05/ 1.06/ 1.07/ 1.08/ 1.04 1.04 1.04 1.04 1.02/

1.01 1.02 1.03 1.03 1.04 1.04 1.01

3 105/ 1.08/ 111/ 1.13/ 1.14/ 1.16/ 1.16/ 117/ 1.17/ 117/ 1.05/

1.05/ 1.08/ 1.1/ 1.13/ 1.14/ 1.16/ 1.16/ 1.17/ 1.17/ 117/ 1.05/

1.04/ 1.06/ 1.08/ 1.1/1.05 1.11/ 1.12/ 1.12/ 1.13/ 1.13/ 1.13/ 1.04/

1.02 1.03 1.04 1.05 1.06 1.06 1.06 1.07 1.07 1.02

4 107/ 111/ 1.15/ 1.19/ 1.21/ 1.23/ 1.24/ 1.25/ 1.25/ 1.26/ 1.07/

1.06/ 11/ 1.14/ 1.19/ 1.21/ 1.24/ 1.25/ 1.26/ 1.27/ 1.27/ 1.06/

1.05/ 1.08/ 111/ 1.14/ 1.16/ 1.18/ 1.19/ 1.2/1.09 1.2/1.09 1.2/1.09 1.05/

1.02 1.04 1.05 1.07 1.07 1.08 1.09 1.02

5 1.09/ 1.14/ 1.2/ 1.26/ 1.29/ 1.33/ 1.34/ 1.37/ 1.37/ 1.37/ 1.09/

1.08/ 1.13/ 1.19/ 1.26/ 1.3/ 1.35/ 1.37/ 1.39/ 1.4/ 1.4/ 1.08/

1.06/ 1.1/1.05 1.14/ 1.2/1.09 1.22/1.1 1.26/ 1.27/ 1.29/ 1.29/ 1.29/ 1.06/

1.03 1.07 111 1.12 113 1.13 1.13 1.03

6 1.1/ 1.18/ 1.25/ 1.35/ 1.39/ 1.46/ 1.48/ 1.51/ 1.51/ 1.52/ 1.1/

1.09/ 117/ 1.25/ 1.36/ 1.42/ 1.5/ 1.52/ 1.57/ 1.57/ 1.57/ 1.09/

1.07/ 1.13/ 1.19/ 1.26/ 1.3/1.13 1.36/ 1.38/ 1.41/ 1.41/ 1.41/ 1.07/

1.03 1.06 1.08 111 1.15 1.16 117 1.17 1.18 1.03
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Appendix B - DAF

TABLE 1: Tension Dynamic Amplification Factors (1500/2000/3000/4000m)

‘Wave Period (s)

12 13 14 15 16 17 18 19 20 21 22
Maxim 1 1.02/ 1.03/ 1.04/ 1.04/ 1.04/ 1.04/ 1.04/ 1.04/ 1.04/ 1.03/ 1.02/
Wave 1.02/ 1.03/ 1.03/ 1.04/ 1.04/ 1.04/ 1.04/ 1.04/ 1.03/ 1.03/ 1.02/
Height 1.02/ 1.03/ 1.03/ 1.03/ 1.03/ 1.03/ 1.03/ 1.03/ 1.03/ 1.03/ 1.02/
(m) 1.01 1.02 1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.01
2 1.04/ 1.06/ 1.07/ 1.08/ 1.08/ 1.08/ 1.08/ 1.08/ 1.07/ 1.07/ 1.04/
1.04/ 1.06/ 1.07/ 1.08/ 1.08/ 1.08/ 1.08/ 1.08/ 1.07/ 1.07/ 1.04/
1.03/ 1.05/ 1.06/ 1.07/ 1.07/ 1.07/ 1.07/ 1.07/ 1.06/ 1.06/ 1.03/
1.03 1.05 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.05 1.03
3 1.06/ 1.09/ 111/ 1.12/ 112/ 113/ 112/ 112/ 1.12/ 111/ 1.06/
1.06/ 1.09/ 111/ 112/ 112/ 112/ 112/ 112/ 111/ 111/ 1.06/
1.05/ 1.08/ 1.09/ 1.11/11 1.11/11 1.11/11 1.1/1.09 1.1/1.09 1.09/ 1.09/ 1.05/
1.04 1.07 1.09 1.08 1.08 1.04
4 1.08/ 112/ 1.15/ 117/ 117/ 1.18/ 117/ 1.18/ 1.17/ 1.16/ 1.08/
1.08/ 1.12/ 1.14/ 1.16/ 117/ 117/ 117/ 117/ 1.16/ 1.16/ 1.08/
1.07/ 1.1/1.09 1.12/ 1.14/ 114/ 114/ 114/ 1.13/ 1.13/ 1.12/ 1.07/
1.06 111 113 113 113 112 112 111 111 1.06
511/ 11s/ 118/ 122/ 122/ 124/ 124/ 124/ 12y 123/ L1/L1/
1.08/ 1.15/ 1.18/ 1.21/ 1.22/ 1.24/ 1.23/ 1.23/ 1.23/ 1.22/ 1.08/
1.07 1.13/ 1.16/ 1.18/ 118/ 118/ 118/ 118/ 117/ 1.16/ 1.07
1.12 1.14 1.16 1.16 1.16 115 1.15 1.14 1.13
6 112/ 1.18/ 1.23/ 1.27/ 1.29/ 1.31/ 1.31/ 1.32/ 1.31/ 1.3/ 1.12/
112/ s/ 122/ 127/ 128/ 131/ 13/ 13 13/ 120/ 112/
1.1/1.09 1.16/ 1.19/ 1.22/1.2 1.22/ 1.23/ 1.22/ 1.22/ 1.22/ 1.21/ 1.1/1.09
1.14 1.17 1.19 1.19 1.19 118 117 116
TABLE 2: Curvature Dynamic Amplification Factors (1500/2000/3000/4000m)
Wave Period (s)
12 13 14 15 16 17 18 19 20 21 22
Height 1.01/ 1.02/ 1.03/ 1.03/ 1.04/ 1.04/ 1.04/ 1.04/ 1.04/ 1.04/ 1.01/
(m) 1.01 1.01 1.01 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.01
2 104/ 106/ 107/ Lo&/ 109/ 11/ /LY 114/ LAY L1/ 104/
1.03/ 1.05/ 1.07/ 1.08/ 1.09/ 1.09/ 1.08/ 1.08/ 1.08/ 1.08/ 1.03/
1.02/ 1.04/ 1.05/ 1.06/ 1.07/ 1.08/ 1.04 1.04 1.04 1.04 1.02/
1.01 1.02 1.03 1.03 1.04 1.04 1.01
3 1.05/ 1.08/ 111/ 1.13/ 1.14/ 1.16/ 1.16/ 117/ 117/ 1.17/ 1.05/
105/ 108/ L1/ 113/ 114/ 116/ e/ 11y 117/ 117/ 105/
1.04/ 1.06/ 1.08/ 1.1/1.05 111/ 1.12/ 112/ 1.13/ 1.13/ 1.13/ 1.04/
1.02 1.03 1.04 1.05 1.06 1.06 1.06 1.07 1.07 1.02
4 1.07/ 1.11/ 1.15/ 1.19/ 1.21/ 1.23/ 1.24/ 1.25/ 1.25/ 1.26/ 1.07/
106/ 11/ 114/ 119 121/ 124/ 125/ 126/ 12/ 127/ 106/
1.05/ 1.08/ 111/ 1.14/ 1.16/ 1.18/ 1.19/ 1.2/1.09 1.2/1.09 1.2/1.09 1.05/
1.02 1.04 1.05 1.07 1.07 1.08 1.09 1.02
5 1.09/ 1.14/ 1.2/ 1.26/ 1.29/ 1.33/ 1.34/ 1.37/ 1.37/ 1.37/ 1.09/
L08/ 113 119/ 126/ 13/ 135 137/ 139 14/ 1.4/ 1.08/
1.06/ 1.1/1.05 114/ 1.2/1.09 1.22/1.1 1.26/ 1.27/ 1.29/ 1.29/ 1.29/ 1.06/
1.03 1.07 111 112 113 1.13 1.13 1.03
6 11/ 1.18/ 1.25/ 1.35/ 1.39/ 1.46/ 1.48/ 151/ 1.51/ 1.52/ 1.1/
100/ 117/ 125/ 136/ 14y 15/ 152/ 157/ 1S/ 187/ 109/
1.07/ 1.13/ 1.19/ 1.26/ 1.3/1.13 1.36/ 1.38/ 141/ 1.41/ 141/ 1.07/
1.03 1.06 1.08 111 115 1.16 117 117 1.18 1.03
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Appendix C - RVE algorithm

def create_rve(fac, elem, voiden, Vf, cvf, Vlratio,

frmean, frmin, frmax, vrmin, vrmax,meshfile):

99 9

Returns void center data and radius, voids surface coordinates,

fibers and matrix physicalgroup ,

999 9

gmsh. initialize ([ "—noenv’])

factory = gmsh.model. occ
gmsh. option .setNumber (”Mesh. Algorithm3D” ,10)

#gmsh . option .setNumber (” Mesh. RandomFactor” ,

gmsh.option .setNumber (”Mesh. Tetrahedra”, 1)

gmsh. option .setNumber (”Mesh. Triangles” , 1)

gmsh. option.setNumber(” General. Terminal”, 1)
gmsh.option.setNumber (” General . Verbosity”, 5)

gmsh. option.setNumber(”Mesh. SaveAll” , 0)

gmsh. option .setNumber (”Mesh. MshFileVersion” , 4.1)

gmsh.option .setNumber (”Mesh. CharacteristicLengthMin” , elem #* fac)
gmsh.option .setNumber (”Mesh. CharacteristicLengthMax” , elem #* fac)
# RVE 1/2 length (Centre axis in the middle of the cube)

R = Cube

# Number of spherical voids

random . seed (10)

nSvoid = math. floor ((voiden * 2 * R %« 2 * R« 2 * R) / ((4 / 3) * math.pi =

vrmax * vrmax * VImax))

nFibre

* R)

factory .synchronize ()
= factory.addBox(—-R, -R, —R, 2 * R, 2 * R, 2 * R)
sbnd = []

Void_-data = {}

# key: void center coordinates

box_

1

# value: void radius

factory .synchronize ()

spheres = list ()

for s in range(2, nSvoid + 1):
if s < nSvoid:

r
X

y
Z

= vrmin + random.uniform (0.
= —R + random. uniform (0.0,
= —R + random. uniform (0.0,

= —R + random. uniform (0.0,

sphere = factory.addSphere(x,

spheres.append (sphere)
Void_data[(x,y,z)] =1

node numbers coordinates.

Creates a RVE .msh and .vtk models for analysis.

)
dims = math. floor (math.sqrt (nFibre))

0, vrmax — vrmin)
2 * R)

2 * R)

2 * R)

Y, z, r)

137

1.e—6)

Cube,

math. floor ((Vf * 2 * R * 2 *x R * 2 « R) / (math.pi * frmax % frmax % 2
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elif s = nSvoid:
r = vrmin + random.uniform (0.0, vrmax — vrmin)
x = —R + random. uniform (0.0, 2 * R)
y = —R + random. uniform (0.0, 2 x R)
z = —R + random.uniform (0.0, 2 * R)

sphere = factory.addSphere(x, y, z, r)
factory.dilate ([(3, sphere)], x, y, z, Vlratio, 1, 0.5)
spheres.append (sphere)
factory .synchronize ()
#count = 0
for sphere in spheres:
sphere_bnd = gmsh.model. getBoundary ([(3,sphere)], False ,False, False)
sbnd . append (gmsh . model . addPhysicalGroup (2 ,[sphere_bnd [0][1]]))
#gmsh . model . setPhysicalName (3, sbnd[count], ”void”’+str (count))
#count +=1
entities = gmsh.model. getEntities ()
sph = []
for entity in entities:
if gmsh.model.getType(entity [0],entity [1]) = ’Sphere’ and entity[0]==2:
sph.append (entity [1])
voidsph = gmsh.model.addPhysicalGroup (2,sph)
gmsh . model . setPhysicalName (2, voidsph ,” voids”)
factory .synchronize ()
#phy_gp = gmsh.model.addPhysicalGroup (3, [sphere])
difference = factory.cut([(3, box-1)], [(3, tag) for tag in spheres],
removeObject=True, removeTool=True)
# get the tag
difference = difference [0][0][1]
dx = (2 * R) / dims
#count = 0
# parameters for cylinder axis

dxF, dyF, dzF = 0, 0, 2 * R

cylinders = list ()
Fibers_data = {}
for i in range (0, dims):
for j in range (0, dims):
# Fibre diameter
Fr = random. uniform (frmin, frmax)
# Center of grid box in the RVE
cgx = (-R + 0.5 % dx) + j #* dx
cgy = (R + 0.5 % dx) + i = dx
# Center of cylinder base
xF = (cgx — 0.5 * dx + Fr) + random.uniform (0.0, dx — 2 % Fr)
yF = (cgy — 0.5 * dx + Fr) + random.uniform (0.0, dx — 2 x Fr)
zF = —R
Fibers_data [(xF,yF)] = Fr
cylinder = factory.addCylinder (xF, yF, zF, dxF, dyF, dzF, Fr)
cylinders .append(cylinder)
factory .synchronize ()
phy_cylinders = list ()
for cyl in cylinders:
phy_cyl = gmsh.model.addPhysicalGroup (3, [cyl])
phy_cylinders.append(phy_cyl)
#cylinders_cp = factory.copy(cylinders)
phy_fibres = gmsh.model.addPhysicalGroup (3, cylinders)
gmsh.model . setPhysicalName (3, phy_fibres, ”Fibres”)
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100 allvol = [cylinders[i] for i in range(len(cylinders))]
101 matrix = factory.cut ([(3, difference)], [(3, t) for t in cylinders],
removeObject=True, removeTool=False)

102 factory .synchronize ()
103 matrix = matrix [0][0][1]
104

105 box_bnd = gmsh.model. getBoundary ([(3, matrix)]|,False,False , False)
106 Bnd = [gmsh.model.addPhysicalGroup (2,box-bnd[i]) for i in range(len(box_-bnd))]
107 allvol .append (matrix)

108 phy_-matrix = gmsh.model.addPhysicalGroup (3, [matrix])

109 gmsh.model . setPhysicalName (3, phy_-matrix, ”Matrix”)

110 factory .synchronize ()

111 RVE = gmsh.model.addPhysicalGroup (3, allvol)

112 gmsh . model. setPhysicalName (3, RVE, "RVE”)

113 factory .synchronize ()

114 # Create Mesh

115 gmsh . model . mesh. generate (3)

116 gmsh . model . mesh. removeDuplicateNodes ()

117 gmsh.model . mesh.renumberNodes ()

118 gmsh . model . mesh . renumberElements ()

119 gmsh . model . mesh. optimize (” Netgen”)

120 gmsh. write (meshfile+” .msh”)

121 gmsh. write (meshfile+” . vtk”)

122 # Return voids coordinates

123 entities = gmsh.model. getEntities ()

124 void_mesh = {}

125 for entity in entities:

126 if gmsh.model.getType(entity [0] ,entity [1]) = ’Sphere’ and entity[0]==2:

127 N_sp, Cor_sp, Cor_para = gmsh.model.mesh.getNodes(entity [0] ,entity[1],
includeBoundary=True,returnParametricCoord=False)

128 void_mesh [entity [1]] = N_sp, Cor_sp

129 # Key: PhysicalGroup no

130 # Value: fibres and matrix node number, coordinates

131 Fiber_mesh = {}
132 Matrix_mesh = {}
133 for group in gmsh.model.getPhysicalGroups(—1):

134 if gmsh.model.getPhysicalName (group [0], group[l]) = ’Fibres :

135 Fnodes, Fcor = gmsh.model.mesh.getNodesForPhysicalGroup (group [0], group[1])
136 FGno = group [1]

137 Fiber_mesh [FGno] = Fnodes, Fcor

138 if gmsh.model. getPhysicalName (group [0], group[l]) = ’'Matrix ’:

139 Mnodes, Mcor = gmsh.model.mesh.getNodesForPhysicalGroup (group [0] , group [1])
140 MGno = group [1]

141 Matrix_mesh [MGno] = Mnodes, Mcor

142 gmsh. finalize ()

143 return Void_-data, void-mesh, Fiber_mesh, Matrix-mesh, Fibers_data
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Appendix D - Multi-scale

algorithm

RIRE]

CRIMMO

Composite Riser Multi—scale Modelling

The code is a framework to perform multi—scale modelling of composite risers ,

coupled with RiSim. the non—linear time—domain riser

abaqus cae —noGUI CRIMMO. py

simulation code.

__author__ = "Hossam Ragheb”

__data__ = ”29/01/2020”

__copyright__ = ”Copyright 2020, The CRIMMO Project”
__.credits__ = [”Hossam Ragheb” ]

__license__ = "GPL”

#

# IMPORTS

#

from part import =

import amplitude

; from material import =*

from section import x*

from assembly import x*

141
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from step import =

from interaction import x*

from load import =

from mesh import =*

from job import =*

from sketch import =x

from visualization import =x

from connectorBehavior import x*

import regionToolset

from abaqusConstants import x*

from driverUtils import executeOnCaeStartup

from caeModules import =

from odbAccess import *

from sys import argv, exit

import glob

import os

import io

import csv

import numpy as np

import pickle

session .viewports [’ Viewport: 1’].setValues(displayedObject=None)

showODB = False

def rightTrim (input,suffix):
if (input.find (suffix) = —1):
input = input + suffix

return input

def getMaxStrain (odbName, elsetName) :



Appendix Appendix D - Multi-scale algorithm 143

999 9

98 Print max principle strain location and value given odbName and elset (

29 9

optional)

100 elset = elemset = None

101

102 region = ”"over the entire model”
103

104 7”” Open the output database 777

106 odb = openOdb (odbName)

107

10s assembly = odb.rootAssembly
109

110 7”” Check to see if the element set exists

112 in the assembly

99 9

116 if elsetName:

118 try:

119

120 elemset = assembly.elementSets|[elsetName]

121

122 region = ” in the element set : 7 4 elsetName;
123

124 except KeyError:

126 print (’An assembly level elset named %s does’\
128 ’not exist in the output database %s’ \

130 % (elsetName, odbName))

132 odb. close ()

134 exit (0)

136 77”7 initialize maximum values

» 99
135 maxStrain = —1.0E—20

140 maxElem = 0

142 maxStep = 7 _None.”

144 maxFrame = —1

146 Strain = ’'LE’

148 isStrainPresent = 0

151 for step in odb.steps.values():

153 print (’Processing Step:’, step.name)
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155 for frame in step.frames:
157 allFields = frame.fieldOutputs

150 if (allFields.has_key(Strain)):

160

161 isStrainPresent = 1

162

163 strainSet = allFields [Strain]

164

165 if elemset:

166

167 strainSet = strainSet.getSubset(region=elemset)
168

160 for strainValue in strainSet.values:
171 #print (strainValue . maxPrincipal)
173 if strainValue.elementLabel > 1000 and strainValue.elementLabel < 6200:

175 if (strainValue.maxPrincipal > maxStrain):

176

177 maxStrain = strainValue.maxPrincipal
178

170 maxElem = strainValue.elementLabel
18(

151 maxStep = step .name

182

183 maxFrame = frame.incrementNumber

184

185 if (isStrainPresent):
157 print ('Maximum principal strain %s is %f in element %d’ %(

150 region , maxStrain, maxElem))

190

101 print (’Location: frame # %d step: %s ’'%(maxFrame, maxStep))
192

193 else:

194

195 print (’Strain output is not available in’ \

196

197 “the output database : %s\n’ %(odb.name))

198

RIES]

199 7”7 Close the output database before exiting the program

999

201 odb. close ()

203 return maxStrain , maxElem

207 # INPUTS
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211 # Model material name

213 def CRIMMO( serial ,depth,L, TensionAmp ,RotlAmp,Rot2Amp) :
215 showODB = False

217 material = 'IM7-8552"

219 name = ’'CFRP’

221 LCname = material 4+ ’_’ 4 name
222

223 #serial = 1

224

225 g = 9.81

227 tho.w = 1025.

220 #depth = 30.

231 # Modelled section length
233 #L = 10. # [m]

235 # Internal diameter

237 ID = 0.28 # [m]

239 # Outer diameter

240
241 OD = 0.31432#0.32067 # [m]
242

243 # Liner thickness

244

245 tlin = 0.005 #[m]

246

247 # Outer sheath

248

240 tsh = 0.002 # [m]

250

251 # Composite laminate layer thickness

253 tcomp = 0.01016

255 # Lay—up sequence from inner to outer

257 complayup = [0,90,45,—-45,0,90,45,—45,0,90,45,—45,0,90,45,—45,0,90,45, —45]
259 # Density

261 den = 2293 # kg/m3

263 # Young’'s modulus along fiber direction

265 E11 = 171e09 # |[Pal

266

267 # Young’s modulus along transverse direction
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260 BE22 = 9.08e09 # [Pa]

271 # E33 E22 for isotropic lamina
272

273 B33 = 9.08e09 # [Pa]

274

275 # Poisson’s ratio

277 v12 = 0.32

279 # Poisson’s ratio (v13 = v12 for transverse isotropic lamina)
281 v13 = 0.32

283 # Poisson’t ratio

285 v23 = 0.5

287 # In plane shear modulus 1—-2 plane

20 G12 = 5.29e09 # [Pa]

290

201 # Transverse shear modulus 2—3 plane

292

203 # G23 = E22/2(14+v23) for transver isotropic lamina

294

N}
©
o

G23 = E22/(2x(14v23)) # [Pa]

296

207 # In plane shear modulus 1-3 plane (gl3=gl2 for transverse isotropic lamina)
298

200 G13 = 5.29e09 # [Pa]

300

301 # Longitudinal tensile strength

302

303 XT = 2326e06 # [Pal]

305 # Longitudinal compressive strength
307 XC = 1200€06 # [Pal]

300 # Transverse tensile strength

311 YI' = 63.0e06 # [Pal

313 # Transverse comporessive strength

315 YC = 199.0e06 # [Pa]

316

317 # In—plane shear strength
318

319 SL = 92.0e06 # [Pa]

320

321 # Transver shear strength

323 ST = 101.2e06 # [Pa]
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325 # Fracture plane angle for pure compressioni (default=53deg)
327 a0 = 53.0 # [deg]

320 # Misalignment angle at fialure for pure compression

331 Phi0 = 2.544 # [deg]

333 # Longitudinal shear friction coefficient

335 etall = 0.082

337 # Transverse shear frictioni coefficient

338

330 etaT = 0.29

340

341 # Interlaminar fracture toughness

342

343 GIC = 0.27e03 #[j/m2]
344

315 GIIC = 0.78e03 #[j/m2]
346

sa7 GICft = 97.8e03 #[j/m2]
348

310 GICfc = 106e03 #|j/m2]
350

351 GICmt = 0.25e03 #[j/m2]
352

353 #Element Type

355 Eltype = 'S8R’

357 circRes = 10

350 Tension_stat = TensionAmp [0][1] #[N]| wall tension

361 Pext = depth % rho.w x* g
362

363 #Pin = 500.0e05

364

365 Pin = 100.0e6

366

367 instemp = 4.0
368
360 Optemp = 180.0
370

31 ¢cP1 = (0.0, 0.0, 0.0)

s7s ¢cP2 = (0.0, 0.0, L)

375 F Create the Pipe model
377 mdb. models . changeKey (fromName="Model—1’, toName=LCname)
370 CFRPModel = mdb. models [LCname|

380

381 #- Create the Part
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383 # Sketch the pipe cross section using circular tool
355 CFRPProfileSketch = CFRPModel. ConstrainedSketch (name="CFRP CS Profile ’ ,\
387 sheetSize=0Dx5)

3s0. CFRPProfileSketch. CircleByCenterPerimeter (center=(0.0,0.0), \
390

301 pointl=(0.0,0.5%0D))

392

303 # Create 3D deformable part named "CFRP” by extruding the sketch
394

305 CFRPPart = CFRPModel. Part (name="CFRP’, dimensionality=THREED,\
396

307ty pe=DEFORMABLE BODY)

398

300 if Eltype — 'S8R ’:

100

101 CFRPPart. BaseShellExtrude (sketch=CFRPProfileSketch, depth = L)

103 # Create Material

105 # Create material i.e IM7—8552 or T300/934..etc

w7 CFRPMaterial = CFRPModel. Material (name=material)

1200 CFRPMaterial. Density (table=((den, ), ))

111 CFRPMaterial . Elastic (type=ENGINEERING.CONSTANTS, table=((E1l, E22, E33, v12, \

ns v13, v23, G12, GI13, G23), ))

115 F- Create Composite Section
117 compositeLayup = CFRPPart. CompositeLayup (name=’CompositeLayer’, \

110 description=’", elementType=SHELL, offsetType=MIDDLE.SURFACE, symmetric=FALSE,\
121 thicknessAssignment=FROM_SECTION)

123 compositeLayup. Section (prelntegrate=OFF, integrationRule=SIMPSON,

125 thicknessType=UNIFORM, poissonDefinition=DEFAULT, temperature=GRADIENT,

127 useDensity=OFF)

120 facesl = CFRPPart.faces.findAt (((0.5%x0D,0.0,0.0) ,))

131 normalAxisRegion = regionToolset.Region(sidelFaces=facesl)

133 edgel = CFRPPart.edges.findAt (((0.5%0D,0.0,0.0) ,))

1355 PrimaryAxisRegion=regionToolset . Region (edges=edgel)

157 compositeLayup.orientation.setValues (orientationType=DISCRETE)
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compositeLayup . ReferenceOrientation (orientationType=DISCRETE, localCsys=None,
additionalRotationType=ROTATIONNONE, angle=0.0,
additionalRotationField="", axis=AXIS_.3, stackDirection=STACK.3,

normalAxisDefinition=SURFACE, normalAxisRegion=normalAxisRegion ,

7 normalAxisDirection=AXIS_3, flipNormalDirection=False

primaryAxisDefinition=FEDGE, primaryAxisRegion=PrimaryAxisRegion ,
primaryAxisDirection=AXIS_1, flipPrimaryDirection=False)
layup = []

if tlin != 0:

layup . append (0)

layup = layup + complayup

if tsh != 0:

layup . append (0)

#CFRPRegion = (CFRPPart. cells ,)

faces = CFRPPart. faces.findAt (((0.5%0D,0.0,0.0) ,))
CFRPRegion = regionToolset.Region(faces=faces)

for i, ang in enumerate(layup):

; compositeLayup . CompositePly (suppressed=False , plyName=’Ply +str (ang)

75 +'—'+str (i), region=CFRPRegion, material=material ,

thickness Type=SPECIFY_THICKNESS, thickness=tcomp/len (complayup),
orientationType=SPECIFY_ORIENT, orientationValue=ang,
additionalRotationType=ROTATION.NONE, additionalRotationField="",

axis=AXIS_3, angle=0.0, numIntPoints=3)

# Create the assembly
# Create part instance

CFRPAssembly = CFRPModel.rootAssembly
CFRPInstance = CFRPAssembly. Instance (name="CFRP Instance’, part=CFRPPart, \

dependent=ON)
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7 Create Step
CFRPModel. StaticStep (name=’Step 1’, previous=’Initial ’,

description="Step 1: Apply Static Wall tension, External Pressure’, nlgeom=ON)
CFRPModel. StaticStep (name='Step 2’, previous=’Step 1’7,

description="Step 2: Apply internal pressure and temperature ’, nlgeom=ON)
CFRPModel. ImplicitDynamicsStep (name=’Step 3’, previous=’Step 2,
description="Step 3: Apply dynamic tension, rotations’, \
timePeriod=TensionAmp|[ —1][0] , maxNumlnc=100000, \

initialInc=TensionAmp [0][0] , minInc=le—8, nlgeom=ON)

5 CFRPModel. TabularAmplitude (name="Wall_tens_top’, data=TensionAmp ,smooth=

SOLVER.DEFAULT, timeSpan=STEP)

CFRPModel. TabularAmplitude (name="Rot_top’, data=Rot2Amp, smooth=SOLVER DEFAULT,
timeSpan=STEP)

CFRPModel. TabularAmplitude (name="Rot_bot’, data=RotlAmp, smooth=SOLVER DEFAULT,
timeSpan=STEP)

# Create field output request

; CFRPModel. fieldOutputRequests.changeKey (fromName="F—Output—1~,
5 toName='Selected Field Outputs’)

r CFRPModel. fieldOutputRequests [’ Selected Field Outputs’].setValues(

variables=(’S’, 'E’, "PEMAG’, 'U’, 'RF’, ’CF’, 'UVARM’))

7 Create History Output request

CFRPModel. historyOutputRequests . changeKey (fromName="H-Output—1",

5 toName=’Default History Outputs’)

CFRPModel. historyOutputRequests [’ Default History Outputs’].setValues(
variables=PRESELECT)

7 Create Reference Point

s CFRPAssembly. ReferencePoint (point = cP1l) # RP1

CFRPAssembly . ReferencePoint (point = cP2) # RP2

rl = CFRPAssembly. referencePoints
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551 ref_top = (rl1[4],)

553 Ref_top = regionToolset.Region(referencePoints=ref_top)

555 edge_top = CFRPAssembly. instances [namet’ Instance’].edges.findAt (((\
557 0.5%x0D,0.0,L) ,))

550 Edg_top = regionToolset.Region(edges=edge_top)

561 CFRPModel. MultipointConstraint (name=’Const_top ',

565 controlPoint=Ref_top, surface=Edg_top, mpcType=BEAM MPC,

565 userMode=DOF MODEMPC, userType=0, csys=None)

ses ref_bot = (rl[3],)

570 Ref_bot = regionToolset.Region(referencePoints=ref_bot)

572 edge_bot = CFRPAssembly. instances [namet+’ Instance’].edges.findAt (((\
574 0.5%x0D,0.0,0.0) ,))

576 Edg_bot = regionToolset.Region(edges=edge_bot)

575 CFRPModel. MultipointConstraint (name=’Const_up ’,

580 controlPoint=Ref_bot, surface=Edg_bot, mpcType=BEAM MPC,

552 userMode=DOF MODEMPC, userType=0, csys=None)

584 F~ Create Mesh
556 elementType = ElemType(elemCode=Eltype, elemLibrary=STANDARD)

sss CFRPCells = CFRPPart. cells

589

500 selectedCFRPcells = CFRPCells. findAt (((0.5%xOD, 0.0, 0.0),))

591

502 CFRPmeshRegion = (selectedCFRPcells ,)

504+ CFRPPart.setElementType (regions=CFRPmeshRegion, elemTypes=(elementType,))

506 CFRPPart.seedPart (size=0OD/circRes, deviationFactor=0.1)

505 CFRPPart. generateMesh ()

600 F Create Boundary Conditions
602 CFRPModel. DisplacementBC (name="BC_top ’ ,\
604+ createStepName='Initial’, region=Ref_top, ul=0.0, u2=0.0, u3=UNSET,)\

606 url=UNSET, ur2=0.0, ur3=0.0, amplitude=UNSET, fixed=OFF,\
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60s distributionType=UNIFORM, fieldName="’, localCsys=None)
610 CFRPModel. DisplacementBC (name="BC_bot ’,\
612 createStepName="Initial’, region=Ref_bot, ul=0.0, u2=0.0, u3=0.0,\

614 url=UNSET, ur2=0.0, ur3=0.0, amplitude=UNSET, fixed=OFF,\
615

616 distributionType=UNIFORM, fieldName=’’, localCsys=None)
617

618 Create Tension Load

619

620 # Step 1 load

622 # Wall tension

624 CFRPModel. ConcentratedForce (name=’Tension_top ’,\

626 createStepName="Step 1’, region=Ref_top, cf3=Tension_stat ,\
625 distributionType=UNIFORM, field=’’, localCsys=None)

630 CFRPModel. loads [’ Tension_-top’].deactivate(’Step 37)

631

632 Create external pressure Load

633

634 # Step 1 load

635

636 # External Pressure

637

635 regi = regionToolset.Region(sidelFaces=CFRPAssembly. instances [name+’ Instance’].
faces . findAt (((0.5%x0D,0.0,0.0) ,)))

639

640 CFRPModel. Pressure (name="External_Pressure’, createStepName='Step 1’ ,region =regi
, distributionType=UNIFORM, field=’’, magnitude=Pext)

641

642 #- Create internal pressure Load

643

644 # Step 2 load

645

646 # Internal Pressure

647

61s CFRPModel. Pressure (name="Internal_Pressure’, createStepName=’Step 2’, \
649

650 region =regi , distributionType=UNIFORM, field=’’, magnitude=Pin)

652 F~ Create temperature load

656 # initial temperature

653 regitemp = regionToolset.Region(faces=CFRPAssembly.instances [namet+’ Instance’].
faces.findAt (((0.5%0D,0.0,0.0) ,)))
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660 CFRPModel. Temperature (name=’Operating Temperature’, createStepName='Step 27,
region=regitemp , distributionType=UNIFORM, crossSectionDistribution=
CONSTANT THROUGH_THICKNESS, magnitudes=(Optemp, ))

661

662 #CFRPModel. TemperatureBC (name='InitTemp ’, createStepName="Initial >, region=regitem
, distributionType=UNIFORM, fieldName="", magnitude=4.0, amplitude=UNSET)

663

664 Dynamic step

665

666 CFRPModel. ConcentratedForce (name="dynTension_top’,\

667

665 createStepName="Step 3’7, region=Ref_top, cf3=1.0, \

669

670 distributionType=UNIFORM, field=’’, localCsys=None,amplitude= *Wall_tens_top )
672 CFRPModel. boundaryConditions [ 'BC_bot’]. setValuesInStep (

674+ stepName='Step 3’7, url=1.0, amplitude="Rot_bot’)

676 CFRPModel. boundaryConditions [ 'BC_top’]. setValuesInStep (

67s stepName='Step 3’, url=-1.0, amplitude="Rot_top’)

680 F~ Create Job

652 jobname = LCnamet’ _’+str(serial)

683

6842 mdb. Job (name=jobname, model=LCname, description=’Job simulates composite pipe’,
type=ANALYSIS,

685

6s6 atTime=None, waitMinutes=0, waitHours=0, queue=None, memory=90,

6ss memory Units=PERCENTAGE, getMemoryFromAnalysis=True,

689

600 explicitPrecision=SINGLE, nodalOutputPrecision=SINGLE, echoPrint=0OFF,
691

602 modelPrint=0OFF, contactPrint=0OFF, historyPrint=OFF, userSubroutine=’",
693

604 scratch="", resultsFormat=0DB, multiprocessingMode=DEFAULT, numCpus=38,
695

606 numDomains=8, numGPUs=0)

697

608 #parallelizationMethodExplicit=DOMAIN, multiprocessingMode=DEFAULT,

699

700 # numDomains=1

701

702 # Run Job

704 mdb. jobs [jobname].submit (consistencyChecking=OFF)

707 #Do not return control till job is finished running
700 mdb. jobs [jobname]. waitForCompletion ()

711 #End of job run



154 Appendix Appendix D - Multi-scale algorithm

7# Create Visualization
CFRP_viewport = session.Viewport(name='CFRP Results Viewport’)

CFRP_Odb_Path = jobname+’.odb’

# Post—processing

elsetName = None

3 A,B = getMaxStrain (CFRP_Odb_Path, elsetName)

with open(jobname+”.csv”,’w’) as f:
f.write(str (A)+”,”+str (B))
if showODB=—=True:

odb_obj = session .openOdb(name=CFRP_Odb_Path)

; CFRP_viewport.setValues (displayedObject=odb_obj)

CFRP_viewport.odbDisplay . display .setValues (plotState=(DEFORMED, ) )

def Get-BC(Tensions,angles,Select ,run,span=3):

TenAmp = Tensions [run,np.argmax(Tensions[run,:np.argmin(Tensions [run,:, Select]) ,
Select]) —100:np.argmax ( Tensions [run ,:np.argmin ( Tensions [run,:, Select]) ,Select
]) +100,Select+span |

Rotl = angles[run,np.argmax(Tensions|[run,:np.argmin(Tensions[run,:, Select]),
Select ]) —100:np.argmax ( Tensions [run ,:np.argmin ( Tensions[run,:, Select]) ,Select
]) +100,Select —span |

Rot2 = angles[run,np.argmax(Tensions|[run,:np.argmin(Tensions[run,:, Select]),
Select]) —100:np.argmax ( Tensions [run ,:np.argmin( Tensions [run,: , Select]) ,Select

]) +100,Select+span|

time = np.linspace (0,TenAmp.shape [0]*0.185 ,TenAmp.shape [0])

TensionAmp = tuple ((time[i],TenAmp[i]) for i in range(len (TenAmp)))
RotlAmp = tuple ((time[i],Rotl[i]) for i in range(len(Rotl)))
Rot2Amp = tuple ((time[i],Rot2[i]) for i in range(len(Rot2)))

return TensionAmp, RotlAmp, Rot2Amp

def get_para(ext="x*.ri”):

) Returns Analysis parameters given input file extension.

ext : string
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input file extension

Returns

S :float

Cable length.

ds :float

Element length .

Ns :integer

Number of nodes.

nospp :integer

Number of time steps per wave period.

nop integer

) Number of wave periods.

Nt :integer

Number of time steps.

Tp :float

Wave period [s]

dt :float

Time step [s]

file = glob.glob(ext)

inputfile = open(file [0], ’r’).readlines ()
S = float (inputfile [8].split(”,”)[0])

ds = float (inputfile [8].split (”,”)[1])

Ns = int(1+S/ds)
nospp = int (inputfile [13].split(”,”)[2])
nop = int(inputfile [13].split(”,”)[3])

Nt = nospp*nop
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821

s22 Tp =float (inputfile [13].split (7 ,”)[1])

823

s24 dt = float (inputfile [13].split(”,”)[6][: —1])
825

s26 return S, ds, Ns, nospp, nop, Nt, Tp, dt, file

s28 def get_-dynamic(file ,Ns,dt):

93 9

s32 Reads the dynamic solution

s35 file : ndarray, shape(no of files 7.ri”)
836

s37 List of files that are analysed in the folder.
838

s30 basefile: string

840

s41 name of the static file wihtout the extension.
842

843 nnm

sas Folder = [f[: =3] for f in file]

846

sa7 #Time step of each simulation

s1o0 Nt1 = [len (glob.glob (f+” /*.dat”))—3 for f in Folder]
851 Nt = np.max(Ntl)

353 Xd = np.zeros ((len(Folder) ,Nt,Ns))

555 Yd = np.zeros ((len(Folder) ,Nt,Ns))

s57 Td = np.zeros ((len (Folder) ,Nt,Ns) )#tension

s50 Snd = np.zeros ((len (Folder) ,Nt,Ns))#shear force in the normal direction
s61 Thetasd = np.zeros ((len(Folder) ,Nt,Ns))#angle?

s63 Gbd = np.zeros ((len (Folder) ,Nt,Ns))#curvature

864

s65 sd = np.zeros ((Ns))

866

s67 u = np.zeros ((len (Folder) ,Nt,Ns) )#transverse velocity

868

séo v = np.zeros ((len (Folder) ,Nt,Ns) )#normal velocity

571 time_stamp = np.zeros ((len(Folder) ,Nt))

872

s7s stdev = np.zeros ((len (Folder) ,Td.shape[—1]))

874

s75 stdevcurv = np.zeros ((len(Folder) ,Td.shape[—1]))
876

s77 hotspot = np.zeros(len(Folder))
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s7o for j in range(len (Folder)):

880

ss1 for 1 in range(0,Nt1[j]):

ss3 time_stamp [j,1] = dtxfloat (i)

ss5 with FortranFile (str (Folder[j])+’/Dynamic_step—'+str (i+1)+’.dat’,

ss7 Resultsd =

g.read_reals(float).reshape((9,Ns))

sso sd [:] = Resultsd [0]

890

so1r Xd[j,i,:] =

892

so3 Yd[j,1,:] =

894

sos Td[j,i,:] =

896
so7 Snd[j,1,:]

898

Resultsd [1]

Resultsd [2]

Resultsd [3]

Resultsd [4]

s00 Thetasd[j,1,:] = Resultsd [5]

900
001 Gbd[j,1,:]
902
903 ulj,i,:] =
904
905 v[j,i,:] =

906

oo7 for k in range(Td.shape[—1]):

908
900 stdev [j,k]

910

011 stdevcurv[j,k] = np.std(Gbd[j,2::,k])

912

Resultsd [6]

Resultsd [7]

Resultsd [8]

np.std (Td[j,2::,k])

913 hotspot[j] = np.argmax(stdevcurv [j]xstdev[]j])

914

915 return sd, Xd, Yd, Td, Snd, Thetasd

916

o17 if __name__

919 # S, ds, Ns,

nospp, nop,

921 # sd, Xd, Yt, Tensions
get_dynamic (file ,Ns,dt)

025 dt = 0.185

925 ds = 3.

926

927 # hotspot =

928
920 # Folder =
930
931 # Tensions
932

933 # angles =

5

’__main__":

Nt,

Snd

Tp, dt

angles

np.load (” hotspot2.npy”,

)

)

5

Ghbd,

file

Gbd,

u

u

)

)

v, stdev,
get_para ()
v, stdev,

5

allow_pickle=True)

np.load (” Folder2 .npy” ,allow_pickle=True)

np.load (? TdF2.npy” ,allow_pickle=True)

np.load (” ThetasdF2.npy” ,allow_pickle=True)

hotspot , Folder ,

hotspot , Folder ,

Nt

Nt

‘r’) as g:
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935 # Nt = np.load (?Nt2.npy” ,allow_pickle=True)

936

937 # Yt = np.load (?YdF2.npy”,allow_pickle=True)

938

930 # SelK = int (max(set (list (hotspot)), key = list (hotspot).count))
940

941 # SelT = len (Tensions[0,0,:])—3
943 # Sel = [SelK, SelT]

945 #Element length 3 m, simulate pipe with 12 m length to reduce far—field boundary
coundtions erros. two element right and left of the hotspot

946

047 run = 0

948

os0 titl = {0:”TDZ” ,1:”HO”}

951 dep = {0:400,1:15}

953 for i in range(73):

955 for k in range(2):

957 Tfile = ?IM7—8552_CFRP_"+str (i)+” -"+titl [k]+”_-T1.csv”
050 R1file = ”IM7—8552_CFRP_"+str (i)+ _"+titl [k]+” _R1.csv”
960

961 R2file = "IM7—8552_CFRP_"+str (i)+” -"+titl [k]+”_-R2.csv”
962

963 TensionAmp = np.loadtxt (Tfile)

964

965 RotlAmp = np.loadtxt (R1file)

966

967 Rot2Amp = np.loadtxt (R2file)

968

960 #depth = np.round (Yt[run,0,—1] — Yt[run,0,Sel[k]])

971 depth = dep [k]

o3 L = ds * 4

975 subtitle = Tfile[: —7]

977 CRIMMO( subtitle ,depth ,L, TensionAmp ,Rot1Amp, Rot2Amp)

979 run = run + 1
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