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ABSTRACT

Risers in offshore operations are subjected to corrosion during their ddevice
cycle. The use of relatively inexpensive, high strength to weight ratio fibre
reinforced polymer composite (FRPC) as a load bearing pipe repair sleeve is an
emerging technology that is becoming common for offshore applications. Risers
experience compk loading profiles and experimental investigations often incur

substantial time, complicated instrumentation and setup costs.

The main aim of this research istevelop a design tool féine repair of offshore

riser that suffers from external corrosioanshge on its surfacesing FRPC
material The simplest configuration offaxed platformriser in the form of a
verticalsinglewall pipe is being considere@haracterization of the stresgain
behaviour of the FRPC laminate in the composite repaiesysubjected to
various load profile®f a common riseis performedThe means of composite
repair takes into account the ease of automated installation. The final repair
method considers the use of unidirectionaliptpregnated (prepreg) FRPC that

is asumed to be helically wounded around the riser.

Finite element models of the composite repair system were developed via
ABAQUS. Global analysis of thentire length of theiser was omitted as
external corrosions usually occurs in a localised manner osutffigce of the

riser. Instead, local analyses were conducted where boundary conditions were
applied to mimic an infinitely long cylindrical structure such as the ridee.

local analyses FEA modelgere made to capture the strssisin behaviour of

the FRPC laminate subjected to different load profiles including static loadings

such as internal pressure, tensile load and bending Toaddesign loadw/ere



calculated based on a limit analysis known as DoHldstic Curve method
developed by Alexander @B8).Proper element selection and mesh convergence
were carried out to determine the FE model that can minimize the time and CPU
memory needed for the simulation without compromising the accuracy of the

results.

The seond part of this researahtegratel experimental tests to validate thE

model developed using the ABAQUS general purpose code. Due to constraints
on cost and supply of materials and equipment, sscalke tests were conducted.
Similitude relations were used to determine the scale prepdrgtween the
model and the prototype. The final results showed that the FE model can
represent the redife testsof corroded riser repaired with edixis FRPC
laminatewith great accuracgf more than 85%ence can be a useful tdok

design and paraetric study of the composite repair system

Using the validated FE modeln extensive parametric studf/the composite
repair system with respect to varying corrosion defects was conducted. The
thickness and length of the repair laminate were comparétASME PC
standard. Optimum thickness and length of the composite laminate were
determined based on the maximum allowable strains computed using the
DoubleElastic Curve method. In addition, varying fibre angle orientation of the
unidirectional prepeg was considered as it is one of the main factors in helical

winding.

Based on the results from the parametric study, a simple relation was developed
to predict the required thickness of the composite repair system taabjec

combined loadingThis relation combined with the developed FE model can be



used to provide a quick design and performance validation of a compgsite r

system for offshore riser, which is the main novelty aspect of this research.
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Chapter 1 Introduction

Offshore piperisersare deployed under hargmvironmental conditions that
frequently causeorrosion to both its internal and external surfaces. Throughout
the life cycle of the risersthey must remain intact and functional within a
predefined safety limitluring its operabn under a combination afomplex
loadings. The typical load profiles sustained by offshore risermclude
hydrostaticpressure(internal and externglXension, bending, torsion, impact
and fatigug ABS, 2008)(DNV, 2010) When localised corrosion occurs on the
surface of the riser, a weak spot is created, tedscingthe ability of the riser

to sustain these loadSonventional repair techniques incorporating welded or
bolted external steel clgmathat areattached to the exterisurface of theiser
facednumerous challengegicluding mobilisation of the heavy clamp, safety
associated with weldingn an operating riser anthe excessive installation
expensesThe use of fibraeinforced polymer composite (FRPC) as a load
bearing sleeve has emerged as a promising means of pipeline rehabilitation due
to advantages such as high specific gtien high corrosion resistance
lightweight, do not require welding arate simple to instal{Patrick, 2010)

Amid the popularity of FRPC repair techniquiess mostly applied on onshore
pipelines and less on offshore risers due the complexity of loading conditions

and the difficulty of perfornmig the job on subsea risers.

The current project aims tmnductan in-depthreview into the recent advances
in various FRPC rehabilitation techniques, hence to identify its most prominent
challenges and limitations as the subject of further reseave#igation to

determine th governing parameters crucial for the application FRPC as a load



bearing riser repair sleeveéhe performanceof theFRPCrepair systenwill be
evaluatedunder loading conditions mimicking thoseconducted in the local
analysis irthe design of aser.In order to address the viability of the composite
repair sleeve, innovativeesign based on integrated computational simulations

and experimental validationasoutlined below will be performed.

A Riser interface design and treatmtahnology for corroded riser (RC).

A Process, properties and structural characteristics of the repair system.

A Local analyss on the compleload bearing capacity of the composite repair
system.

A Damage and failure initiation of the composite repair system.

A Ease of installationgconomic viability and structural integrity during

installation.
1.1 Hypothesisand Objectives

Based on theproject backgrounddiscussed aboyehere are a number of
imminentresearch questionghich are required to be appropriatafydressed in

the current research project

A How do the different types of loading profiles such as combined (@ads
internal pressure, tension and bendjrag)d fatigue load that are typical to
offshore risers in real life scenario affect the perforreasi@ FRPC repair
applied on a localised corrosion defect on the riser?

A How do the parameters of the FRR®airsuch as fibre types, fibre volume

fraction, fibre orientation etc. affect the performance of the repaired system?



A How can the design of FRP@pair on a corroded riser be formulated
systematically with considerable accuracy representing the load profiles

sustained by the riser?
Theobjectives developed from tipgoposed hypothesis are outlined as below:

1) To analyse the effectivenessFRPCin repairing external corrosion defect
on steel risers

2) To determinethe effects of various loading profiles on the behaviour of the
FRPC repair on corroded steel risers

3) To study the effect oflifferent parameters of the composite repair system
such aghe dimensions of the corrosion defect, types of reinforcing fibre and
laminate orientatioon its performance

4) To formulate a numerical simulation model and a set of procedures that can

be used to design the FRPC repair on corroded risers.

The research methodologies involve thevelopment of an accurafaite
elementanalysismodel of the riser and the FRP®ccuracy of the numerical
solution will be validated with lab scale experimental d&tamerous key
parameters (e.g. load profilegfdct size, material properties, repair thickness,
etc.) are varied and the optimised output to the research questions are sought.
The validatedFEA model serveto providea useful platform foparametric
studyof the composite repair system for corroddfdhore risersand to furnish
informed decision for the development ofaartomated wrapping modubhehich

will be developed based oexisting design concepts of automated pipe
traversing machineThe methodology of this research work is summarised in a

flowchart inFigurel1-1.



Develop FEA model for riser &
composite repair system (CRS)

Use ISO/TS 24817 & ASME
PCC-2 as a based to determine
range of CRS thickness

Use combined FEA model &
limit state analysis to
determine design conditions

v

Validate FEA model using
small scale experimental tests
and similitude relations

:

Simulate local analysis of combined
load commonly sustained by
offshore riser on CRS using the
developed FEA model

:

Vary different parameters in
the CRS to study effects on the
performance

v

Develop a simple relation
to predict minimum
thickness of CRS

Figurel-1, Methodology
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Compare strain values at design conditions to
maximum permissible strain. Determine t,;, of CRS



Chapter 2 Literature Review

2.1 Introduction

Risers in offshore application are subjected to corrosion during their service life
cycle. As the field of offshore riser repair constantly seeks improvement over the
decades, the use of relatively inexpensive, high strength to weight ratio fibre
reinforcal polymer composite (FRPC) as a load bearing sleeve for corroded
offshore risers has started to emerge as a significant element in the field of
research and development. The literature review done in this research covered a
wide range of topics. The firpart of this review covers the typical offshore riser
repairs that were introduced prior to the emergence of composite repair. The
suitability and limitations of these repair techniques are discussed, which
prompts the need for composite repair to be thiced in the offshore industry.

The pros and cons of using composite as a repair material are studied in order to
understand the significant researchgapeded to confidently apply this repair
technique in offshore risers in the near future. Hence, stietireg composite
repair products for onshore pipelines are identified. In addition, standards and
guidelines that are relevant to riser design, pipeline repair and composite testing
and qualifications are being addressBdsearch works ocomposite repai
relevant to onshore pipeliseand offshore pipes/riserare scrutinized. The
adhesive bonding behaviour between steelpmtyinericcompositanaterialss
studiedas it is one of the elements tleasureghe quality of the repair. In addition,

the diffeent works onexisting automategbipe crawlers and pipe wrapping
devices are looked into in order to understand propos@ composite repair

system that suits theeeds for arautomatedcomposite repair machiné



summary of the literature review is givahthe end of the chapter whereby the

novel research elements are identified.

2.2 Conventional offshore riser repair methods

Riser is one of the most critical components in offshore operation as it is one of
the main elements for extraction of crude oil fréime seabed. It is the link
between the seabed and surface in which the main function can be split into
drilling or production. A riser is a long slender vertical cylindrical pipe placed at
or near the sea surface and extending to the ocearf@bakrabarti & Frampton,
1982) Risers are subjected to various types of loading due to the forces imposed
by its operation and environment. For a riser to be fit for operation, the design
of risers must comply to the safety limit of various loads in which it must
sustained throughoduts life cycle. Being submerged under water, a riser is
subjected to a corrosive environment that can cause significant material loss on
its surface. Apart from that, the erosion on the inner steel surface due to the fluid
in the riser often causes intefr@rrosion and localised corrosion known as
pitting. When the extend of such corrosion exceeds an allowable threshold, the
performance of a riser can deteriorate so much that it can no longer sustain the
different loadings (e.g. internal pressure, ten$drce, bending force) at an

acceptable limit.

In order to maintain the safe and reliable operation of a riser subjected to
excessive corrosion, repair techniques to restore the strength of the riser must be
applied. The earliest means of repairing arriavolves retrieving the corroded
section of the riser to the surface where conventional onshore repair techniques

or replacement of the part can be dfiebb, 1980) This technique is the least



favourable one as productioreeds to be halted, thus causing major inventory
losses. Further development in this area saw the invention of a repair method
that employs a cofferdam to be temporarily installed around the defective section
of the riser to provide a dry and safe areafqyerience diver to carry out repair
using welded or bolted steel clamp around the weaken area of the riser. However,
such method is limited to shallow water depths where the damage on the pipe
has to be near to the water surféfieatsoo, 2003)In addition, incorporation of

an annular gap between the steel clamp and the riser that is then filled with a
grout material such as epoxy can serve to transfer the load from weaken riser

pipe to the steel sleeve more effectivéhalmer & King, 2008)

The use of steel clamps necessitates the mobilisation of heavy structures from
onshore sites to offshore platforms, which incurs high logistics cost. As the main
content being transported by risers is hydrboa substances, application of
hyperbaric welding during installation of these steel clamps involves high risk.
In addition, the labour cost for underwater welder can be significant due to the
risk involved such as underwater explosion, electric shoclkaecuimulation of

nitrogen diffused into bloodstream.

2.3 Composite Repair for Onshore Pipelines

Similar to offshore industry, onshore pipelines can be subjected to corrosion
which causes material losses on the surface of the steel pipelines. The main
differene between onshore pipelines repair and offshore risers repair is in the
process itself. As onshore pipelines are not submersed under water, the factors
that affect a repair can be easily controlled and fibneforced polymer

composites has been widelyrimduced over the past decades. Similar to offshore



risers, onshore oil and gas pipelines carry hydrocarbon fluids that are highly
flammable. The use of FRPC material as means of repair can eliminate hot work
and the shutdown of pipeline operati@tatrick, 2004)A survey conducted by

the US Department of Transportation showed that the overall costs can be
reduced by 24% by using composite repair instead of welded steel sleeves. When
compared to the replacement of the wholedife pipe section, the cost can be
further reduced to approximately 73¥RSPA, 2000) To date, various
companies in the oil and gas industry have developed composite repair systems
that are capable of restoring the strendtbnshore pipelines sustaining different
types of defects such as mechanical gouge déguaie2-1), external corrosion

(Figure2-2) and internal corrosiorF{gure2-3).

Figure2-1, Mechanical gouge dent on a Figure2-2, External corrosion on

pipe pipe

Figure2-3, Internal corrosion on pipe



2.3.1 Types of Composite Repair

The two main categories of composite repairs applicable to onshore pipelines are
flexible wet layup systems and piured layered syste(Rehberg, et al., 2010)
(Patrick, 2010) Wet layup system involves the use of flexible fibre reinforced
fabric that is wetted with an uncured resin matrixsde which is manually
applied around the pipelines. The wetted fabric will then cure to fornf atstif
around the damaged pipe. An alternative form of wetijagystem incorporates

the use of prémpregnated flexible fibre reinforced fabric that is prevented from
curing before its application. Such systems can be veaterated, UVactivated,

or temperature activated. Pceared layered system uses a-pranufactured
fibre-reinforced composite that it bonded to the defective pipe and held together
between layers using an adhesive. Another form etpred system that is not
widely used in existingomposite repair products is the joered stanabff
sleeve. Standff sleeve provide higher structural integrity than both wetlpy
system and preured layered system as it can be-m@nufactured to the
required dimensions under optimum curing coodit. However, such systems
are sized to specific diametgiShamsuddoha, et al., 2018)jgure 2-4 shows

the different types of composite repair systems.



7 Wet lay-up

(a)

\

Pre-cured
stand-off -

Figure2-4, Types of composite repair: (a) Wetdag (b) Precured layered (c)
Precured stanebff sleeve(Alexander & Ochoa2010)(Alexander, 2006)

(Clock Spring, 2012)
2.3.2 Existing Onshore Composite Repair Products

The first composite repair system for onshore pipelines that was widely used is
designed and developbg Clock Spring, Inc. The product named Clock Sgting

is a precured layered system that utilisesglass/Polyester material with a
methacrylate adhesive that bonds the-queed composite layergigure 2-5
illustrates the manual installation operation of Clock Spring® on a steel pipe. In
1991, the Gas Research Institute conducted a research over a period of
approximately five years to assess the performance of Clock Spring®. This
report covered the basic shory and development of Clock Spring® and
documents the efforts such as material testing, short and long term stress rupture

testing, adhesive testing, burst test considering various types of defects and the
10



field assessment of Clock Spring®. In additiohalso provides a general

procedure for the safe application of Clock Spring®xander, 2006)

Figure2-5, Installation of Clock Spring®n a steel pipéClock Spring, 2012)

The drawbacks of the Clock Spring® grered system is its limitation to
designated pipe sizes and straight pipe sections. Over the years, the pipeline
industry started exploring the use of flexible wetlgysystems due its ability

to conform to any pipe diameters and geometries. In 2005, Stress Engineering
Services, Inc. performed a series of test to evaluate the AQquaWrap® composite
repair system developed by Air Logistics, Inc. for mechaniaddijmaged
pipelines. The AgqaWrap® is an example of a flexible wet-ay system that
consists of a wategictivated prampregnated (i.e prepreg) composite that is
installed over the damage ared.typical installation of AquaWrap on a
damaged pipeline is shownfkigure2-6. The repaired specimens were pressure
cycled at 100% maximum allowable operating pressure (MAOP), which is
equivalent to 72% specified minimum yield streS8YS) of the pipe. The
results of the tests have proven that the AquaWrap® can increase the fatigue life
from 103,712 pressure cycles for an unrepaired pipe to 928,736 cycles for a
repaired pipgAlexander, 2005)

11



Figure2-6, Installation of AquaWrap® on a corroded pipel{Aéexander

2005)

Similar tests were also conducted by Wdjtiorth, 2005) In his analysis of
AquaWrap® for repairing damaged pipelines, Worth performed a series of
individual test on the product to identify its flexural strength, compressive
strength, interlaminar shear, glasansition temperature, flammability, burst
strengh, adhesion to steel, chemical resistance, cure time, impact resistance and
long term performance. The results of the analysis revealed that AquaWrap®
can increase the strength and durability of the damaged virgin pipes cause by
external corrosion and aimimum of four layers is recommended on any repair
installation. In 2006, another evaluation of the AquaWrap® repair system was
conveyed. Along with this evaluation, both the previous test reports of
AquaWrap® conducted by Alexander and Worth were revieavetithe results

of this evaluation complimented the previous findings. It is confirmed that the
design of AquaWrap® conforms to the ASME P2Repair Standard, Article

4.1 (Francini & Kiefner, 2006)

Recognizing the potentifdr developing a composite repair for pipelines, Armor
Plate, Inc. initiated an extensive testing program in year 1997 to ensure that the
Armor Plate® pipe wrap system would adequately meet the repair needs of the

12



pipeline industry. The Armor Plate® pipgap is a 3part wetlayup system that
consists of the resin, putty and Armor FiderStress Engineering Services, Inc.
was again selected as the engineering firm to conduct the evaluation. The results
of the evaluation demonstrdtthat Armor Plate® is g@alid method for repairing
corroded and mechanicallamaged pipes. The strength of the repair is
governed by the thickness of the Armor Plate® wrap and the tensile stress at
each layer of the wrap, where effective stress transfer initiates once ptastic f
occurs in the steel pipe beneath the reffdexander & Wilson, 2000)In year

2000, Armor Plate, Inc. successfully expanded their business as numerous
world-wide installations of the Armor Plate® pipe wrap system wereenirad
regions such as Alaska, Saudi Arabia, China and South Af\ace

International, 2011)

In 2000, WrapMaster, Inc. developed a repair system, PermaWwagich is
similar to Clock Spring® in a sense that{oreed compositewas employed as

the reinforcement of the repair system. The-queed composite used in this
system are hard shell with adhesive installed between layers. One of the main
advantages of PermaWrdhis that the repairs are magnetic pig detectable and

available in a range of widttl{glexander, 2006)

At present, there are various products of composite repair for onshore pipelines
available in the market. Diomandwrap® isarbon wrap system developed by
Citadel Technologies, Inc. The wrap used in this repair system-digebiional
woven carboffiber material which can provide reinforcement in the hoop and
axial directions. Because of the higher elastic modulus of cafiboes
compared to glass fibres, Diomandwrap® is applicable to higher pressure

pipelines(Citadel Technologies, 2011Another example of composite repair
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used to industrial pipelines is the A+ Wt¥pdeveloped by Pipe Wrap, I
This system utilises a factory pmapregnated (prepreg) glass fiber with

moisture cured polyurethane res{Pspe Wrap, 2011)
2.4 Integration of Composite Repair in Offshore Riser

The intense interest in the research and development of alternative rehabilitation
system for repairing offshore risers has seen a shift froriteffrehabilitation

to in-situ repair using steel clamp and grouting. An ideal means of repair should
involve a reliable and safe method which requires no shutdown of operation in
order to minimise the time and production loss. In the recent years, there are
increasing discoveries of oil reserves being found at great depth into the ocean
seabed. A report made bhetUS Minerals Management Service (federal agency
responsible for offshore leases and oil activities) stated that twelve deepwater
discoveries were made in Gulf of Mexico alone in 2003, three of which were at
depth greater than 2500i@choa & Salama, 2005At such depth, it is apparent

that there is a need for more economical and facile maintenance of the offshore
facilities including riser repair. Thus, repair of risers using fiteiaforced
polymer composite materials havenerged as an attractive option to be
implemented in this field. The FRPC offers great advantages such as high
specific strength, high corrosion resistance, good thermal insulation, do not

require welding and are simple to ins{@ichoa & Salama, 2005)
2.4.1 Limitations in the Application of Composite in Riser Repair

The impediment of composite repair in offshore risers is mainly due to the

uncertainties related to the application of the composite material itself. In general,
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the Larriers to greater acceptance of composites into the offshore industry can be

divided into four main key issues which &k¢artine, 2007)

1) Technicali Industry competence and familiarity with metallic;

2) Financiali costing methds, excluding life cycle costing;

3) Commercial difficulty of entry into established supply chains;

4) Awarenes$ perceptions and lack of knowledge of industry engineer

The major focuses in research of composite repair system are technical and

awareness.

The transition of composite repair from onshore pipelines to offshore riser are
hindered by the lack of databases for the {targn damage mechanisms for life
prediction and no proper 4gervice integrity monitoringOchoa & Salama,
200B). Due to the nature of the composite material itself, where diversity in
reinforcement and matrix combination along with different manufacturing
parameters such as winding angle, fibre volume fraction, curing temperature are
feasible, it gives riséo many uncertainties in the ultimate performance and
lifespan of the composite. Various failure criteria of fibeenforced composites

are developed by researches to predict the failure behaviour of composites under
static load, long term loading andifate loading. However, among all these
criteria, no benchmark exists to validate the accuracy of the rélirit®en, et

al., 2004)

In addition to the behaviour of the composite material itself, the robustness of
the metatcomposite interface is crucial in composite repair system. Although
composite materials have already been widely used in aerospace and automotive

industry, the joining of composite material to steel components is still & non
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trivial task, which is lghly dependent of several factors such as type of adhesive,
modes of loading and geometry of the adhesive j@inyfantis & Tsouvalis,
2013) The availability of weldefined data for the determination of the strength

and durdility of the metalcomposite bonth tubular wraps still scarce.

The stresstrain behaviour of composite materials can belim@ar and their
properties are dependent on time and environmental conditions. There is a
significant lack of relevant perforance information related to the application of
composite material in hostile offshore environments. Standards that describes
the design of offshore risers relative to the different types of loadings are readily
available but are all based on the use eélsinaterials. There is no recognised
database for the design properties of composite materials in offshore application
(Ochoa & Salama, 2005)vhich is essential for the design of composite repair

system for offshore risers.

On top of that, there is no proper health monitoring system applicable to
composite repair system for offshore risers. Various research works, verification
and certification on composite repair system for steel pipelines have utilised
strain gauges as a ares of monitoring the performance of the system. Murad
(Murad, 2011)(Murad, et al., 2013)leveloped an integrated structural health
monitoring approach for composibased pipeline repair. Howevethe
cumbersome process of installing electrical strain gauges on the steel pipe prior
to the application of the composite repair greatly limits its adoption in offshore

subsea application.
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2.4.2 Automated Riser Repair Machine

Current practice of composite repaystems highly rely on manual deployment

of the FRPC material onto the defective area of the steel pipe, e.g. underwater
composite repair near the splash zone and at shallow depths are viable through
human divers. Deepwater repairs at depth of 100 metndsmore are not
feasible via manual human divers due to the oxygen toxicity effects. In addition,
quality of repairs can be compromised due to minimal visibility and harsh
conditions of the current forces and cold temperatures which can affect the
humandiver. In order to maximise the potential of composite repair for offshore
risers, the feasibility of developing more advanced systems, i.e. unmanned
automated repair machines has attracted great interest amongst major players in

the oil and gas sector.

2.4.2a Pipe Traversing/Crawling Machine

For automated repair to be achievable underwater, automated pipe crawling
systems must be design to carry the repair machine to the corroded site of the
riser. Several researches on pipe traversing machine have been reported
Chatzakos et al. developed prototype of an unmanned underwater robotic
crawler for subsea flexible risers. The testing of the prototype is shdviguire

2-7. This robotic crawler uses an inchworm translational motion to navigate
along the length of the riser. The inchworm crawling is achieved by alternating
activation of grippers and linkage meciism between two main bodies. The
linkage mechanism joins the two bodies and provides translational and rotational
degrees of freedontfigure 2-8 shavs the sequence of action for the linear

translational motion along the length riser, wikilgure2-9 shows the sequence
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of rotational motion arountthe circumference of the riser. However, the module
attached to this prototype only consists of a-destructive testing (NDT)
equipment used for inspecti¢@hatzakos, et al., 201L0yor semiautomated or
fully automated repaito be conducted, repair modules need to be dediymd

built on the pipe crawlers.

Figure2-7, Prototype of the unmanned underwater robotic crai@eatzakos,

et al., 2010)
Outer Body
All End Effectors End Effectors Moves  End Effectors
Pairs Closed  Pair A Opens Upward Pair A Closes
1 2 / 3 / 4 ;
AN Linear
Riser Carriage
End Effectors Linear Carriage End Effectors
Pair B Moves Pair B
Upward
5 Opens 6 P 7 /Closes

Figure2-8, Sequence of actions for the translational motion along the length of
the riser(Psarros, et al., 2010)
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Outer Body
Outer Inner End Effectors Rotates End Effectors
Body Body Pair B Clockwise  Pair A Closes
Riser Hydraulic End Effectors ; . :
Cylinder Pair A Opens Hydraulic Cylinder

End Effectors Hydraulic Inner Body End Effectors
Pair B Opens Cylinder Rotates  Pair B Opens
Retracts Clockwise

Figure2-9, Sequence of actions for the rotational motion around the

circumference of the riséPsarros, et al., 2010)

Yukawa et al.(Yukawa, et al., 2006§leveloped an onshore oil plant pipe
inspection robbthat can traverse along vertical piping, where attachment on the

pipe is achieved using the power generated by wtypel magnets. This robot
consists of three connected units, wit
parto. T h e rofothaversing iflasges by pnavimg these three parts
independentlyas shown inFigure 2-10. This mechanism is achieved by the
combination of drivingandIf t i ng moti on provided by t
part o. The Adrive parto contains a mo
enable the robot to move along the pipe. Once the sensor detects the presence of
aflange,thenot or on t he Atthe samectime the motor oa theo p s .
Alift parto of the first unit over come
can avoid the flange. The drive motor on the other two units then moves the
robot along the pipe. Thewmmbination of driving and lifting of the three separate

units enables the robot to traverse flanges. The advantage of this system is that

19



the use of magnetic wheels makes it possible for different diameters of pipe to
be accommodated. However, the usenafynetic force for attachment on to the
pipe might be insufficient due to the larger weight of the overall automated repair

machine which will consist of additional modules.

Figure2-10, Pipe inspection tmt by Yukawa et al. (Yukawa, et al., 2009)

Another type of pipe crawler that utilises no mechanical actuation is developed
by Balaji et al.(Balaji, et al., 2008This external pipe crawler uses a compliant
mechanism that is actuated using shape memory alloy (SMA) wire and strip.
Figure2-11 shows the 3D modelf the pipe crawler with the enlarged view of
the SMA Ushaped strip. This design provides a compact machine that can
navigate through tight spaces beneath the offshore platforms. However, it is only
applicable to a specific pipe diameter. In addition ithe taken for heating and
cooling of the SMA wire and strips causes the crawling speed to be very low

(approximately 1mm/min).
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Figure2-11, 3D model of the compliant mechanism of SMétuated pipe
crawler, (a) crawling device with clamping rings, (b) SMAdHape strips

(Balaji, et al., 2008)
2.4.2b Composite Wrapping Machine

Various manual wrapping machines have been developed to aid the process of
wrapping a tape around tliercumference of a pipe. A few examples are the
ACCUWRAP™ (SMC, 2011) DEKOMAT® KGR-Junior(DEKOTECT GmbH,
2014)and Tapecoat Hand Wrapst{&arwest Corrosion Control, 2014)hese
machines all have similar functions and are based on the same working

principles.Figure2-12 shows the complete assembly of the ACCUWRAP
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Tape Drive Belt
Handle “ Drive Belt Tensioner

| Hitch Pin Clip |
| (not shown) |

Drive Belt Tensioner Clamp

__—— Adjusting Arm
Right Wing

Wheel
Tension Knob

T Left Wing

Figure2-12, Full assembly of ACCUWRAP' (SMC, 2011)
One of the main features of these machines is that they enable constant tape
tension to be applied during the wrappimgcess via the means of a tension
spring. They are also capable of providing constant overlap in the wrap. The
wheels provide controlled motion over the pipe surface and are adjustable to
accommodate a range of pipe diameters. These features can beriaeurnto
the design of composite repair machine where automation can be encompassed

by the addition of motors and actuat¢(®MC, 2011)

A notable research on the application of composite repair in subsea environment
was conducted by (BdetdAaria, edad,R01Byhese aet a l
semtautomatic repair machine showedrigure2-13was developed and tested
underwater with the aid of divers. The function of each of the numbered
components ifFigure2-13is shown inTable2-1. Thebursttestresultson the

repaired specimen using this machdemonstrated that the machine provides

good quality of repair (burst occurred outside of repaired region) with optimised

repeatability.
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Figure2-13, Semiautomatic composite repair machideevious Studies on

Composite Repair Syste(Boulet d'Auria, et al., 2013)

Table2-1, Components on the seimiitomatic composite repair machine and

their functiongBoulet d'Auria, et al., 2013)

Item Component Function
1 Aluminium frame Body of the machine that holds the other components
2 Clamping system To clamp the machine on different diameters of pipe
3 One-metre arm Holds the long screw, can revolve around the pipe
4 Pipe The pipe to be repaired
5 Impregnated frame Holds the resin where the composite tape will be impregnated
6 Long screw Allows the impregnated frame to travel back and forth on the
one-metre arm
7 Gear box Allows the reversing inclination of the impregnated composite
tape
8 Tensioner Controls the tension applied on the composite tape
9 Three handling bars  Allows the handling of the machine through divers assistance
10-12 Rotating handlers Rotated to drive the moving parts of the machine (to be replaced

by motors in the future)
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2.5 Previous Studies on Composite Repair System

2.5.1 Composite Bonded Repair in Other Applications

Prior to the introduction of FRPC material for steel pipelines rehabilitation,
FRPC has been widely used in other regpplications such as aircraft structure,
concrete piles and steel beams. These studies can be categorised into two major
parts which is experimental study and finite element analysis. Although different

in terms of geometrymaterials,boundary conditiongnd loading conditions,

these studies provide an understanding to the different behaviours of composite
material in strengthening structurally weakened structures. This serves as a

foundation to the research of composite repair system for pipelines.

Expaimental investigation ofcarbon fibre reinforced polymerCERP
strengthened steel rectangular hollow section (RHS) subjected to transverse end
bearing loadwas done by Zhao et glzhao, et al., 2006)The ultimate load
capady of the RHSwas foundncreased by 50% with the application of CFRP
strengthening. The failure mode of the RHS changed from web buckling to web
yielding as shown ifrigure 2-14. Neverthelessdebonding of the CFRP plate

from the RHS is observed.
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Figure2-14, (a) Web buckling of unstrengthened RHS (b) Web yielding and

debonding of CFRP strengthened R{Z8ao, et al., 2006)

A study on strengthening of stedbéams using CFRP stripsasconducted by
Narmashiri et al. where both ftdcale experimental tests and finite element
modellingwere used(Narmashiri, et al., 2010) The four point bending setup

and modelling of the CFRP strips on the sides oftteaim are shown iRigure

2-15. The steel beam, adhesive and CFRP stripse modelled using three
dimensional temode triangle elements and nonlinear trial and error static
analysiswas carried out.This is done by incising the load applied to the
structure step by step. The maximum bending load is determined when the
plastic strain in the first element reaches the ultimate tensile sifam.
experimental and numerical results show good agreement, where application of
CFRP stripswas foundable to increase the load capacity of the beam and

decrease deformations.

25



Figure2-15, Bending test setup and finite element modetlméam

strengthened with CFRP striidarmashiri, et al., 2010)

A finite element study of cracked steel circular tube repaired by FRPC patching
is executed bylLam, et al., 2011)The cracked steel tube was modelled using
threedimensonal twenty node quadratic solid elements while the adhesive and
FRPC patching were modelled using eight node reduced integration shell
elements as shown iRigure 2-16. The mode |stress intensityactor (si) of
cracked steel members wisind to be reduced with the application of FRPC
patching. Using thes; and Paris equation, the fatigue life of the ceatkteel

member was increagdy 22 times with the application of FRP patching.

CFRP layer
Adhesive layer

Steel tube

Symmetrical boundary

condition assigned along

longitudinal direction
(32, 04,03 =0)

Symmetrical boundary
\ condition assigned along
circumferential direction
(51, 05,03 = 0)

Figure2-16, Finite element model of cracked steel tube with FRPC patching
(Lam, et al., 2011)
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The various works conducted have showed that application of FRPC to reinforce
structural element is a viable option. Experimental testing can be used as a means
of determining the effectiveness of the repair or reinforcement. The use of
numerical modellingan be a more cost effective solution where accurate results

have been shown to be attainable thromgmerougrevious studies.

2.5.2 Application of FRPC in Onshore Pipeline Repair

Research on composite repairs for onshore pipelines has been widely explored
over the years. Duell et al. studied the effects of varying corrosion length of the
structural performance of a corroded steel pipe repaired with carbon/epoxy
fabric subjected to pure internal press(brell, et al., 2008) Their work
involved both fullscale experimental testing and finite element modelling. The
steel substrate, filler putty and CFRP were all meshed using ten node tetrahedral
solid elements as shown kigure2-17. The finite element model was able to
predict accurately the burst pressure of the repaired specimen. For an
axisymmetric defect of 6 inches length in the longitudinal direction, both the
FEA predictedand tested burst pressures were 43.8MPa. For a slot defect of 6 x
6 inches, the FEA predicted result was approximately 3.7% higher than the tested

result.
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Figure2-17, 3D finite element model used in Duell et al.'s wikell, et al.,

2008)

Stress analysis was conducted by Meniconi e{Naéniconi, et al., 2002)o

examine the stress transfer in a pressurisetbded steel pipe repaired with
different types of composite repair systérwet-layup of dry fibre glass fabric

with liquid resin, precured glass fibre composite and 4mrgregnated
composite fabric wrapped with water. Finite element analysis that usesi20

reduced integration solid elements was also built to produce a model that can
well represent the composite repair system. The experimental and FEA results
(Figure 2-18) show good agreement in the elastic region with slight deviation
after yielding. The abHgure2sli8 denotes the A CC O
circumferential strain on the unrepaired pipe and repaired pipe respectively,
while the 150% denotes the increase of
This is based on the hgfhesis that continuously wrapped fibres developemor
circumferential stiffness thdtat tensile specimens, as properties for composite

laminates are usually tested via flat tensile specimens.
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Figure2-18, Comparison between experimental and FEA results (CC =
Circumferential stain in corroded region , CRC = circumferential strain in

corroded region of repair pipéyleniconi, et al., 2002)

Experimental and numerical investigation of externally reinforced damaged
pipelines with carbon fibre polymer matrix composite is conducted by Lukacs et
al (Lukacs, et al., 2010 he test focus on unreinforced and reinforcedlpips
subjected to cyclic loading of internal pressure followed by burst test. The
repaired specimens were able to sustampt@ssure cycles without failing but

no effort was done to study the streimin behaviour of the repaired pipes under
such loathg. Cyclic pressure (100 psi to 72% SMYS) tests were also conducted
by Stress Engineering, Inc. in the evaluation of the Aquawrap® system in
repairing mechanically damaged pipéslexander, 2005) The use of the
Aquawraf® composite sleeves was found capable to increase the fatigue life of

a damaged pipe from 100 cycles to 100,000 cycles.

The compressive strain limits of composite repaired pipelines were investigated
by Shouman and TahefShouman & Tahér 2011) In their work, buckling

behaviour of the composite repaired system was investigated using beth full
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scale testing and finite element modelling. The finite element model was meshed
with a total of 16,320 three dimensional reduced integragéimht node linear

solid elements. The finite element model was able to capture the buckling
behaviour of the repaired pipe, with local buckling occurring in the unrepaired

(undamaged) section of the pipe as showrigure2-19.

T
JORETTTEARIDL LTI
T T T T

Figure2-19, Comparison of buckling shapes betweendghle testing and

finite element modellingShouman & Taheri, 2011)

2.5.3 Application of FRPC in Offshore Riser Repair

In recent efforts to administer the use of composite repair in offshore pipelines
and risers, the need for more extensive research on different factors that affect
the performancefahe repair has been prompted. Based on the various literatures
on composite repair system for offshore industry, it is concluded that the works
done thus far were focused on two major aspects, (i) the performance of

composite repair system subjected iffedent conditionings (i.e. saltwater
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exposure, temperature variation, moisture absorption) and (ii) the performance
of the composite repair system subjected to additional loads sustained by

offshore risers compared to onshore pipelines.

The rehabilitatio of underwater tubular steel structures with FRPC material was
carried out by Seica and PackBeica & Packer, 2007The flexural strength of
in-air versus underwater cured of the structurally reinforced steel tubes with
FRPC were investigated using fgltale experimental tests. The curing of FRPC
wrap on the steel pipes is shownHRigure 2-20. Increase in ultimate bending
strength and flexural stiffness were attained by bothinnand underwater

specimens, with kair specimens showing superiority over underwates.

Figure2-20, FRPGwrapped specimens cured under saltwater condi{®eisa

& Packer, 2007)

In the work conducted by Esmaeel et al., steel pipes reinforced with FRPC were
immersed in saltwater for 225 days and subjected to theytiomg with a
temperature range of +5°C to +55°C. It was found that the moisture and hot

cycle conditioning degraddgtle modulus of elasticity of the composite material.
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Finite element modealising threedimensional eight node reduced integration
linear solid continuum elementEiQure 2-21) was used to baekalculate the
degraded modulus value. Reasonable correlation between experimental and
numerical results was obtained by using a 76.5% degradation in the modulus of

the compositéEsmaeel, edl., 2012)

Figure2-21, Finite element model of repaired pipe and enlarged view of

corroded region megiitsmaeel, et al., 2012)

In addition, a program to evaluate different composite repair products in subsea
environment run by Stress Engineering, Inc. is currently underway. Test samples
were placed in seawater test facility for 10,000 hours and will be removed for
pressure, tensiopand bending tes{®\lexander & Bedoya, 2011 he result of

this program is yet to be documented as it is stdgoimg. A study to extend
onshore pipeline repair to offshore steel risers with cafitiwa reinforced
composies by understanding the complex combined load profiles of a riser was
done by Alexander and OchdAlexander & Ochoa, 2010)Finite element
modelling and fullscale tests were used to address the viability of reinstating the

capacity of corroded risers in sustaining combined internal pressure, tensile and
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bending load through rehabilitation using carbon fibre composites. Distinctive
from other numerical assessment of composite repair, Alexander and Ochoa
utilised fournode reduaed integration shell elements instead of solid continuum
elements. The prototype tests demonstrated the capability of the unique limit
analysis and strain based design methodssess the performancestdel pipe
repairedwith composite reinforcemerA wide variety of research works have
been conducted by Alexander and his team over the years. Integrated analysis
and testing programmes such as pressure cycle testing of composite reinforced
steel pipes for longerm design, wrinkle bend tension testofgepair systems

were conducte@Alexander, 2012)

2.5.4 Bonding of Composite to Steel Pipe/Riser

The bonding of the reinforcing FRPC material to the steel riser is essential for
the repair to be functional. Over the years, numestudies related to the steel
composite bond strength have been reported where FRPC has been widely used
to reinforce structural steel members such as columns and.bEaeaccuracy

of the prediction using the finite element model highly depends omthé i
parameters used to define the bond between the inner surface of the composite
and the outer surface of the steel riser. A full finite element analysis should
include effects of bending, adherent shear, end effects and thénean
behaviour of the @ghesive and adherents. The most widely used approaches in
characterizing the bond strength of adhesive joints using finite element analysis
can be divided intawo maincategories which are the continuum mechanics
approach (stress basedhdthe fracturanechanics approa¢Banea & da Silva,

2009) (Andre, et al., 2012)The continuum mechanics approach is basically a

strengthbased approach where maximum stress or stidi@rion isused to
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determne the strength of the borthe fracture mechanics approach is based on
the fracture properties of the joint componentgerethe failure criterionis

expressed as either the energy release rate or theistesssty factor

Haghani(Haghani, 2010tonducted both numerical and experimental study on
the adhesive joints between FRPC laminates and steel members. Within the
finite element model, the FRPC laminate, adhesive and steel member were
modelled using three dimensionah8de reduced integration elements as shown

in Figure 2-22. Continuum approach of maximum stress/strain linear elastic
analysis was used to predict the adhesive bond behaviour. Good agreement is
observed between the experimental work and finite elea@alysis in terms of

strain distribution at the mid hi ckness of the adhesive
However, the experimental test showed that failure is more prone to occur at the
steeladhesive interface. A similar approach was used by Yang et al. where
different FRPto-steel joint configurations and a beam bonded with FRPC are
studied (Yang, et al.,, 2013) Two-dimensional plain stress foaode
quadrilateral elements were used in the finite element model as shéiguia

2-23. It was determined that the interfacial stresses varied with different FRP
to-steel joint configurations. Future study must be conducted to relate

models to specific FRBtrengthened steel structures.

The drawback of continuum mechanics approach is that it assumes a perfect
bond between the adhesives and adherends, hence omitting the adhesion
properties of the interface. This gives risestngular strain distribution due to
the bimaterial wedge at the idealised joifihestrain distribution at the edge of

the bond is hence dependent on the degree of mesh refin@uoggi 1968)
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Figure2-22, Finite element model used in Haghani's work (Haghani, 2010)

PA
MA

FRP plate AS

Adhesive layer *PA — FRP plate to adhesive

MA — Middle of adhesive

Steel block AS — Adhesive to steel

Figure2-23, Finite element model of FR®-steel joint (Yang et al, 2013)

The fracture mechanics approach can be modelled using finite element analysis
by including a zone of discontinuity modelled by cohesive elements. Bocciarelli
et al. studied the debonding of CFRP on a steel beam reinforced with CFRP
strips subjected to theepoint bending usingohesiveinterface elements
(Bocciarelli, et al., 2008)The finite element model was able to capture the
debonding behaviou~{gure 2-24) both quantitatively and qualitatively, with

numerical results showing reasonable agreement to experime@alrements
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Interface delamination

Figure2-24, Debonding between the CFRP stumd steel beam (Bocciarelli et

al, 2008)

The study of bonding strength of composite material @steel adhered in
composite repair for pipelines (i.e. encircling composite sleeve) is still starce.
most of the literature on composite repair of stepegj the finite element
models consider a continuum mechanics apprdachr e xampl e, i n
work of developing a composite repair system for reinforcing offshore risers, the
author utilised this standard requirement to assess the bond strendjn of t
composite repair by examining the maximum shear stress at the@tegbsite
interface of the finite element mod@lexander, 2007)According to Section

II-3 of the Article 4.1 in the ASME PCE standard, a minimum bond strength

of 4MPa is required for metal substrate to composite adherent lap shear test.
Disbond regions were assigned to the models to study the effects they had on the
shear stress distribution of at steemposite interface. It was determined that
the highest shear stress at design load occurred in repair with outer disbond
regions as shown iRigure2-25 but the minimum bond strength value (4MPa)

was not exceeded.
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‘ Max stress of 1,750 psi ‘ ‘ Max shear stress of 260 psi ‘

— —-—
Case A — Shear stress in halfshell bond line Case B — Shear stress in halfshell bond line
(outer disbonded region) (center disbonded region)

Max shear stress of 240 psi ‘

NOTE: Shear stresses extracted

from interface bond line between —— ——

outside surface of steel and

inside of composite half shell.

Figure2-25, Shear stress at stesmposite interface of the finite element

model(Alexander, 2007)

2.6 Standards & Guidelines

For the thorough study on the composite repair system for risers, there must be
an indepth understanding on the existing of relevant industrial standards and
guidelines for certain practices. These standards are set by governing bodies such
as theAmerican Society of Mechanical Engine€fisSME), American Petroleum
Institute (API), International Organization for StandardizatigiSO) andDet

Norske VeritagDNV), and are developed to a series of wpddinned tests to
validate different governing parameténsit can be transformed into a standard
practicable set of instructions. In order to provide an overall picture of the
current code of practices, the different industrial standards and guidelines can be

broken down to three major categories . The thrgemsategories are:

1) Standards for pipeline design

2) Standards for riser design
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3) Standards for pipeline and riser repair

2.6.1 Standards for Pipeline Design

ASME B31.4, (2006) Pipeline Transportation for Hydrocarbon Liquid and Other
Liquids (ASME, 2006) and ASME B31.8 (2003) Gas Transmission and
Distribution Piping SystertASME, 2003)are standards related to the design of
pipelines which provide information on the stress and strain limits of industrial
oil and gas pipelines. The ASME B31.4 prescribes requirements for the design,
material, construction, assembly, inspection, and testing of liquid piping system.
This standard gives a reference to the allowable stress values of piping system
manufactured usingifferent steel materials. In addition, it also explains the
viable repair and maintenance methods for the pipelines suffering from different
defects. The ASME B31.8 covers the similar scope as the ASME B31.4 but is
applicable to gas piping system. Althougtt specifically intended for offshore
risers, these standards provide a good foundation for pipeline design that in turn
defines the requirements on the repair using FRPC materials. The API RP 1111
(1999) Design, Construction, Operation and Maintenante Offshore
Hydrocarbon Pipelines (Limit State Desigi§Pl, 1999)provides the design
cycles of offshore steel pipelines/risers based on limit states imposed by different
design conditions such as the burst due to internal peessugk the combined

bending and tension during operation.

2.6.2 Standards for Offshore Riser Design

Offshore risers are more complicated than onshore pipelines due to additional
stresses, fatigue and harsh environment. The APl RP 2RD (I898yn of

Risers for Foating Production Systems (FPSs) and Tensieg Platforms
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(TLPs)(API, 1998)and, DN\OS F201 (2010Pynamic Riser§DNV, 2010)
ABS(2008)Guide for Building and Classing Subsea Riser Sys(amS, 2008)

are similar standards that provide a better insight into the design of risers. For
example, the DNMOS F201 covers the design, materials, fabrication, testing,
operation, maintenance andassessment of single pipgeel riser systems. It
provides the design philosophy, safety requirements and classification of loads
for riser system. The framework for global analysis, combined loading analysis,

load effect assessment and fatigue analysis are elaborated.

It is hene prudent to utilise these standards to evaluate the design loads
computed in the current study against the range of design loads that is set within
the safety limits by these standards. The understanding of the different types of
loads sustained by a liveser can be used to determine the load cases in of the
composite repair system. The different types of static and dynamic analysis run
on a riser system can be translated to the analysis of the composite repair system
applied on corroded risers. The giblnalysis is not taken into consideration as

the corrosion on the riser occurs in a localised manner. The composite repair is
thus designed based on the requirement to suppress the stresses suffered by the

corroded riser in the form of local analyses.

2.6.3 Standards for the Evaluation of Corroded Pipeline/Riser Residual

Strength

The composite repair system serves as a remedy for deteriorated pipeline/riser
that is manifested in the form of an external corrosion. Before concluding that a
means of repair is reqed on a corroded pipeline/riser, its residual strength must

be determined. The ASME B31G (19%¢&thod for Determining the Remaining
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Strength of Corroded PipelineRASME, 1991)and DNW-RP-F101 (2010)
Corroded Pipeline$DNV, 2010)are standards that provide guidelines to assess
the condition of corroded pipelines. It is worthy to note that these standards are
meant for the application of corroded pipelines where the residual strength is
determinedmainly based on the internal pressure. The effects of combined
internal pressure and axial loads such as bending and tensile loads are outside
the scopes of these standards. In addition, it is not applicable to pipelines
suffering from mechanical damagee( gouge and dents) or sharp defects (i.e.
cracks). In terms of evaluating the residual strength of corroded risers, there is
no specific standard that can address this problem. The existing standards
applicable to pipelines are therefore used as a duoidétain an approximate
value to be implemented into the design equations of the composite repair system.
Ultimately, the finite element analysis is used as a tool to optimise the composite
repair system based on the residual strength of the risersdiffegent sizes of

corrosion defects are modelled.

2.6.4 Standards for Corroded Pipeline/Riser Repair

Once the corroded pipeline/riser is proven to befiametional or approaching
failure, a repair method can be applied on the corroded region in order to restore
the strength of the pipeline/riser. The current research is solely focused on the
applicationFRPC as a repair technique. The ASME PZ@008) Repair of
Pressure Equipment and Piping, Article 4.1, Ndetallic Composite Repair
Systems for Pipelines and Pipework: High Risk Applica(®8ME, 2008)and

the ISO/TS 248172006) Petroleum, Petrochemical and Natural Gas Industries

i Composite Repairs for Pipewoik Qualification and Design, Installation,

Testing and InspectiofiISO, 2006)are employed to determine the required
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properties and pamnaeters of the composite repair. Both of these standards
employ the same equations in the computation of the required thickness of the
composite repair. The equations are based on parameters from both the repair
material and the substrate. The parametalsde the modulus of elasticity for

the FRPC and the pipe material, the yield strength of pipe material, the
dimensions of the pipe as well as the maximum allowable pressure of the
corroded pipe. However, the shortcoming of these standards is that timeumaxi
allowable working pressure (MAWP) is computed based on the ASME B31G
which has the limitation of being only applicable to individual internal pressure
load case. The required thickness computed using the ASME2R€@Gence
compared to those obtaine\a limit analysis using finite element simulation

to account for the case of combined loadings.

2.7 Concluding Remarks

Based on the literature review discussed, it can be observed that composite repair
for offshore riser is a potential means of reinforcetrer offshore steel risers.
Composite repair for onshore pipelines has been widely used in the industry
where numerous researahdatechnical reports have been conduttedalidate

their functionality. In an effort to integrate the use of composite repair for
offshore structures, different studies have been conducted to characterize the
performance of such repa8everal research gaps were identified and are further

discussed in the paragraphs below.

Most of the studies otomposite repair system for steel pipesse donenthe
basis of static loadingvith majority of themrelated to the capacity of the

repaired system in sustaining the hoop load as this is the nmierocanonshore
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pipeline failuregDuell, et al., 2008fMeniconi, et al., 2002)nvestigations of
composite repair system for offshore pipeline/riser applications were mostly
focused on the enviromental conditioning of the composite material rather than
on the different loading conditions sustained by subsea riS¢uslies on
combined loading such as internal pressure, tension and bending were limited.
In addition, the design of the composite lieggstem in this study were done
based on the industrial standard ASME PZ&nd ISO/TS 2481No effort was
conducted to formulate an accurate and repeatable diegigfor composite

repair system in offshore riser applications.

The research on the faie mechanisms within the composite material itself and
the steelcomposite interface is scarg@ne of the major aspects in reinforcing
steel structures with FRPC is to study the bond behaviour between the two.
Although various literatures on the bondstgength andbehaviour of the steel
composite iterface is extensive, majority of the studies were conducted on
coupon test specimeiidaghani, 2010§Bocciarelli, et al., 2008)Yang, et al.,
2013) Characterization of the actual behaviour of the steriposite bond were
also manifested in fulbcale test and finite element modelling but limited to
patch repair(Zhao, et al., 2006)Narmashiri, et al., 2010nstead of full
encircled wrapd.ocal analysis of bond integrity at the steemposite interface
under cyclic loading mimicking wave/current forces is an important aspect that

is not addressed.

In this study, lhe understanding of the industrial design standards and guidelines
were used as a basis to ensure that the stithe CRSfor offshore risers are
aligned with theiser desigmequirementdnderstanding the effects of different

loading condions on the composite repair system is one of the essential steps to
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extending its application to offshore riser. With a design and analysis tool that

can accurately predict the behaviour of the composite repair system, confidence

level in its applicatioron offshore risers can be increased and can be made
repetitive according to a set of standard procedures. However, to the best of the
aut horés knowledge, there is no compre
this issue. The lack of such information ¢ander the application of composite

repair system at inaccessible depths via automated mathing, this research

gap has prompted the research work documented in this thesis.
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Chapter 3 Design of Composite Repair System for

Offshore Riser

3.1 Intr oduction

The literature review conducted @hapter 2reveals that the existing standards
and regulations do not have any specific guidelines on the dafsigrand gas
offshore riserrehabilitation using FRPCNevertheless there are several
standardsavailablefor the repair of onshore pipelines usirR@PC (ASME,
2008) These standards provide a basis for the design of composite repair system
for offshore riser Based on the standards developed for compositer repai
onshore pipelinesnodifications and enhancements were carried out to include
additional constraints adading conditionsommonly experienced by offshore
riser. Review intothe types ofconstraints andoadngs sustained byypical
offshore riseralong withthe procedure foevaluation of residuatrengthof a
corroded risewere outlined in the current chapt@ased on thealculated
residualstrengthof the corroded riser, thieasic requirements (thickness and
length) of the composite repaican bedeterminedthrough the established
formulations as describeth ASME PCG2 (ASME, 2008) The computed
dimensionsof the composite repair systems providestarting point for
optimisation of the compositeehabilitation pedrmancebased on various
factors such as loading conditions, fibre type, fimientationangle andeverity

of corrosiondefect on the riser surface
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3.2 Loading Conditions of a Riser

The design of a composite repair system for an offshore riser can vary
significantly from that of an onshore pipeline. This is due to the fact that risers
are verticdly suspendedtbelow oil rig floating platform and largely submerged
underwatemwhereasypical onshorepipelines are horizontally supported. The
position of the iser along with its subsea environment poses more complicated
loading conditionsvhich are requiretb be taken into account when designing
the composite repair systenthese additional loading conditionsan be
categorised into functional loads, enviromtaé loads, installation loads and

accidental loads.

3.2.1 Functional Loads

Functional load are thein-serviceloads that the riser has to sustain during its
operation. As the main function of a riserasarry the oil from the wellhead to

the surface, the n@ functional load is undoubtedly the internal pressurénaris
from the fluid pressure acting on thrgernalwalls of the riserSimilar tothe
design of onshore pipelines, twemnditions ofinternal pressutethe burst
pressurePy, and the design pressuRa, can beconsidered imriser design. The
burst pressure?y,, also known as the test pressure, isabgngpressurevhen

total failure of the pipe occurs and the internal fluid is no longer contained. The
design pressurd)q, also known as the maximum allowable operating pressure
(MAOP), is the maximum pressure at which a riser may be operated in
accordance with the provisions of the design cdiBesed on a list of steel
catenary risers (SCR) available at different tensigmplatforms (TLP), namely

Auger 1994, Mars 1997, RaRowell 1997 and Marlim Semi 1995, the operating
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pressure of SCR ranges from 14 to 43 MRawells, 1995) The variation in
operating pressure of the riser depends on itsimadnpipe size and the wall
thickness. It is also determined by function (fluids) of the riser, such as drilling
riser, oil or gas transmission riser and water injection rigeaddition tothe
internal pressure, tension is a common functional loaddhagiplied to a riser.

This is usually a constant tensile force imposed on the riser to avoid buckling
and excessive bending stresses due to platform motion, wave and current forces
and vortex induced vibration (VIV{Stanton, 2006) The magnitude of the
applied tension depends on the weight of the riser, buoyancy of the riser and the
lateral forcesThe first SCR installed from a moored floating platform in water
depth of 910m utilised a design top tension of 1780 kN. This SCR was installed
as part of a program conducted by Petrobas to evaluate the use of SCR connected
to moored platforms. The monitog program supplies data from real scale
measurements to validate computer models used in the design of floating
production platforms, deep water mooring systems and catenaryvsaehado

Filho, et al., 2001)

3.2.2 Environmental Loads

Environmental loads are caused by wind, waves and current forces, and vortex
induced vibrations (VIV)Stanton, 2006)These forces can generate platform
motions which displace the risers relative to its mean positnvironmental

loads vary significantly with weather conditions and hence are highly climate
and location dependent. In most casespthgnitude of the environmental loads

is insufficient to cause static failure of the riser and hence the composie rep
system. However, wave and current forces are cyclic in nature. The main sources

of fatigue loading on riser can be categorised as:
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(1) First order wave frequency and second order low frequeesselmotions
due to waves and wind

(2) Vortex induced vibratiofVIV) of the riser due to currents

(3) Vortex induced vibration of the riser due to vessel heave (HVIV)

(4) Vortex induced motion (VIM) of the vessel due to currents

In riser design, fatigue stress analyses are usually conducted through global
analyses where theanement of the entire length of the riser from the platform

to the seabed is simulat@dNV, 2010) In this research, global analysis was not
considered as the composite repair system is considered to be applied on a
localised regiortontainingcorrosion defectdence two types ofocal analyses

were conducted to study the environmental load, (ijcsttalysis and (2)
simplified low cyclefatigue analysis. In the static analysis, a constant bending
load was defined as the only environmental lmedrder to study the capability

of the CRS in withstanding the deformation.the fatigue analysis, caast
loading amplitude and frequency defined based on a specificdata®btained

from literaturewas applied to study the failure of the CRS through Interlaminar

delamination and dimnding between the FRPC and steel riser

3.2.3 Installation Loads

Installaton loads are those that arise during the deployment of the riser.
Installation loads are dependent on the installation procedures and the technique
in which the riser is tied in to the maginoductionunit on the offshore platform.

As defects such as extal corrosion that imposes the need for a repair system
only takes shape after the riser is in service, installation loads arenmgba

concern when designing the composite repair system.
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3.2.4 Accidental Loads

Accidental loads are those that occur inadvertently due to abnormal operating
conditions, technical failure and human error. Accidental loads are those that are
unpredictable and situational dependent with examples such asidioi),
earthquakes and imapts from foreign objects. It is normally not necessary to
combine these loads with other functional and environmental loads unless site
specific conditions indicate such requiremditterefore, this type of loads is not

considered irthe currentesearclproject.

3.2.5 Load Cases

Based on the loading conditions of a riser as discussed in s8@iqra set of
typical load cases are derived and usedeérsthdy of the CRS with aid of FEA.

The effects due to functional and environmental loads are considered and are
represented in terms of internal pressure, effective tension and effective bending
moment. This is aligned with the load acceptance criteti@rdd from section

4, analysis methodology of the DNVUS-F201 (DNV, 2010) where the main
loading effects considered are the differential pressure, bending moment and
effective tensionThese load cases were being sinedathrough local static
analyses where maximum stresses sustained by the riser were conkinlesied.
analyses of low cycle fatigue load was conducted to examine the integrity of the

FRPC interlaminar bond and FRPC to steel riser bond.

3.3 Design Requirements

The design requirements of tB&kScan be split into two majaronsiderations
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1) The composite material wrappatbundthe riser must be able to sustain
the stresses induced by different loadings/ach a riser is susceptible
to. These stresses must ngteed the desigrd limits while the strain
must be kept below a threshold vahlsove whicht will affect the load
carrying capacity of the repaired riser.

2) The interfacial bond between the riser and the composite materials must
be well establisheduch hat the composite will not delaminate from the
steel surface. If the steebmposite interface bond is not sufficiently
strong, adequate stress transfer from the steel riser to the composite

material will not take place.

3.4 Residual Strength of Corroded Rises

An essential part in the design of a composite repair system is to determine the
residual strength in the corroded riseBepending on the severity of the
corrosion defectthe level of reinforcement needed to restore the strength of the
corroded rises can be determindgtirougha series oflesign calculations. The
residualstrength of the corroded riser can be evaluated using the equations
provided in the ASME B31G, Methods for Determining the Remaining Strength
of Corroded Pipeline4ASME, 1991) It is essential to point out here that
employing evaluation based on ASME B31G possessed an inherent limitation
whereby the criteria for corroded pipe to remansénvice as presented in this
Manual are based upon the aFildaf the pipe to maintain structural integrity
under internal pressure only. It should not be the sole criterion when the pipe is

subjected to a significant secondary stresses (e.g., bending, tension), particularly
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if the corrosion has a significant traesy s e ¢ o rHpnoe) iecart only be

used as an approximate benchmark and not as an absolute guideline.
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Numbers adjacent to data points are
o, failure pressures expressed in -
’ torms of % SMYS
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Maximum corrosion depth/pipe wall thickness, d/t

Corrosion length/ (pipe radius X wall thickness)'/2, L |/ At

Figure3-1, Parabolic criteria for classifying corrosion defects according to

predicted failurestresYASME, 1991)

The factors that determine the failure of a corrosion flaw are the corrosion size
relative to the size of the pipe and the flow or yield stress of the makagiate
3-1shows the relationship between the-kilte test failures and the criterion for
acceptance of corrosion pits in line pipe. This criterion states that the pipes shall
withstand gpressure equal to a stress level of 100% of the specified minimum
yield stress (SMYS). The solid line shown in the figure is the line that identifies
failure pressures of less than 100% SMYS. The use of 100% SMYS as a
reference to acceptable limits indieatthat the criterion is very conservative.
The acceptable region in the plot is the shaded region and to the left of the solid
line. Corrosion pits that have depths and lengths that fall above the curve are not
acceptable, and in accordance to the cateriesented, the operating pressure
either has to be reduced, or the corrosion pit repaired.
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Figure3-2, Process of assessing the remaining strength of a corroded pipe

(ASME, 1991)

The process of assessing the remaining strength of a corroded pipe as suggested

in ASME B31G is shown ifrigure3-2. Once the corrosion depth is determined
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to be 10%to 80% of the nominal wall thickness of the pipe, the extend of the
corrosion area along the longitudinal axis of the pipe is measured. This length

must not be greater than the value calculated U@ 1,

L=112B,/D,t, 31

WherelL is the maximum allowable longitudinal extent of the corroded &rea,
Is the nominal outside diameter of the pifpas the nominal wall thickness of

the pipeandB can be computed usirkey. 3 2,

2

a d/t Q
B= [&& P 0-1 3-2
@.1d,/t, - 0152

whered. is the depth of the corrosion. If the corrosion length is greater than the
value calculated usingg. 3 1, then the burgtressure of the corroded pipe must
be compared to the maximum allowable operating pressure (MAOP) of an
uncorroded pipe to check whether it is fit for operatidre burst pressure of the
corroded pipe can be calculated udiity 3 3to Eq. 3 7 provided inthe ASME

B31G standardASME, 1991)

(1) Burst Failure Pressure:

e 2.d o
Sﬂowdt é 1_ 5% lzl °L (jzé. 6
Pb,corr: D pg 2 -d plg’ O c0%8(]:4.0 3'3
D le X e =t ¢D+¢t, =
é 3 tp MU
¢ . 0 o
5 e - u o 29 ~
P, =t Hee by \/OB%aLC §2843—a ©82 40 34
,corr é d u’ . Q o)
RO B Yoy Do = g%, 2
é tp MU

(2) Flow Stress:
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S 10 = SMYSH+ 68.95MPa 35

(3) Folias Factor:

L 2
M =0.032——+33, L’/D,t_ 250 3-6
D c o p

o-p

2.51%% 82 0.05%% 84
S YN

,L2/D,t¢50 37

WherePy corr is the burst pressure of the corroded pipey is the flow stress of

the pipe material, an is an empirical constant called the Folias Fadtor.
should benoted that these equatioae those used for onshore pipelines where
residual strength is computed based on the burst pressure of corroded pipelines.
Risers are subjected to much complex ingsl compared to onshore pipeline,
hence utilization oEq. 3 3 to Eq. 3 7 for computation of residual strength in
corroded riseprovideonly anapproximate value tbeusel as a reference point

for further desigrcalculations To enhance the accuracytbie design of CRS

for riser,numerical simulatiorwas employed in the current research whereby

further detailswill be discussed i€hapter 4

3.5 Minimum Repair Thickness of the Composite Laminate

The composite repair laminate must be thick enough to sustain the load
transferred from defective pipelines. The minimum required lamthatieness

can be determined through ASME PQCRepair of Pressure Equipment and
Piping (ASME, 2008) or a similar standard ISO/TS 24817, Petroleum,
Petrochemical and Natural Gas Industiig€Somposite Repairs for Pipework

Qualification and Design, Installation, Testing and Inspedi®®, 2006) With
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this minimum thickness of the repair laminate, the burst strength of the corroded
pipe will be at least equal to that of a pipe without corrodisshauld be noted

that the calculated minimum repair thicknessy beused as @ approximate
reference value for the initial stages of the design such that an input value can be
assigned to the numerical moddikis is due to the fact that certain calculations

in the ASME PC@2 are based on the ASME B31G which has its limitations
when applied for risers which are subjected to combined loadigsnge of
thickness values will be modelleditvestigatefurther the requiréthickness of

the repair laminatelheminimum required laminate thicknessi of a repaired

pipe subjected to internal pressuPg,is determined by:

aE 0]
tmin = ZSMYS(%gqu P.) 38

wherekE; is the tensile modulus of the pipe matertalis the tensile modulus of

the composite laminate in the circumferential direction of the pipés the
design internal pressure of the pipe &ids the maximum allowable pressure
for the pipe with defeds determined from ASME B31@SME, 1991) Based

on the design criteria stated in APl RP 1111, Design, Construction, Operation
and Maintenance of Offshore Hydrocarbon Pipeli#d€l, 1999) the values of
Psfor pipeline and riser are equivalentRecorr multiply by a safety factor of 0.9

and 0.75 respectively.

When the pipe is subjected to combirigd F: and My, the minimum required

laminate thickness can be calculatedEtip 3 9
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D, A4E g4 Q
tmin = 2 ? S%ZFZ - P58 3'9

whereE. is the tensile modulus of the composite in the axial direction of the pipe
andF is the equivalent axial load due R, Fr andMp calculated using:q. 3

10, in units of Newtons.
F=LpD," + [FI+aF] + S MI+M] 310

WhereFaxis the applied axial loadrsnis the apply shear loall, is the applied
torsional moment anilax is the applied axial moment. For the combiRed F:
andMp, loading, the values d¥ax is equivalent td~ while the value oMax is
equivalent to the tensile force dueMe. Fsh andMyo are assumed to be zero due

to the nature of the loading.

The desig internal pressur®g of the pipe can be determined from APIRP 1111,
Design, Construction, Operation and Maintenance of Offshore Hydrocarbon
Pipelines(API, 1999) This process follows a flow where the burst pressure is
slowly segmented into lower pressure values based on suitable design (safety)

factors. This is illustrated iRigure3-3.
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Max. fraction of Py

Pipeline Riser
Burst pressure, the limit state Pp 1.000 1.000
Hydrostatic test pressure " Pty fafi Py 0.900 0.750
Incidental overpressure P,<090 P 0.810 0.675
Design pressure Py=0.80 F; 0.720 0.600
Maximum operating pressure MOP < Py
g
././
/_/
Operating pressure (OF) / 0P < MOP
normal range
./'/
./-/
I
Atmospheric pressure 0.000 0.000

Figure3-3, Pressure level relatiofiaPl, 1999)

The burst pressur®y, is usually determined by the diameter and thickness of
pipe and theype of material used to construct the pipe. It can be calculated using
Eq. 31laor Eq. 3 11b The hydrostatic pressurB; is the value of internal
pressure minus the external pressure, with different design factors taken in

account, as shown iBg. 3 13.

t
P, =09(SMYStU)—" |, D% <15 3-11a
D, - t, p
P =045SMYS+U)in 2, Do/ 2
=0, no Oy 215 3120
i p
Reff. iR 313
P, ¢ 0.80P
314
Where,
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fa = Pin design factor (0.75 for risers)

fe= Weld joint factor (only materials with factor 1.0 are acceptable). The values
of fe can be found in ASME B31.4, Pipeline Transportation Systems for Liquid
Hydrocarbons and Other LiquidgdSME, 2006) Seamless, electriesistance
welded, electric flash welded and submerged arc welded pipes all-haeae

of 1.0.

f = Temperature deating factor as specified in ASME B31.8, Gas Transmission
and Distribution Piping Systef\SME, 2003)to acount for the thermal stress
that arises for high temperature services. The different valuésafershown in
Table3-1.

U = Specified minimum ulthate tensile strength

Di = Internal pipe diameter.

Table3-1, Temperature derating factér(ASME, 2003)

Temperature (°C) Temperature derating

factor, fi
121 or less 1.000
149 0.967
177 0.933
204 0.900
232 0.867

3.6 Axial Length of the Laminate Repair

In order to prevent delamination of the composite material from repaired pipe
and to ensure sufficient axial load transfer from the pipe to the composite, the
adhesion surface area between reinforcement material and the pipe must be large

enough.
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The lengh to which the laminate repair should extend over each side of the

corroded region can be determined throkgh 3 15,

Lover = 25,/Dot /2 315

whereLoveris the overlap length of the composite laminate. The vallie gfis
also dependent on the lap shear strength between the composite laminate and the
steel pipelJ Hence, the calculated valuelafercan be checked viag. 3 16,

L > Ea eatmin 3-16

over
{

Wherel} is the allowable axial strain on the composite laminate. Subsequently
the total axial length of the repair can be calculated thré&agl3 17,
L=2L

+ Ldefect + 2I-taper 3-17

over

whereLdefectiS the axial length of the defect abdper is the taper length. The
length of the repair is verified through FE models describe@hapter 4.
According to section B of ASME PCG2 Article 4.1, a minimum lap shear
strength of 4AMPa between the composite and steel substrate is ré4GiNH,

2008) Hence the shear stresses on the inner surface of the composite laminate
and outer surface of the steel pipe are monitored to ensure that they do not exceed

that value.

3.7 Design Conditions

To aid with the design of theomposite repair systema study on the paired
riser pipe subjected to complex loadings is required. Due to the variation of CRS
design cases considered in the current research, it is more time efficient to apply

thestressstrain analysis to determine the performance of the riser without defect
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riser with corrosion defect and riser repaired with CRS. The sitesa analysis

is conducted via finite element analysis (FEA) which is discuss€tiapter 4

Based on ASME Boiler &ressure Vessel Code Section VIII Division 2, there
are three available analysis methods for evaluating the plastic collapse load of
pressure vessels. These methods include: (i) Elastic stress analysis method, (ii)
Limit load method and (iii) Elastipladic stress analysis methQSME, 2007)

In the elastic stress analysis method, a limiting value is used to evaluate the
elastic stress of a structure subjectegriedefinedload. It does not take into
account the plastic defoation that occurs when the load increases. The limit
load method determine a lower bound to the limit load of a structure and applies
design factors to the limit load such that the onset of plastic collapse will not
occur (Biel & Alexander, 2005)Limit load method is more suitable for the
design of composite repair system as plad@formationis taken into account

in the analysis. This allows the behaviour of the composite to be evaluated when
the loads transferred from thsteel riser to the composite after a certain amount
of plastic deformation. Elastiglastic stress analysis considers the ultimate stress
and perfect plasticity behaviour. In other words, it considers thelimear
deformation of the structure until capise. Both limit load method and the

elasticplastic analysis method can &ealysechumerically.

In the current researckhe secondnethod [imit load method described was
usedbecaus®nly the elasticmaterial properties of FRP&e used as the input.
Based on section 5, Design Criteria for Riser Pipes of BED84A201 (DNV,
2010) the serviceability limit state (SLS) requires that the riser must be able to
remain in service and operate propedgtresponding to criteria governing the

normal operation of the riseéFhe technique used here is known as the deuble
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elastic slope method and is founded on a single unified design basis developed
by (Alexander, 2007)This desigrtechnique was derived from several oil and
gas industry design codes and standards and is similar to the criterion of collapse
load defined in section-653 of ASME Boiler and Pressure Vessel Code (1998),
Section VI, Division 2(ASME, 2007) The doubleelastic slope method allows
computation of the plastic analysis collapse load (PACL), i.e. the load at which
the material reaches failure after a certain amount of plastic deformation occurs.
It is important to consider some Ehof plasticity as it is needed for load transfer

from the steel riser to the composite.

The first step of this method is to simulate a FE model of acnommded pipe.

The load is then plotted as the ordinate while the strain is plotted as the abscissa
in a linear graph. Subsequently, a double elastic curve (DEC) that has a gradient
half of the linear elastic region of the leattain curve is plotted through the
origin. The PACL corresponds to the intersection of the DEC andsivauh
curves. Finallythe design load (DL) can be determined by dividing the PACL
with a margin value which in this case is 2. This value is chosen based on the
design procedures for risers as stated in APl RP(AP1, 1999) The fraction

of burst pressure (PACL) at design condition is 0.6 as showigure3-3. By

taking into account temperature derating factor for maximum service
temperature Table 3-1) of the riser, the fraction of burst pressure will be

equivalent to,

P, =06P,3 f.
P, =0.6P, % 0.867

P, =052P,
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P, ° PACL/2

The maximum permissible strain limit is defined as the strain value at the

intersection of the DEC and DL curves.

The loadstrain response of a riser is simulated using FEA, in order to compute
the design loads via the DE@Gethod. The riser is an APl 5L grade X60 carbon
steel pipe commonly used in the oil and gas industry. The simulated riser has an
outer diameter of 219mm with a wall thickness of 10.3mm. The length of the
riser model for the case of individual internal ggare and tensile load is
2440mm, while the length of the riser model for the case of individual bending
and combined loading is 4570mm. Further details of the material input,
boundary conditions, loading conditions, meshing and element of the riser FE

model are described in Chapter 5.

The computations of design load for individual loading of internal pressure,
tensile load and bending moment using the DEC method are shdviguire

3-4, Figure 3-5 and Figure 3-6. The computation for the design load for
combined loading of constamtternal pressure at 22MPa (DL), constant tensile

load at 1785kN (DL) and varying bending moment is showkigare3-7.
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Figure3-4, Limit state analysis of bare riser subjecte@ito
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Figure3-5, Limit state analysis of bare riser subjecteéito
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Figure3-6, Limit state analysis of bare riser subjecteto
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Figure3-7, Limit state analysis of bare riser subjecte®itoF: & Mp

The output of the design loads and maximum permissible strains are recorded in
Table3-2. These values are compared to those calculated using the theoretical

equations provided in the different design standards and the differences in the

results are less than 12%.

Table3-2, Design load and maximu permissible strain for different load

cases
Design Standards DEC Method
Loading Case Design Load Design Load I\/I_aximum )
Permissible Strain
Internal Pressure 24 9MPa 22MPa 0.1875%
Pin
Tensile LoadF: 1697kN 1785kN 0.225%
Bending 113kNm 120kNm 0.255%

Moment,Mp

Combined Load i Z8KNM 0.255%

(Pin = 22MPaF;
= 1785kN)
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3.8 Concluding Remarks

The load cases included in the current project were discussed. The equations
discussed in this chapter provide benchmark wtiude used as a reference in
the design and optimization of the CRS, which will be reporte@hapter 4,
Chapter 5andChapter 6. The limit analysis known as double elastic method
developed by AlexanddAlexander, 2007yas used as the main technique of
evaluation for the CRS. The computed design loads and limit strain values will
be used for evaluation of the output results that were obtained from finite element
analysis of the CRS. The computed design conditions ei@ambined use of

FEA and DEC method provided close approximation to the design standards. In
addition, the loagtrain curve provides a clearer representation on the level of
stress and strain sustained by the riser and the CRS, as individuatriad
curves can be plotted out. The ease of varying the different inputs (i.e. types of
composite material, sizes of corrosion defect, thickness of repair laminate) in the
FE model, combined with the straightforward computation of the DEC method,

provides an ofimization tool for the CRS.
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Chapter 4 Finite Element Analysis

4.1 Introduction

Considering the substantial size of typical risers with diameter in the range of 6
to 10 inches, the construction of a fadale test facility for CRS of risers would
require significant investment. Numerical approactiesh as-EA, on the other
hand provides an efficient and cost effective way to predict the deformation
behavioursuch astress and strairesponsef structural components subjected

to various forms of ladings. This chapter provides a detailed description of the
application of FE modelling for analysing the CRS of an offshore riser via a
generalpurpose FE package ABAQUSStandard. Appropriate element
selection and localized mesh refinement were appliegddoce computational
time and ensure a fast convergence. Validation of the FE models was conducted
against both classical mechanics solutions and scaet experimental tests
(Chapter 5). In addition, a case study of the Helicoid Epoxy Sleeve (HES)
involving full-scale testing was conducted in collaboration with Merit
Technologies Sdn Bhd. The results provide an auxiliary validation method and
augment the reliability of the FE approach in optimisation of the CRS for

offshore riser.

Local analysesovering the effects of individual static loads (internal pressure,
tension, bending load) and combined loads (combined internal pressure and
tension, combined internal pressure, tension and bending load) which are
common in offshore environment were conductdodelling of the relevant
parts is accomplished via ABAQUS/CAE which provides an interface for

creating parts, materials, assembling a modeigmisg section properties and
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meshing. Modification of the generated input files enables ease of parametric

analysis. Three scenarios were considered in the current FEA of the riser:

1) Bare riser without corrosion damage.
2) Bare riser with corroded regionanifested as material loss in thickness.

3) Corroded riser repaired with CRS.

Several cases of the FEA were conducted to capture the stir@ssbehaviour

of bare riser, corroded riser and riser with CRS subjected to a series of static
loadings (i.e. indiidual loads and combined loads) with consideration being
drawn on the minimization of simulation time, memory usage and computer
resource were taken in consideration. Further FEA correspond to the
establishment of optimum parameters for the CRS with régpedifferent

corrosion size and types of loadiwgl be discussed i€hapter 6

4.2 Fundamentals of FE Modelling within ABAQUS®

FEA technique utilized in ABAQUS general purpose codes are discussed in the
current section to provide a fundamental guidance for establishiogtemized

FE model without compromising the accuracy of the results.

4.2.1 Non-linear Solution in ABAQUS Standard

In CRS, the load shall be effectively transferred from the steel riser to the FRPC
material when the riser is subjected to external loadingsméizal non
uniformity occurs when the riser is subjected to high magnitudes of loading,
specifically in the case of bending. Other sources of nonlinearity such as
nonlinear material behaviour and contact must be appropriately captured with

the FE modelThe material data of the steel riser and CRS were defined through
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an elastieplastic properties and elastic lamina properties, respectively with the
FEA. In addition, solution to nelinear problem is highly dependent on element
size, element types, bounglaconditions, increment size, tolerance value, and

solution algorithm which must be chosen with care.

ABAQUS utilises an incremental iteration scheme to establish computation
convergence, whereby an equilibrium condition is determined in each increment
by finding the deformation gradient tensor. The basic statement for an
equilibrium condition is that the internal forcés, and the external forceBexs
must be equal.

Py 1y =0 4-1

ext”

Generally, Newt onds method is used
linear equilibrium equations within each increment. In most cases, it takes more
than one iteration in a single increment to determine an acceptabiersoit

the end of each iteration, convergence check is performed by comparing the
difference betweeRextandlint to a specified tolerance value, which is set at 0.5%
by default. In order to solve ndimear problems efficiently, a reasonable initial
andmaximum allowable increment size must be assigned. Large increment size
might cause convergence issues while increment size that is too small will result

in wastage of CPU time and memory.

4.2.2 Selectionof Element Type

Selection of a suitable element typessential in building an accurate FE model
for the CRS. One of the most important factors to consider is the degrees of
freedom (DOF) associated with the element, which include (but not limited to)

displacement, rotations, temperature and electric pokeracond order
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quadratic elements offer a greater nonlinearity capability compared to the first
order linear elements, however, in the expense of CPU time and memory
requirements. In addition, the boundary conditions, loading conditions and
material propgies have to be taken into consideration in element selection. In
the case of individual internal pressure or individual tensile loading, first order
linear continuum elements such as C3D8 (continuum 3D 8 nodes) are capable of
providing accurate stresdrain behaviour as there is limited or no bending in
these deformation modes, Figure 1(a). However, when considering a riser
subjected to transverse bending, second order quadratic continuum elements
such as C3D20 (continuum 3D 20 nodes) capable of prgvalimore accurate

representation of the systeRigure4-1.

(a) Linear element (b) Quadratic elemeant
(8-node brick, C308) (20-node brick, C3D20)

Figure4-1, Continuum 3D brick elememtith 8 nodes (a) and 20 nodes (b)
Use of first order linear elements may lead to shear locking which is undesirable.
The use of C3D8 elements might only be feasible if at least four elements is used
in the thickness direction of the riser, which sums uleger simulation time

and higher memory.

Another possibility to reduce the complexity and total number of elements
needed is to use structural elements as a substitute for continuum elements. In
this research, the geometry of the CRS applied onto a toefegser is
essentially cylindrical shell of thin wall thickness. The ratio of the riser wall

thickness to radius is equal to or less than 0.1, hence it is thus prudent to consider
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shell elements such as SC8 (continuum shell 8 nodes), SC8R (contindiudn she
nodes reduced integration) and S4R (shell 4 nodes reduced integration).
Conventional shell elements such as S4R allow the shell thickness to be defined
through section propertie§ifure 4-2) and the number of through thickness
integration point can be specified, i.e. odd number between 3 and 15 for Simpson
integration and even number between 2 and 15 for Gauss integration scheme. On
the other handthe thickness of continuum shell elements must be defined
through their nodal coordinates as showRigure4-2. These shell elements are
suitable for large strain analysis involving inelastic deformation of materials
with a nonzero effective Poissonds r

takenin account.

displacament and rotation
degrees of freadom
Conventional shell model -

geomelry is specified al the relerence surface;
thickness Is defined by section property.

Finite Element Model Element

=4

displacement
degrees of freedom only

structural body
being modeled

Continuum shell mode! -
full 3-D geometry is specified;
olemeant thickness is defined by nodal geometry.

Figure4-2, Conventional and continuum shell elements

In the work of Kim and Son (2004), the authors found that reduced integration
elements could alleviate problem associated with incompressibility. Fully
integrated elements tend toerestimate the element stiffneasd potentially
cause volugéetwher él bc&i @l ement has hi

than DOFs. In the current work, two types of reduced integration elements,
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C3D8R and S4R were considered. The results from the two were compared in
terms of the number of elements, CPU time, memoryasudracy of stress
strain resultFigure4-3 andFigure4-4 show the meshed models employing S4R

elements and C3D8R elements, respectively.

For a corroded riser, the simulated hoop stress within and outside the corroded
region is 462.6MPa and 213.7MPa respectively when meshed with S4R
elements, whiledhe model meshed with C3D8R elements predicted 434.8MPa
and 212.4MPa. The maximum percentage difference between these two models
is only 6.4%. However, the use of the C3D8R elements incurs 53% more CPU
memory and 73.3% more CPU time compared to S4R ebsnrethis quarter
symmetry model. Hence S4R elements were selected to conserve simulation

resources.

Y

X

Z X

Figure4-3, Coarse mesh with S4R element (riser 1672 elements; sleeve 1034

elements)
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Figure4-4, Coarse mesh with C3D8R element (riser 3458 elements; sleeve

1119 element): (a) Corroded riser, (b) Corroded riser with CRS

4.2.3 Mesh Refinement

The quality of the FE mesh remains one of the key factors afjgtinaccuracy

and efficiency of a structural model. Tlhecuracyof stress and strain on a
structure highly depends on the shape and size of the meshed elements.
Computer resources required to complete a simulation increase with the level of
mesh refinemeat. Coarse meshing tends to yield inaccurate results, in particular
in the area of high stress concentration. Hence;umifiormly refined meshing
technique, with high density mesh defined in region of higher stress
concentration has been widely used. Useal mesh density of the CRS of
pipeline was defined through partition of the geometric structure into smaller

regions and bias edge seeding prior to meshing.

Mesh convergence study was conducted to investigate the appropriate level of
mesh refinement. iferent meshing were considered, with three level of
uniform meshes (coarse, intermediate and fine mesh densities) and two biased
mesh with refined density in selected areas as shoWwigure4-3, Figure4-5,

Figure4-6 andFigure4-7.
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A

Z X

Figure4-5, Intermediate mesh with  Figure4-6, Fine mesh with S4R

S4R element (4305 elements) element (6536 elements)

Y

A

z X

¥

A

Figure4-7, Biased mesh with gradual Figure4-8, Biased mesh with fine
decrease in element size using S4Rmesh at corroded region using S4R

element (2046 elements) element (2669) elements

For the case of biased meshing, the corroded area of the riser was assigned a
much finer mesh density as the region experientbedhighest deformation
(hence stresses) under application of external loadings. A moderate mesh density
was assigned to the region of the riser being wrapped with the FRPC while
coarse meshing was used in the region outside of the corroded/repaired region
as it resembled the original strength of the pipeline and therefore has

comparatively much lower deformation.

In the case of model meshed with C3D8R elements, mesh refinement through

thickness, in the radial direction needs to be considered. It can be demonstrated
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that a minimum of four C3D8R elements are required to accommodate for an
acceptable accuracy in thensilation, as shown ifrigure 4-9 to Figure4-12.

Higher number of elements defined through the thickness produced a better
approximation in stress variation but increases the memory and computation
time. The maximum and minimum hoop stresses was computed at
approximately 220MPa and 204MPa at therima and external riser surface,
respectively. When the model was meshed with thin shell elements, S4R, the
computed hoop stress was 212MPa, equivalent to the average of that predicted

by model meshed with C3D8R elements,

¥

;—»X ;—.X
Figure4-9, Riser model with 2 Figure4-10, Riser model with 3
elements in thickness direction elements in thickness direction

Y

e x

Y
e x

Figure4-11, Riser model with 4 Figure4-12, Riser model with 6

elements in thickness direction elements in thickness direction

Figure4-13 showed the hoop stress and strain computed from models meshed
with different density of S4R elements. The results demonstrated that similar

level of hoop stresand strain were obtained from models meshed with coarse
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meshing ( 1800 S4R elements) and fine meshin@%00 S4R elements), e.g.
less than 0.1% difference in magnitude. For the FE models setup in the current
work, an intermediate mesh with element charastte length of approximately

4.6% of the riser diameter was selected.

Hoop Stress Hoop Strain
(MPa) (%)
2125 0.1012
21245 + & > -+ 0.10118
+ 0.10116
21247 ¢ Hoop Stress
+ 0.10114
212.35 1 | i-iHoop Strain
-+ 0.10112
2123 +
56 -+ 0.1011
212.25 + 8 -+ 0.10108
212.2 f f f 1 0.10106
0 2000 4000 6000 8000

Number of Elements

Figure4-13, Hoop stress and hoop strain at varying S4R element mesh density

4.3 FEA Model of Composite Repair System

4.3.1 Steel Riser

A riser system consists of multiple segments of finite length pipe members
joined together to form a long slender pipe that extends from the platform above
water to the seabed. In the current project, the riser is assumed to be an infinitely
long pipe with only &egment of the pipe being modelled within the FEA. Hence,

a local instead of global analysis was used as the main approach in this study.
The values of different loadings were assumed to be independent along the
length of the riser and only the most @dti scenarios were considered. It should

be noted that the actual presence and effects of joints were not accounted for in

the present studys the currentesearch focuses on composite repair applied on
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the segment of riser without the presence of oddng#ical components
Instead, a set of artificial boundary conditions were assigned at both ends of the

riser to constrain certain DOFs of the riser and this is discussed in se&tibn

4.3.2 Composite Laminate

In the field of offshore riser repair where FRPC is used as the main strengthening
material to mitigate the effect of further deterioration, the mechanical properties

and behaviour of the FRP@ust be accurately defined. These properties may
include the youngds modul us, tensil e
strengt h, and Poissonds ratio for botlt
addition, properties such as the interlaminar gifetvetween adjacent laminas

as well as the bond strength between the FRPC and the riser surface are also

significant in determining the overall performance of the repair.

4.3.2a Homogenisation of the Composite Properties

FRPCs are made out of two main componetits reinforcing fibre and the
polymer matrix. The types and compositions of the fibres and matrix affect the
overall mechanical properties and bulk behaviour of the FRPC. Dedicated
orientations of the fibre are often designed to produce a customised
reinforcement along a certain axes of the structure. It is hence an anistropic
material and the failure mechanisms can vary vastly depending on the chosen

constituent materials and design.

For unidirectional fibre reinforced polymer, the elastic moduli alding
direction parallelE:1, and transversé,, to the fibre orientation can be defined

through the rule of mixtures, as giverlg. 4 2 andEq. 4 3 respectively.
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B, =Eivi +EL- Vi) 4-2

Ef Em
E2 = 4-3

m

whereEs andEn are the elastic moduli of the fibre and matrix respectively and

vt is the fibre volume fraction. There are different failure criteria specifically
developed and applicable for FRPCs. One of the earliest was developed by
(Hashin, 198Q) where three dimensional failure of unidirectional fibre
composites was modelled. The Hashin failure criterion takes into account four
distinctive failure modes, namely the tensile and compressive failure modes of
the fibre and the matrix, is the only FRPC failure criterion that was adopted into
ABAQUS general pyose finite element code. In recent years, an effort was
started by(Soden PD, 1998p assess the different failure criteria for FRPC. The
exercise, referred as the AWorl d Wide
leading academs and developers of software and numerical codes specialised

in predicting failure in FPRC.

In general, FRPC materials demonstrate orthotropic behaviour, where their
mechanical properties vary along three mutually orthogonal axes of the structure.
The 3dimensional constitutive equation relating the ststsain relationship of

a FRPC can be simplified into the form showeé& 4 4,
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where the subscript denotes the diractid the properties as shown kilgure

4-14. Axis-1 denotes the direction parallel to the fibres while-@&istransverse

to the fibres. Axis3 denotes the out of plane axis.

1

Fibre-reinforced composite

laminate

Figure4-14, Coordinate system of FRPC

vihas the

i nterpretation

of

Poi

ssonbs

strain in thg-direction when the material is stressed initdeection.vj andv;

can be related through/Ei = vji/Ej. AsFRPC is assued to have unidirectional

fibres aligned in one directipquasihomogenisationf the FRPGvas assumed,

where the material was assumed to be transversely isotropic with the plane of

isotropy being the-3 plane. Hence, the relationships defineBan 4 5 applied.

E, =E; 5 Vi =Vi55 Gy,

=Gy,

4-5
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This reduces the number of elastic constants required in the constitutive equation,

which can be written ithe form showed iikq. 4 6.

e -V 7]
OEH TWE g 0 0 0@
eellu e_v]% _VZ% Uesllu
i 6 /]/ 0 0 0 ui. i
i€ ¢ /B /B E, b 15220
A oA -V -V PN A
e é 1/ 27 y 0 0 0 Ufs
[%h-g /B E, B ad =) 4-6
19121 é 0 0 0 }/G 0 0 915121
Yol ¢ 12 b 1S1a
1771 ¢ o 0 0 0 %; O
1923 é 12 u [Sasy

é 0 0 0 0 0 %3 U

e 23U

As the thickness of the composite laminate is significantly smaller than the other
dimensions, i.e. length and diameter, of the composite repaithendser,
assumpti on o fis= ab pd& 8)canditiort wasappiied Within the
simulation model. Under this conditioBg. 4 6 can be further simplified to the

form showed irEq. 4'7.

“?y ‘Vl/ 092
ée,. 0 g_ E, E U gs,,0
| V.
llezzuzé = }/E udszzu a-7
[ 1 u
|912y & 0 0 }/ : |512y
é G'12u

which may be reduced to a more concise form as,

{a}=[sfs} 4-8

Here [S] is known as the compliance matrix that relates the stress and strain
components in the principal directions of the material. The subceptesents

the laminate coordinates. Multiplyirigp. 4 8 with [ yield,

{s\}=IQa} 4-9
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where [J] is the stiffness matrix and the terms within the matrix can be defined

as,
€Q, Q, Og
Q=fn @ ol 410
g0 0 QgH
E = E
whereQ,, = = ; QL=—2 2 Q,= 2 » Qg6 =Gy
1-\..2 E, 2 By 2 B,
" Vi — 1-v," = 1-v," =
1 1 1

As the properties of the material benchmarked in the WWFE were measured in
accordance to the failure criterion applicable to FRPC, the material parameters
of the CRS asdefined in the current work were extracted from those specified in

WWEFE.

In this study, the main objective was to assess the overall performance of the
CRS in offshore applications. Thus, behaviour at a miewe was considered.
Previous studies on congite repaired pipelines subjected to internal pressure
revealed that failure in the repaired region is unlikely to hagpéxander,
2007)(Bedoya, et al., 2010Macrcbehaviour such as the bondibgtween the

FRPC and the riser surface is one that poses more concern and should be
considered in the design of composite repair. Withal, progressive failures within
the FRPC itself such as matrix cracking, fibre breakage or fibreoptithire not

the sigiificant modes of failure of the CRS.

4.3.2b Multi -continuum Theory (MCT) Failure Criteria

A user defined material, characterized using the roolitinuum theory (MCT)
was used in the FE model to assess the condition of the FRPC under the assigned

loads. This ncromechanicsased theory obeys the fundamental of continuum
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mechanics whereby any physical quantity of interest can be evaluated at a
material point by averaging the quantity over a representative volume that
surrounds the point of interest. For unidiresal FRPC, it is assumed that a
representative volume element (RVE) is large enough to contain numerous fibres
and an accurate representation can be averaged over the RVE. In short, two

constituents (fibre and matrix) @xist in an RVE.

The first mateal model for the FRPC which utilizes input parameters of the
compositebs | amina mechanical propert
response beyond the elastic region. Hence, failure of the FRPC could not be
taken into account. In order to determine tlegrée of stress transferred from

the corroded riser to the FRPC, the MCT failure criterion of the FRPC were
implemented through a usdefined material in a separate material model within

the FEA. The advantage of using a MCT failure criterion over toawditi FE
approach to FRPC is that various modes of failure can be determined. The MCT
separates the matrix and fibre properties, handling each composite constituent
differently and allows failure to progress through a mstitip damage
mechanism. Within th€E model, the MCT code decomposes the sisasn

fields of the laminate down to fibre and matrix constituent level sgtam

fields. The fibre and matrix constituents can then be evaluated based on these
constituent stresstrain fields using indidual failure criteria for the fibre and

matrix constituents respectively.

In this study, the MCT failure criterion was implemented into the ABAQUS
model throughAutodesi® Simulation Composite Analysiug-in. Figure4-15
andFigure4-16 showed the material manager along with the defined materials

constants.
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v Autodesk Simulation Composite Analysis 2015 Material Manager EI@
File  Help

Materal Mame:  &54-3501-6

Chaooze Units: [Na"mmx’K vl Convert Walues When Changing Unitz

Fiber Type: [Earl:u:un Loy vl l Apply Material Type Charactenstics

b atriv Type: [Thermuset Falyrner vl

Fib. Wol. Frac.: 0.600 Enviranments
Density 00 kg/mn? |297.2/Ambient v | Add Edi
Ply Thickness: 0.0 mm Stress Free Temperature: 0o kK
General | Constants NDn-LinearIFatigue|
Unidirectional Composite
Itimate Lamina Strengths
*Si 1950 +S5. 4800 *Sg 48.00 MPa
Sy 1480 "Sa 2000 "Sa 2000 MPa
S 7900 S 7900 S g0.o0 MPa

Figure4-15, AS4/35016 carbon/epoxy unidirectional lamina strength

properties on Autode&kSimulation Composite Analysis
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+ Autodesk Simulation Composite Analysis 2015 Material ManagerEl@
File  Help

b aterial Hame;  A54-3501-6

Chooze Units: IN.-"mm.-"K v] [¥] Corvert Values When Changing Units

Fiber Type: [Earl:uun Low v] [ Apply Material Type Characteristics

b atrix Tope: [Thermu:uset Polyrner v]

Fib. Vol. Frac.: 0.600 Envircrments
Density: 00 kgimwe |297.28mbiert | Add Edi
Ply Thickness: 00 mm Stresz Free Temperature; o K

General | Constants NDn-LinearIFatigue|

Lamina Elastic Congtants

En 1.270E+05  Ea T115E+04  Es 1.115E+04  MPa
Viz 0279 Vi 0279 VY 0.531

G 557 G BEE7  Ga 3640 MPa
a,, 9977E07 Oy 263305 Oy 2B33E-05 1/AK

Fiber Elastic Constants

= Z109E+05  Ea 1635E+04  Ex 1695E+04 MPa
Vi 0.247 Vi3 0247 Vi 0157

G 1E09E+04 G, 1809E+04 Gy 7078 MPa
a, 127506 a,, 137906 a, 1379605 1/AK

b atrix Elazstic Constants

= 2723 E= 4715 Em 4715 MPa
v, 0323 Vi 0323 Vs 0.496

G 2445 G 2445 G 1587 MPa
a, 27705 O 349305 Ta 2493605 170K

Figure4-16, AS4/35016 carbon/epoxy unidirectional lamina and constituent

properties on Autodesk®imulation Composite Analysis

4.3.2c Bonding between Composite and Steel Riser Surface

The effectiveness of the CRS is highly dependent on the adhesion between the
compositeand the steel riser. In real life, variation in material types, curing

conditions, installation procedures and techniques tend to result in varying
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degrees of localised defects such as mimids between the riser and the FPRC
where less than perfect bond is observed. If large disbonds appear at the
bonding interface, anomaly in the stress distribution would appear and the stress
transfer from the steel riser to the composite decreases. To provide a good
adhesion between the two materials, surfacegvegion prior to the installation

of the composite material must be observed. The removal of contaminants and
surface cleaning can be done by hand or power tools. Australian standard series
AS1626 titl ed -Plepdmtiom bnd Pretnedtnseht iohfar c e s 0
provide ten possible methods for surface prepardhr9, 1997) One of the
surface preparation techniques that utilises high power tool is grit blasting. This
technique uses high speed of abrasion particles underesseg air stream to
remove unwanted contaminants such as rust from the steel surface. Water jetting
is more advantageous as the use of water in replacement of abrasive particles
produce less dust. The ideal surface preparation is a NACE No.2/SBRT;

near white metal, blast cleaning, where a surface profile ef@3microns is
desired(NACE/SSPC, 2006)Taking into account the importance of surface
bonding, sensitivity and highly flammable environment, water jet is the most
suitable method for surface preparation for rehabilitation of offshore risers. As
qualitative and quantitative characterisation of the surface finishing is not
included in the current research project, a perfect bonding was assumed within
the FEA model. Ira separate model, the bonding between the two surfaces was
characterised by fracture mechanics in order to study the integrity of the bond at

the interface.
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4.3.3 Materials
4.3.3a Riser Materials

In the oil and gas industry, pipeline are typically selected from araingelded

or seamless carbon steel materials that are standardised by the American
Petroleum Institute pipe specification, API 5L. In a Petrobras project involving
the design and installation of a SCR in the Marlim Field floating production
system, API & X60 grade steel pipe was us@krta, et al., 1996)Vhen there

is no significant yield point in the stresgain behaviour of the material, the
stressstrain relationship can be defined using the Ram=Egood modelHq.

4i 11). In the work of(Walker & Williams, 1995), the model shown ifigure

4-17 was found capable of representihg relationship accurately.

° ~N-1
as| o)
E,e=s +a%;sL08 4-11

whereEpi s t he Youngds moHinddaweshe momindl dtran st e e |
and stress respectivelyjs the Ramber®s g 0 0 d 0 s Id oifset @hstant,i e

nis the hardening exponent aiitis the yield stress. The parameters showed in

Table 4-1 were extracted from tests run by Ruggieri and Dotta in their work

where numerical modelling of crack growth in high pressure pipeline steels was

studied(Ruggieri & Fenando, 2011)
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Figure4-17, RambergOsgood model

Table4-1, Mechanical properties of API 5L X60 steel pipe

Parameter Value
Youngds HfG®a !l us, 210
Poi ssonts Rati o, 0.3
Yield Stress,(° [MPa] 483

RambergOs gooddés Model Yieldl
Hardening Exponent in RambergOs good 6 sn ©M12

4.3.3b FRPC Materials

Carbon and Hlass fibres epoxy composites are the most common FRPC
materials used in structural applications. The specific materials chosen for the
current study are AS4 (35@) carbon/epoxy prepreg and 21xK43 Gevetex
(LY556/ HT917/ DY063) Eglass/epoxygomposites. The material properties of
these composite systems were taken from those used as a benchmark in the
WWFE (Soden, et al., 1998)rhe WWFE has been jointly produced among

researches from different institutes and organisations with the aim of closing the
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knowledge gap between theoreticians and design practitioners in the field of
predicting failure response of FRPC laminates, an fbroviding a robust
reference for failure criterion of FRPElinton, et al., 2004)The mechanical
properties of the selected materials were determined from extensive experiments,
where different specimens were fabricated @stied(Soden, et al., 1998The

main properties required as input data for definition of the FRPC laminate repair

within the FE model are summarisedTiable4-2.

Table4-2, Material properties of the chosen FRPC laminate

AS4 E-glass 21xK43

Fibre type Carbon Gevetex

_ 35016 LY556/HT907/
Matrix epoxy DYO063 epoxy
Manufacturer Hercules DLR
Fibre volume fraction, V; 0.6 0.62
Longitudinal modulus, E1 (GPa) 126 53.48
Transverse modulus, & (GPa) 11 17.7
In-plane shear modulusGi2(GPa) 6.6 5.83
Major Poisson's ratio, vi» 0.28 0.278
Through thickness Poisson's ratioy»s 0.4 0.4
Longitudinal tensile strength, X'; (MPa) 1950 1140
Longitudinal compressive strength,X®; (MPa) 1480 570
Transverse tensile strengthX™, (MPa) 48 35
Transverse compressive strengthX®, (MPa) 200 114
In-plane shear strength S;> (MPa) 79 72
Longitudinal tensile failure strain, Y"1 (%) 1.38 2.132
Longitudinal compressive failure strain,¥°; (%)  1.175 1.065
Transverse tensile failure strain,Y"; (%) 0.436 0.197
Transverse compressive failure strainy®, (%) 2 0.644
In-plane shear failure strain, Y12, (%) 2 3.8
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4.3.4 Boundary Conditions

Proper boundary conditions must be assigned to the FE model to prevent
fictitious stress concentration and to ensure that the behaviour of the riser and
composite repair can be accurately captured. Owing to the symmetrical
geometry of the corroded riseippi and boundary/loading conditions, the model
can be effectively simplified as a quarter symmetry structure, as shéigune

4-18. If on-axis (i.e.axial or hoop orientated) composite laminates are used, both
the corroded riser and composite wrap can be modelled as a quarter cylinder (i.e.
half in length and half in circumference) with reflective symmetry boundary
conditions. When ofixis compositelaminates are included, the reflective
symmetry conditions are not applicable and a full cylinder must be modelled.
The current approach is similar to that usedLin& Reid, 1992)study on the
symmetry condition of laminated fibre reinforced composite structures. The free
end of the riser model is allowed to expand in the radial direction and axial

direction so that uniform hoop and tensile stress can be observed.

For the transveesbending, a four point bending setup was utilised such that the
entire extent of the repaired region is exposed to the maximum bending moment.
As the bent riser will be subjected to tension at the top surface and compression
at the bottom surface, a fajlinder was modelled to ensure that such behaviour
can be accurately capturefliqure 4-19). The ends of the riser model are
constrained such that theanslational movement in the X and Y directions are

not allowed. Rotation about theaxis is also constrained.
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Figure4-19, Full pipe model in foupoint bending setup

4.3.5 Interaction Properties

4.3.5a Riser-CRS Surfaceto-Surface Interaction Properties

In ABAQUS standard, the contact behaviour between two instances in an
assembly can be defined by specifying an appropriate interaction property
(normal and tangential) between the surfaesurface contacts. The default

nor mal i nteractrdon pvepertegsuseachbsur
the penetration of the slave surface into the master surface. The master surface

is usually the stiffer one while the slave surface is the softer one, which in this

case are respectively the steel pipe and congptasitinate. In the case of the
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tangential interaction, the contact is governed by a standard coulomb friction
model. The model assumes that there is no relative motion between two
contacting surfaces when the equivalent frictional sttggis, less thamr equal

to the critical stressjri, Eq. 4 12.

[og C1 4-12

wherelitis proportional to the contact pressuas in Eq. #13.

toy = MP 4-13
while p is the friction coefficient anécont represents the contact pressure. For
the purpose of the current study, the riser and composite laminate was assumed
to establish a perfect bonding and the steehposite interface was
characterised through a o6roughdé tangeril
model, which is the ideal condition for stress transfer. However, variation in
material types, installation techniques and parameters tend to resulilisddc
micro-voids between surface interfaces of the repair (i.e. between th& R&E
and between FRPC laminates) where less than perfect bonding is often observed.
With the characterised O6roughoépyinangent
Eq. 4 13 has a value of infinity which resulted in zero sliding motion between

the two surfaces once they come into contact.

Alternatively, a tie constraint can be used to define the bond between the steel
riser and the FRPC laminate. Tie constraint is a sedfased constraint that

limits the motion of the node on the slave surface to the node on the master
surface to which it is closest. The outer surface of the steel riser could be assigned

as the master surface while the inner surface of the FRPC coussigaed as
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the slave surface. The tie constraint makes the translational and rotational motion

as well as other active DOF equal for the pair of surfaces.
4.3.5b Interaction Properties using Fracture Mechanics

In order to study the integrity of the bond betwedjaeent plies as well as those

at the steetomposite interface, fracture mechanics was employed in the
characterization of these bonds. The fracture between the adjacent FRPC plies is
known as delamination while the fracture between the FPRC and sezdkris
known as disbonding. The interlaminar and steehposite bond strengths can

be characterized by their relative energy release rates, which is the energy require

to extend the Acracko per unit | ength.

Since corroded riser with a CRS often subjecteddmbined loadings in the
hoop, longitudinal and transverse directions, mixed mode behaviour is assumed.
The Benzeggagh and Kenane (BK) fracture criterion is used to determine the
critical equivalent strain energy release ra@:quivc The relationship étween

the mode | (tensile), Il (kplane shear) and lll (owf-plane shear) energy

release rate an@equivcis given inEq. 4 14.

GII + C;III

a
Gequie=C +(G,c - G @— 4-14
equivC IC IIC IC
¢

-aDOoY

| + GII + GIII

When the system is subjected to toenbined loadings, th@ic, Gic, Gic and

Gi, Gu, G represent the critical energy release rate and energy release rate in
mode |, Il and Il respectively. The values@t, Gic andGyc for interlaminar

level of composite material were taken frghiao & Sun, 1996Wwhere these
values were determined experimentally through the implementation of a new

analytical series solution for AS4 (3561C/E). In the case of steebmposite
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interface, the values were obtained frGdndre & Linghoff, 2009) in which the
Gic, Gic andGuic were determined experimentally via doubbmntilever beam

(DCB) and enehotch flexure (ENF) tests. The corresponding values are listed

in Table4-3.
Table4-3, Fracture and fatigue properties
Steel-Composite Composite Laminate
Interface Inter-layer
THU. Mode | 1070 04 44
Toughness, Mode I 3644 661.11
e TN} Mode II 3644 850
i 05 021164
Fatigue Cz 01 625
CoRsamts cs 7.03226 x 102 033
Cs 46 555

The virtual crack closure technique (VCCT) criterion is selected as it is suitable
for modelling disbonding at the stemdmposite interface and delamination in
the laminated composite where failure criteria is highly dependent on the-mixed
mode ratio. Ths criterion was used in the static loading case for combined
loadings ofPin, Fr and My in order to determine the limiting bending load that
causes catastrophic failure of the corroded riser repaired with FRPC. The crack
tip node debonds when the fractaréerion, fcriterion, reaches a value of 1.0.

_ G

criterion — G

equiv 4_15

equivC

f

where Gequiv IS the equivalent strain energy release rate @agivc can be

determined fronkq. 4 14.
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4.4 Validation of Numerical Model

It is important to show that the developed numerical model is accurate enough
to be used in the optimisation of the CRS for offshore risers. In general, there
are two methods that can be used to validate the results obtained from FE model.
The first method uses classical mechanics solutions to obtain the stress and strain
values at identical loading conditions and compare the values with those
obtained in the FE model. However, these analytical solutions are often built on
several assumptiesnwhere factors that would affect the results in a-lial

scenario are omitted.

The second method employs experimental validation is a much favourable
method as a lot of assumptions were made in the derivation of classical
mechanics equations. The drawback of experimental validation is the resources

and cost involved in preparing anghning the tests.

The robustness of the developed FE model was further validated through a case
study conducted to evaluate the burst resistant of an industrial carbon fibre
reinforced polyethylene strip pipeline repair system. The composite repair
systen, known as the Helicoid Epoxy Sleeve (HES)s a commercially
available solution designed and developed by Merit Technologies Sdn Bhd. The
results obtained through the numerical model and limit analysis were compared

to those obtained from a fedlcale lrst test.

4.4.1 Classical Mechanics

The most fundamental numerical model is one where a bare steel riser is
subjected to a single individual loading, i.e. internal pressure. The API 5L X60

steel riser model has a radius, r, and wall thickness, t, of 109.5ohd0a8mm
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respectively, giving a r/t ratio of more than 10. Hence, thin wall assumption was

used and the hoop stress can be defined as,

4-16

When the composite repas applied onto a corroded riser, the strength of the
repaired riser in resisting the hoop load can be taken as the sum of the strength
in the FRPQaminateand the remaining strength of the corroded riser, &sJin

47 17. This relation assumes perfectl transfer from the corroded steel riser to

the FRPC laminate.

éS h,steel C"Dcorrodedg é,s h,comp C"Dcomp?
Poi = ¢ uté u 4-17

e Isteel u é r.comp [;l

where Pt is the applied internal pressuii@, is the hoop stress,is the wall
thickness and is theradius. T h e s u bcermdet pstesdb da comd O
symbolises the corroded section of the pipe, the steel riser and the composite
repair respectively. The estimate of hoop stress on the FRPC can be calculated
throughEq. 4 18,

- PD - 4-18

o
a steel corroded 0
comp% CD O

comp comp =+

S h,comp —

ThroughEq. 4 17andEg. 4 18, the hoop stress and strain can be calculated and
compared to those extracted from the FE model. The output is tabulaegalen

4-4. It can be noted that the discrepancies are minimal. The hoop stresses of the
corroded steel riser beneath the composite repair computed through the

numerical model and classical mechamueethod show reduction by 63.3% and

93



60.6% respectively compared to the corroded riser without any repair. The
results demonstrated that the developed numerical model can sufficiently predict

the stressstrain behaviour of the CRS.

Table4-4, Comparison between classical mechanics and numerical results

Numerical  Classical Percentage
Model Mechanics Difference (%)
Bare Riser B
without hsteel 212.462  212.621 0.075
. (MPa)
Corrosion
Bare Riser Uh steel
) . ' 426.606 425.243 0.319
with Corrosion  (MPa)
Clh,steel
Corroded (MPa) 156.656 167.846 7.143
Riser with CRS . comp
(MPa) 92.1965 91.387 0.878

4.4.2 Case study of Helicoid Epoxy Sleeve (HES)

An experimental burst strength analysis was conducted on the simulated
corroded steel pipe repaired with CRS constitutesudion fibre strip and epoxy
grout, known ashe HESM system, to validate the viability of the repair under

a predefined level ofydrostatic loading (internal pressurgEjgure4-20.
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Figure4-20, Sectional cut out detail of th¢elicoid Epoxy Sleeve System

(HES)'M system (Merit Technologies Sdn. Bhd., Malaysia)

APl 5L X52 grade steel pipe with dimensions of 219mm outer diameter x
12.7mm wall thickness x 3000mm length was machined with a 50% material
loss in its wall thickness tsimulate external corrosion defect that the pipe
suffers when exposed to excessive detrimental environmental conditions. A
corresponding FE model was developed for evaluation of theHgipeline
rehabilitation system. Experiment conducted on an indubtied CRS served

to provides a reliable measurement and reference for evaluating the accuracy of

the developed FEA code against industrial design standards.

4.4.2a Calculations of the Hydrostatic & Burst Pressure Based on

Industrial Design Standards

As the apfication of the HES system focuses on integration into offshore
risers, the burst pressuf®, of the API 5L grade X52 steel pipe can be calculated

through Eq. 419, which is found in the O6Stre:
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chapter 2, eAneedcanBareau & Shippirig (AB®) standard, Guide

for Building and Classing Subsea Riser Sys(amS, 2006)
a t, 0
P, =0.90(SMYS+ SMT%% 4-19
Cc-o T lp <

whered = burst pressuréSMYS= specified minimum vyield strengtBMTS=
specified minimum tensile strengtlh,= nominal wall thickness ari@ = outer
diameter of the pipe. According to API RP 11(®PI, 1999) the hydrostatic
pressurel) , can be caldated by multiplying the burst pressure with a few
design and derating factors, as showkdn 4 20.

R=1ffR

4-20

The design factorQis 0.75 for risers while the temperature derating fatir,
iI's taken as 1.0 in the condition when
same equationsEqg. 419 and Eq. 420 can be used to calculate the
corresponding pressure values for the corrodigd steel pipe by reducing the

wall thickness accordingly.
4.4.2b Recommended size of the CRS

The minimum required composite laminate thicknéssir, can be determined
based on the Appendix Il Sheferm Pipe Spool Survival Test of the ASME
PCG2 1 Repair ofPressure Equipment and Piping, Article 4.1, Netallic
Composite Repair Systems for Pipelines and Pipework: High Risk Application

(ASME, 2008) as inEq. 4 21.

AP,D . 0
t oo :Sicgedz— SMYSD, 421
e G -
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whereD, = external pipe diameteé8MY S= specified minimum yield strength of
the pipe,& = tensile strength of carbon fibre strip ad= remaining wall
thickness at defect region of the pipecording to the segmentationdifferent
pressure values given in the API RP 1{API, 1999) the design pressurBy,

can be taken as 0.8 times of the hydrostatic test pressuréh@ndpair is
determined to be 1.08 mm, i.e. a minimum of 2 layers of the carbon fibre

reinforced PE strip, each of which having a thickness of 0.8 mm will be required.

A sufficient compositeipe adhesion surface is required for adequate load
transfer from the pip® the CRS to prevent delamination at the surface interface.
The total axial length of the repair required to ensure an effective pipe

rehabilitation can be computed frdag). 4 22.

Lo =2%L

total —

+1, 4-22

grout

whereLgrout is the grout length of the epoxy grout extending at each ends of the
defect and.q is the axial length of the defect. Thgout can be computed using
Eq. 4 23and is based on the lap shear strength of the epoxy grout tddsael,

which can be measured based on ASTM D3¥ESTM, 2008)

2F,
srout = —————3 SF 4-23
P {;routDo

whereFer is the effective tensile force acting on the steel pipe due to the
welded end caps. A safety fact8F, of 3 was employed in the calculation of

the Lgrout to account for the long term degradation of the adhesive strength.
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4.4.2c Experimental Setup

API 5L grade X52 steel pipe with dimensions of 219 mm OD, 12.7 mm WT and
3000 mm L was supplied by Sumimoto Metal Industries Ltd., Japan. Both ends
of the pipe were welded with adequate strength plates andastructive testing

was carried out to ensure the hfyeof the weld. A metal loss equivalent to 50%
original wall thickness was machined onto the external surface of the pipe to
simulate the corrosion defect. The total axial length of the defect is 622 mm and
over the full circumference of the pipe. Prionnstallation of the HE%system,
surface preparation was conducted by abrasive blasting to a minimum standard
of SA 2.5 and a minimum surface profile of 70 microns. The abrasive blasting
was extended to 25 mm over the length of the repair zone at righ Ruring
installation of the HES system, the carbon fibre reinforced PE strip was
wounded around the pipe, forming an annulus of 25 mm between the strip and
the pipe. Polyamide end caps were placed at both ends of the sleeve to prevent
leakage prior tdhe injection of the epoxy grout. The full setup of the AES
system on the pipe is shownhkigure4-21. The HC68 epoxy grout with filler is
allowedto cure for 21 days. The internal pressure was applied at a rate of 0.05
MPa/s and hold for 10 minutes at both design pressure and hydrostatic pressure
respectively before increasing the pressure to a level where bursting of the

repaired pipe occurred.
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Figure4-21, API 5L grade X52 steel pipe with Helicoid Epoxy Sle&ve

system installed

4.4.2d Numerical Modelling

FE model of the pipe and the H‘TESystem were developed within ABAQBS
v6.11-3. The pipe was meshedttvia total of 3900 S4R elements. The HES
system was separated into two parts within the model, (i) the epoxy grout
contacting the external surface of the corroded portion of the pipe and (ii) the
carbon fibre reinforced PE strip enclosed the epoxy gftis.is an idealization

of the HES system where perfect bonding is assumed between the epoxy grout
steel pipe and the epoxy grezdrbon fibre strip surface interfaces. This
assumption omits defects such as mienads at the interfaces of the repair
which can arise due to variation in material types, installation techniques and
curing processin this study curing of the epoxy growis conducted under a
controlled environment to ensure uniform bonding between the phaspoxy
grout was modeled usirsplid elements as the wall thickness to radius ratio,

is over 0.1. It was meshed with a total of 3900 reduced integration, eight nodes
linear brick elements, C3D8R while the carbon fibre reinforced PE strip was

meshed with a total of 1596 S4R elenserithe individual meshed parts of the
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pipe, epoxy grout and carbon fibre reinforced PE strip, along with the assembled

model are shown iRigure4-22.

Carbon Fibre
Reinforced PE Strip

Epoxy Grout

(b)

(c) (d)

Figure4-22, Meshed parts: (a) API 5L grade X52 pipe with corroded section,
(b) corroded pipe with HE®, (c) carbon fibraeinforced PE strip, and (d)

epoxy grout

The stressstrain relationship of the APAL grade X52 steel pipe was defined
using Rambergdsgood material modekq. 4 24, as this model was found

capable of representing the relationship accurately.
8 4-24

whereE=Youngo6s Hpotdainl @ stressU= yield offset factorn =
hardening exponent and = yield stress of the steel pipe. The model parameters,

shown inTable4-5, were extracted fronfRuggieri & Fernando, 201Where

crack growth in high pressure pipeline was numerically modelled.
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Table4-5, Mechanical Properties of API 5L X52 Steel

Parameter Value
Young's Modulus, E [GPa] 210
Poisson’s Ratio, v 0.3
Yield Stress, g, [MPa] 358.5
Ramberg-Osgood’s Model Yield Offset, a 1

Hardening Exponent in Ramberg-Osgood’s Model, n 12

The epoxy grout was modell ed as an i sof
taken from measured data. Lamina properties were assigned to the carbon fibre
reinforced PE stripThe stresstrain relation ofthe lamina can be defined

throughEqg. 4 25,

“?y " Vip 02
ée g_ E, E U &s..0
I, L_Sv u. I
Lo iz g % %0 sl 4-25
& 7 1 2 <40
lg L € 0ig 1
192y & 0 0 }6 g 1583y
e 12()

The longitudinal modulus was taken from those measured experimentally while
the transverse moduluss assumed to be otenth of the longitudinal modulus.
Based on the rule of mixture for unidirectional fiseenforced composite
laminate, the transverse modulus is always lower than the longitudinal modulus
Mallick demonstrated thathe normalised madus of a fibrereinforced
composite at 90 is approximately 10 times lower in magnitude than the

normalised modulus afOas shown irfrigure4-23 (Mallick, 2007)
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Figure4-23, Normalised modulus of fibreeinforced composite at varying

angle

As showed inFigure 4-20, the carbon fibre reinforced PE strip was wound
around the pipe at a helical angle that is approximatelyciis longitudinal

axis such that the rehabilitation provides maximum hoop neiefoent against
internal pressure. Within the FE model, the composite strip was modelled in such
a way that the fibres are aligned in the hoop direcfibis can be achieved using

a transformation matrix[, shown inEg. 4 26 to rotate the material orieation

into the hoop direction.Material properties for the epoxy grout and composite

strip are shown in

Table4-6.
€ cos’q sin® g 2singcosq 9
&rg= g sin’ g cos g - 2singcosq 3 4-26

& singcosg singcosq cos’ g - sin’ g4

Table4-6, Material properties of epoxy grout and carbon fie@forced PE

strip
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Parameter Value

Carbon Fibre Reinforced Polyethylene Strip

Longitudinal Modulus, E; [GPa] 141
Transverse Modulus, E2 [GPa] 14.1
In-Plane Shear Modulus, Gi2 [MPa] 75.46
Major Poisson’s Ratio, vi2 0.34
Longitudinal Tensile Strength, X7 [MPa] 1880
Epoxy Grout
Young's Modulus, E [GPa] 8.951
Poisson’s Ratio, vi2 0.24

4.4.2e Results and discussion
Numerical Analysis

The main output of the FEA required for the computation of burst pressure and
design pressure through Double Elastic Slope method is the hoop Bigaire

4-24 depicts the hoop strain of the corroded X52 steel pipe. The computations
of the plastic analysis collapse load, PACL (burst pressure) and design pressure
for all three cases, (1) Uncorroded pipe; (2) Corroded pipe and (3) Corroded pipe
repairedwith HES system are shown iRigure4-25, Figure4-26 andFigure

4-27 respectively. The computed design pressure for an uncorroded bais pip
25.2 MPa. At this design pressure, the maximum allowable hoop $irairis
0.211%, as shown by the vertical dotted lin€igure4-25. Fran Figure4-26,

it is apparent that the corroded riser can no longer function under normal
operating conditions as the design pressure is only 12.6Wike& is half of an
uncorroded pipe. At 25.2 MPa, the hoop strain on the corroded pipe has exceeded

the maximum allowable hoop strain.
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Figure4-24, Contour plot of hoop strain on the corroded X52 steel pipe
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Figure4-25, Computation of PACL and design pressure of an uncorroded pipe
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Figure4-26, Computation of PACL and design pressure of corroded pipe
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Figure4-27, Computation of burst pressure of corroded pipe repaired with

HES™ system

The pressure against hoop strain curves for all three cases are pltigoréen

4-28. It can be observed that the I-FiEsystem is capable to restore the strength

of a corroded pipe. In fact, the simulated performance of a repaired pipe was

found better than that of the uncatenl bare pipe by 12%. Considering the

maximum allowable hoop strain of 0.211%, the corroded pipe repaired with

HES system is capable of withstanding design pressure up to 28.25 MPa, as
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shown inFigure4-27. The FEA results demonstrated that the ﬁl?ssstem can

increase the strength of the corroded pipe by 124%.

60

50
Uncorroded

Pipe

40

----Corroded
Pipe

30

20 Corroded

Pipe with

10 HES

Internal Pressure, P,, (MPa)

0 0.2 0.4 0.6 0.8 1
Hoop Strain, g, (%)

Figure4-28, Pressure against hoop straurves for uncorroded pipe, corroded

pipe and corroded pipe repaired with HESystem

Experimental Results

Field test conducted on the corroded API 5L grade X52 steel pipe repaired with
the HES system shows that the repair system capable of restoring the structural
strength of the corroded pipe. The burst pressure was recorded as 53.5 MPa,
which is higher than the burst pressure of an uncorroded X52 steel pipe as
calculated througleqg. 4 19. At the burst pressure, ultimate failure occurred
within the repaired region, where bursting of the pipe and theél-ﬁﬁem was
observed. Pieces of broken epoxy grout can be seen, as shéwguria4-29,

signifying that the epoxy grout failed in a brittle manner.
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Figure4-29, HES™ repaired pipe at burst pressure (a) failure within the

repaired region an(b) close up of failure region

Comparison of Industrial Standards, Numerical Analysis and

Experimental Test

The results obtained via FEA are compared to those obtained using the industrial
standards and field testing. For the case of uncorroded pipe and corroded pipe,
burst pressure and design pressure calculated using E@qnd 20 can be
compared to those comted using Double Elastic Slope method through outputs
obtained from FEA. For the case of corroded pipe repaired with HyStem,
comparison of the burst pressure between field test and those obtained from
Double Elastic Slope method are tabulate@iable4-7. The FEA results showed
good correlation with the ASME standards with deviation of less than 10%. In
addition, the percentage difference betwirenfield test and FEA results for the
corroded pipe repaired with HESs only 5.61%. This signifies that FEA along

with limit analysis can be used as a tool for the evaluation of a corroded pipe.
The equations used to calculate the burst and desigrupgsss the corroded

pipe are only applicable to cases where internal pressure is the sole loading.
When dealing with risers subjected to a series of combined loadings, a slightly

different approach in the FEA neetdsbe taken into consideration
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Table4-7, Results from design standards, experimental test and FEA

simulation
Uncorroded Pipe Corroded Pipe Corroded Pipe
Repaired HES™
Standards FEA Standards FEA Test FEA
Design Pressure 27.24 25.2 14 12.6 - -
{MPa)
Hydrostatic Test 34.05 31.5 17.6 15.75 - -
Pressure (MPa)
Burst Pressure 454 42 234 21 535 56.5
{MPa)
Percentage 7.48 10.00 5.61

Difference (%)

The field test measurement demonstrated that the combination of the epoxy grout
and carbon fibre reinforced PE strip is capable oforesj the strength
performance of a corroded steel pipe subjected to pure internal pressure. The
performance of the H@Ssystem was found to conform to various industrial
design standards. The use of FEA was able to capture the behaviour of the HES
systemwith deviation less than 10%. With the current input parameters, studies
on the sensitivity of different variald¢hat govern the behaviour of the repair

can be conducted within the FEA in the future.

4.5 Individual Static Loading

Three main types of statigads acting on a functioning riser, include the internal
pressurePin, tensile loadF: and bending moment), were separately analysed

to study the performance of the corroded riser and those repaired with FRPC. A
simulated external corrosion defect having a rectangular shape with predefined

length and widtlwas machined onto a localised section of the pipeline
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4.5.1 Internal Pressure,Pint

FE model was developed to investigate the performanbarefriser, corroded

riser and repaired riser subjected to static internal pressure.

4.5.1a Bare Riser without & with Corroded Region

Using the doublelastic slope method (discussed Chapter 4), the design
pressurePq was determined to be 22MPa while the maximum permissible hoop
strain,&-maxwas 0.1875%. The hoop stress and hoop strain of the bare riser were

found uniform over the riser surface, at 233.64MPa and 0.111% regbgctiv

A corroded region was modelled at the raettion of the riser where it is
manifested as a 50% loss in the wall thickness. This was achieved by reducing
the section thickness of designated shell elements. The corroded region has an
axial length of 60mm and circumferential length of 50mm with a wall thickness

of 5.15mm as illustrated iRigure4-18. The hoop stress and hoop strairthed
corroded riser are shown figure 4-30 and Figure 4-31, respectively. The
maximum hoop strain was computed at 0.264%. This value is well exceeds the
maximum permissible hoop straéhmax Which signify that the corroded riser is

no longer fit for operation. The corresponding hoop stress was 466.59MPa,
which is 96.6% of the ri setazurvginel d
Figure 4-34 clearly shows that the load carrying capacity of the riser has

deteriorated drastically.
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S, S22 (Cylindrical)

SNEG, (fraction = -1.0)

(Avg: 75%)
472.680
452,253
431.825
411.397

Figure4-30, An contour plot of corroded riser at 22MPa

E, E22 (Cylindrical)
SNEG, (fraction = -1.0)
(Avg: 75%)

Figure4-31, H, contour plot of corroded riser at 22MPa

4.5.1b Corroded Riser Repaired with Composite Laminate

The repair sleeve was modelled over a designated length of the riser. The
material properties of the laminate were defined using lamina properties, where
transversely isotropic material properties are assumed. The repair laminate was
modelled in such a maer that the fibres are aligned in the hoop direction of the
riser. This type of orientated repair is similar to most of the commercially
available products where unidirectional laminate is wrapped around the riser
with the fibres aligned perpendiculartte axis of the pipe. The hoop stress and

hoop strain of the corroded riser beneath the repair are shdwguie4-32 and
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Figure4-33, respectively. As depicted, the hoop strain at design load (22MPa)
has reduced by an approximately 69.57% with the CFRP rehabilitation. The
curve inFigure4-34 shows the hoop strain of the repaired riser under increasing
internal pressure where there is an approximately linear relationship. This
suggests that thboop stress can be successfully transferred to the FRPC
laminate, signifying that the amount of stress sustained by steel riser is reduced
to within its elastic limit. The higher stress and strain values outside of the
repaired region, as depictedhigure4-32 andFigure4-33 signifies that further
increase in internal pressure will most likely results in bursting outside the

repaired region.

S, 822 (Cylindrical)

Multiple section points

(Avg: 75%)
236.311
226.749
217.187
207.625
198.064
188.502
178.940
169.378
159.816
150.254
140.692
131.130
121.568

Figure4-32, (h contaur plot of repaired riser at 22MPa

E, E22 (Cylindrical)

Multiple section points

(Avg: 75%)
0.001131
0.001085
0.001039
0.000993
0.000947
0.000900
0.000854
0.000808
0.000762
0.000716
0.000670
0.000624
0.000578

Figure4-33, H, contour plot of repaired riser at 22MPa
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—a— Bare Riser (Uncorroded)
—— Corroded Riser
Corroded Riser repaired

with [90°] Carbon/Epoxy

= = =Double Elastic Curve

— - — Plastic Analysis Collapse
Load

Internal Pressure, P,, (MPa)

Design Load with Margin
0 0.25 0.5 0.75 1 2.0
Hoop Strain, &, (%)

Figure4-34, Limit state analysis of riser subjectedPia

4.5.2 Tensile Load,F

4.5.2a Bare Riser with & without Corrosion Defect

The second load case where static tensile load was applied on risers to minimize
lateral movement. As discussed in Chapter 3, the design load as computed from
using doubleelastic curve method was tensile lo&d,= 1785kN and the
maximum permissible terleiaxial strain,&max = 0.225%. The tensile stress
experienced by the riser without corrosion is still 50% below the yield stress, at
242.33 MPa while the tensile strain approached approximately half of the
maximum permissible tensile strain, at 0.115Bke riser without corrosion
defects was found fit for function under individually applied static tensile load

of 1785kN.

As illustrated in thd=igure4-35, the maximum axial stress on the corroded riser
was computed at 337.6MPa, which is well below the yield stress of the riser. The
maximum axial strain, shown fRigure4-36, was 0.165%, which is below the

maximum permissible axial straig,max It can be observed that the individual
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effect of tensile load on a corroded riser is not as detrimental as the impact of
internal pressure alone. Howevstress concentration exists at the edge of the
corrosion where there is a sudden change in the thickness of the riser. This high
stress concentration region can be site of a fatigue damage initiation. Hence,
attention is needed to mitigate this conditiomptevent further deterioration of

the riser.

S, S11 (Cylindrical)
SNEG, (fraction = -1.0)
(Avg: 75%)
339.884
326.970
314.057
301.143
288.229

Figure4-35, U, contour plot of corroded riser at 1785kN

E; E11 (Cylindrical)
SNEG, (fraction = -1.0)
(Avg: 75%)

Figure4-36, H contour plot of corroded riser at 1518\

4.5.2a Corroded Riser Repaired with Composite Laminate

Figure4-37 andFigure4-38 show the axial strain of the corroded region beneath
the composite laminate. The stress at the edge of the corrosion defect was found
reduced by 9.18%, which is a relatively small amount compared to the case of
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pure internal pressure where a reduction of 43.57% was obt&iigenle 4-39
shows the loadtrain curve of the repaired riser subjected to tensiel.lo
Although still within the limits of the maximum permissible axial strdax

the results suggested that reinforcement solely in the hoop direction of the riser

is not ideal.

S, S11 (Cylindrical)
Multiple section points
(Avg: 75%)

308.696
298.361
288.025

184.673

E, E11 (Cylindrical)
Multiple section points
(Avg: 75%)

Figure4-38, H contour plot of repaired riser at 1785kN
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/ —=a— Bare Riser (Uncorroded)
—— Corroded Riser
Corroded Riser repaired

with [0°] Carbon/Epoxy

= = = Double Elastic Curve

— - = Plastic Analysis Collapse
Load

Tensile Load, F, (103 kN)

Design Load with Margin
2.0

0 0.3 0.6 0.9 1.2 1.5
Axial Strain, £, (%)

Figure4-39, Limit state analysis of riser subjectedo
4.5.3 Bending Load, My
4.5.3a Bare Riser without & with Corroded Region

The effects of bending load on the riser were studied through a local analysis
where the bending stress and strain at the corroded region of the riser was
examined. Global analysis of the entiradéh of the riser from the platform to

the seabed connections is not considered. Afoimt bending setup was used

in the current study, as shown kilgure 4-19. This setup provides a constant
bending moment between the load span compared tegbietbending where

the moment gradually increases to a maximum at the midpoint of the pipe. The
output as obtained from double elastic curve method swegbastesign load for
bending moment of 120kNm and a maximum permissible bending/axial strain,
& -max Of 0.255%. The highest axial stress and strain was found occurred at the
mid-section of the riser, which is in tension due to the bending moment. The
stres and strain reduces gradually away from the-seiction as flexural

modulus of the steel riser is uniform throughout the entire length of the riser.
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The maximum bending stress, 427.5MPigy(re4-40) occurred at the corroded
region is equivalent to 88.5% of the yield stress. The maximum bending strain
at the corroded region is approximately 0.236%, which is close to the maximum
permissible bending stin, @-max as shown irrigure4-41. The @-maxappears at

the edges of the corroded region due to the sudden drop in flexural rigidity of

the riseras the wall thickness reduces.

S, S11 (Cylindrical)
SNEG, (fraction = -1.0)
(Avg: 75%)

Figure4-40, Ab contour plot of corroded riser at 120kNm

E, E11 (Cylindrical)

SNEG, (fraction = -1.0)

(Avg: 75%)
0.002359
0.002018
0.001678
0.001338
0.000997
0.000657
0.000317
-0.000024
-0.000364
-0.000704
-0.001045
-0.001385
-0.001725

Y

Z X
o

-

Figure4-41, H,contour plot of corroded riser at 120kNm

4.5.3a Corroded Riser Repaired with Composite Laminate

Figure4-44 also shows the stresgrain response at the corroded region beneath

the repair. Similar to the ca®of tensile loading, no significant increases in the

116



flexural strength of the repaired riser was observed. The reductions in axial stress
and strain of the repaired riser were about 6.8% and 20.5% respectively. The
reinforcement provided by the FRPC igetdtionally dependent. The fibres
aligned in the hoop direction of the riser provide minimal strengthening to the
corroded riser under external bending load. Comparison of the corroded riser and

corrodedrepaired riser are summarisedTiable4-8.

S, 811 (Cylindrical)
Multiple section points
(Avg: 75%)

398.394
333.118
267.843
202.567
137.291

72.016

+ -58.535
-123.811
-189.086
-254.362
-319.637
-384.913

Figure4-42, (i, contour plot of repaired riser at 120kNm

E, E11 (Cylindrical)
Multiple section points
(Avg: 75%)
0.001876
0.001576
0.001276
0.000976
0.000677
0.000377

+ 0.000077
-0.000223
-0.000523
-0.000823
-0.001123
-0.001423
-0.001723

Figure4-43, H, contour plot of repaired riser at 120kNm
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Axial Strain, g, (%)

Figure4-44, Limit state analysis of riser subjectedVie

Table4-8, Stress and istin comparison between corroded riser and repaired

riser
Individual Corroded Riser Repaired Riser Percgntage
Stati Reduction (%)
atIC N . L N N &
Load Stress, Strain, Stress, Strain, Stress  Strain
(MPa) (%) (MPa) (%)
Internal
Pressure, 476.280 0.2786 236.311 0.1131 50.38 59.40
Pint
Tensile 539884 01664 308.6906 0.1404 918 1563
Load, F¢
Bending
Moment, 427.473 0.2359 398.394 0.1876 6.80 20.47
Mp

4.6 Combined Static Loading

The study of combined static loading can better emulate thdifeealorking
conditions of a riser where multiple loadings act on the riser simultaneously. The

addition of various loads acting on the riser can significantly vary the stress
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strain behaviour of the riser, hence affecting the design requirement of the CRS.
Theanistropic nature of the FRPC material properties could be designed to alter
the ultimate performance of the repair. In the current project, investigation on
combined loadings can be separated into two categofiescombined internal
pressure and tereiload, and (2) combined internal pressure, tensile load and

bending moment.

4.6.1 Combined Internal Pressure,Pint and Tensile Load,F+

4.6.1a Bare Riser with & without Corrosion Defect

Combined internal pressure and tensile load were applied to the riser and their
effects on the riser were studied. The internal pressure and tensile force at design
loads as calculated using the limit analysis, were 22MPa and 1785kN
respectivelyUnder unorroded conditionthe hoop and tensile strains were far

below the maximum permissible hoop and axial strains

Figure4-45 andFigure 4-46 show that both the axial and hoop stresses on the
corroded region of the riser were higher than the uncorroded case, with hoop
stress close to the yield stregslee riser. The hoop straifrigure4-48) on the
corroded region of the riser was approximately 0.194%. It should be noted that
this value is lower thn the hoop strain recorded on the corroded riser subjected
to pure internal pressure, which is above 0.25%. This could be attributed to the
Poisson Ratio effect due to the tensile load which yields negative hoop strain.
The hoop stress is found to be th@minant factor affecting the design of the

CRS.

Within the FEA, both the internal pressure and tensile load were ramp with a

predefined fixed increment in order to obtain a plot of load versus strain at fixed
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interval. The loagstrain curves for hoop arakial strains Figure4-45to Figure
4-48) indicated that the localised corrosion defect has a higher detrimental effect
in the hoop direction. Maximum permissible hoop strain was exceeded while the

maximum permissible axial strain was not reached.

S, S11 (Cylindrical)
SNEG, (fraction = -1.0)
(Avg: 75%)

239.903
229.383

Figure4-45, (. contour plot of corroded riser at combined 22MPa and 1785kN

8, 822 (Cylindrical)
SNEG, (fraction = -1.0)
(Avg: 75%)
458,295
438.815
419.336
399.857
380.377
360.898
341.419
321.939
302.460
282,980
263.501
244.022
224.542

Figure4-46, Un contour plot of corroded riser at combined 22MPa and 1785kN

120



E, E11 (Cylindrical)
SNEG, (fraction = -1.0)
(Avg: 75%)

Figure4-47, H contour plot of corroded riser at combined 22MPa and 1785kN

E, E22 (Cylindrical)
SNEG, (fraction = -1.0)
(Avg: 75%)

Figure4-48, H, contour plot of corroded riser at combined 22MPa and 1785kN

4.6.1b Corroded Riser Repaired with Composte Laminate

Figure4-49to Figure4-52 display the axial and hoop stresses and strains on the
steel riser beneath the composite repair. In terms of strengthening the riser in the
axial direction, the composite repair provided a poorer performance as the
maximum stress and strain is still observethinithe repaired region (shown in
Figure4-49 andFigure4-51). In contrary, the hoop stress and strain levels were
reduced signiftantly with composite repair as the fibres are aligned in the hoop
direction. The loagtrain plots inFigure 4-53 and Figure 4-54 show a clearer
comparison between the corroded riser and the repaired riser. The use of the

hoop orientated composite repair was able to restore the strength of tuedorr
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riser in the hoop direction to the original uncorroded state. However, the hoop
orientated repair was not able to strengthen the riser in the axial direction. As
shown inFigure4-53, the axial strain of the repaired riser at the plastic analysis

collapse load (PACL) is approximately 0.4%, which exceeds the acceptable

limits of 0.225%.

S, 811 (Cylindrical)
Multiple section points
(Avg: 75%)
309.400

8, 822 (Cylindrical)
Multiple section points
(Avg: 75%)

Figure4-50, Un contour plot of repaired riser at combined 22MPa and 1785kN
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E; E11 (Cylindrical)
Multiple section points
(Avg: 75%)

0.000713

Figure4-51, H contour plot of repaired riser at combined 22MPa and 1785kN

E, E22 (Cylindrical)

Multiple section points

(Avg: 75%)
0.000787
0.000753
0.000718
0.000684

Figure4-52, H contour plot of repaired riser at combined 22MPa and 1785kN

Figure4-53, Limit state analysis of riser subjectedPa andF: (Axial Strain)

123






















































































































































































































































































































































































































































