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ABSTRACT
Oil and gas wells
are conditions to
maintain the
reservoir
pressures and to
avoid unwanted
exit of
hydrocarbons.
The Norwegian
petroleum
safety
regulations
desire that a
multi-barrier
constructions be
made for
reservoir. This
principle
guaranty that
the next barrier
prevent
escalating
occurrence
should the other
protection fail. A
subsea wellhead
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INTRODUCTION
subsea wellhead is a strong and heavy
walled pressure barrier at the top of the
well on the bottom of the sea bed. It is the
second pressure barrier during drilling and
exploration of oil and gas. The Blow out Preventer
(BOP) is position on top of the wellheads while the
drilling riser connect between the FPSO and the
BOP. The subsea wellhead application experience
mechanical fatigue from the activities of the FPSO
and conduit that are linked to the well. Subsea
reservoir are only accessed from the FPSO, both
the FPSO and riser are exposed to the in-service
environmental loads arising from tidal waves,
wind and current (Reinås, 2012). The dynamic
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motions (r otary and vibratory) of
the FPSO and the riser system will
transmit the dynamic loads to the
wellhead. Inspection for fatigue
failure is important to obtaining
confirmation of safe operating
conditions. This inspection can be
visual, but in most industry, they use
Non Destructive Testing (NDT)
techniques. For subsea wellhead no
applicable inspection techniques
exist. Wellhead fatigue inspection
may employed the use of offshore
structures fatigue design a Design
Fatigue Factor (DFF) of 10 is needed
for safety critical components that
cannot be inspected (Reinås, 2012;
Bai & Bai, 2014). Fig 1(a) Wellhead
System and Associated External
Loads.

Fig 1 (b) Wellhead System Position
and BOP. (Reinås, 2012)
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Subsea wellheads situated
at the seabed and the BOP
position on top of it during
drilling exploration. The
riser connects the FPSO to
the wellheads via the
subsea stack template.
The
in-service
environmental loads keep
acting on the systems as
illustrated above. The
whole well structure
terminates
at
the
wellheads (Reinås 2012).
Oil and gas production
wells are made to contain
the reservoir pressures in other to prevent an unwanted exit of crude oil.
The Norwegian petroleum safety regulations desire that a multi-barrier
constructions be made for reservoir. This principle guaranty that the next
barrier prevent escalating occurrence should the other protection fail.
Tidal waves and current interfered with the riser that result in dynamic
movement, causing localised bending stress. The wellheads is a load
carrier supporting the riser to resist the static and cyclic forces acting on
it. These forces: tensional and compressional causes fatigue failure of the
wellhead. This study provide a comprehensive professional qualification
plan for a safe flow from subsea wellhead to Floating Production Storage
and Offloading (FPSO) vessel operating in a deep or ultra-deep waters
(Reza, et al., 2015; Bai & Bai 2014).
Problem Statement
Subsea wellhead is associated with numerous external and internal
loads, couple with the uncertainty of the operating environment
(Doosan, 2017). There irregular and unsustainable confirmation of
qualification test plan and validation for a safe operating conditions
(Swanson, 2017). According to (Smyth, 2017) there are paucity of
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categorization and evaluation during in-service lifetime of the reservoir.
(Bai and Bai, 2014) added that for a subsea wellhead structures no
definite applicable inspection techniques do exist. Therefore continue
professional qualification and validation plan should be mounted on
regularly.
Aims and Objectives
The aims of this study is to define the integrity of wellhead component
as a technical application, and to ascertain a professional qualification
and validation of multi-barrier constructions for oil and gas reservoir. It
is also aim to quantify the durability, reliability and sustainability of
subsea wellhead for robust design at all stages of its manufacturing.
Consequently the objectives of the study are as follows:
1
To anticipate and suggest possible plan targeted at preventing
or minimizing component failures.
2
To reduce the risk of uncontrolled escape of reservoir fluids that
may result into a blowout.
3
To enable wellhead as a load bearer and support to be able to
resist all applicable forces acting on it.
4
To enable wellhead to function all through the life cycle of the
reservoir.
Significance of the Study
A key important issues from the study is to ensure incidents free oil and
gas drilling and production operations, as well as to ensures that subsea
wellhead and associated components durability, reliability and
sustainability are ascertain at all stages of its not only manufacturing but
also operating life time stages. The study help oil and gas producers to
minimize not only components failures but also the risks of uncontrolled
escape of reservoir fluids that may result into a blowout.
The study equally assists the designers and manufacturers of oil and gas
components to design and built a robust and high temperature and
pressure resistance wellhead and associated components. The study
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play a role in corrosion monitoring, inspection and control in the refinery
and petrochemical company worldwide.
Scope of the Study
The study cover important concepts of identification for a professional
qualification and validation plan that ensures a safeguarded fluids flow
from subsea well head to a Floating Production Storage and Offloading
(FPSO) unit in deep or ultra-deep waters. The focused components
associated to wellhead include soup well, production packer, production
tubing, blowout preventer, Christmas tree, drilling riser, tie-back flow
lines, etc.
The study also include a glance on corrosion monitoring, control,
inspection as well as technical and professional qualification and
validation tests. The tests ascertain the durability reliability and
sustainability of subsea wellhead in corporation to its associated
components.
LITERATURE REVIEW
Wellhead Requirements and Specifications
Conditions and Requirements
Engineering components and structures do not satisfy the postulated
strength by mere laboratory qualification test (Maleque & Salit, 2013).
Hence the in-service performance would not reach up to expectations,
therefore, the design, mechanics, and dynamics of structural systems,
components or products required the engineer to minimize the
possibility of failure (Reza, et al., 2015). Even though the level of
component in-service performance and the reasons for components
failures according to (Ashby 1999; Maleque & Salit, 2013; Smyth, 2017;
Reza, et al., 2015; Bai & Bai 2014) depends upon many factors as
enumerated in table 1 below. The engineer, however still needs to
anticipate and suggest possible plan aimed at preventing future
components failures.
Table 1. Components in-Service Performance Factors and the Reasons
for Failures (Maleque and Salit, 2013; Reza, et al., 2015; Bai & Bai, 2014;
Otegui, 2014)
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Components In-Service Performance Potential Reasons For Components
Dependant Factors
Failures
• Inherent materials properties
• Materials formation defects
• Composition of the materials (alloys)
• Components design deficiencies
• Loading mechanisms or stress
• Superseding design limitations
systems
• Inappropriate materials selections
• In-service environmental conditions
• Manufacturing defects
• Uncertainties of operating conditions
• Assembling errors
• improper
maintenance
or
• Overloading or overstretching
mishandling
• Inadequate safety culture
• poor Maintenance and repair
• Inadequate heat treatment
attitudes
• Poor environmental protections
• Poor quality assurance and integrity
• Component formation discontinuities
• All form of wear/erosion: corrosion,
• Stress concentrations
adhesive, cavitation, abrasive,
• Speed of loading
sliding, friction, rolling, rippling,
• High temperature high pressure
scratching, polishing etc.
• Thermal shock
• All forms of corrosion: general,
• Fire and explosion
selective, local concentrate, direct
• Loss of containment via leakages
attack, fretting, pitting, crevice,
• Excessive plastic deformation
galvanic, intergranular, stress
• Elastic or dynamic instability
corrosion, corrosion erosion, under
• Creep fatigue and thermal relaxation
insulation, microbiological corrosion
etc.
• Fatigue: high and low cyclic loading
and crack propagation
Design and Specifications
The Norwegian Petroleum Safety Authority (NPSA) endorsed the
NORSOK D-010 standard guideline for wellhead. The standard define
integrity of wellhead as a technical application operational as a means to
reduce risk of uncontrolled escape of reservoir fluids for the life time of
a well (Reinås, 2012). The idealised principles of the Norwegian NPSA
include the following:
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The reservoir barriers designed, manufactured and installed shall
overcome all loads exposed to and function all through the life cycle of
reservoir. The operational conditions be categorize and evaluated during
in-service lifetime of the reservoir. The operational limitations be made
to consider effects corrosion, erosion, wear and fatigue.

( a)

(b)

Fig. 2 (a) NORSOK D-010 Section 13.8.1 Well Barrier Schematic For
underbalanced Drilling or Tripping, showing an array of well barrier
envelope and barrier elements schematics. (b) Drilling system relevant
standard and codes, for structural well integrity. (Reinås, 2012).
The recent subsea wellhead design code is ISO 13628-4 and US code API
17D. The ISO series has big portfolio of standards to oil and gas industry
(Reinås, 2012). The table list some most important relevant specifications
that applied to wellhead analysis.
Table 2: Relevant Wellhead Design Specifications
Components
ISO
API
General subsea
13628-1
17A
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Wellhead subsea
Wellhead dry
Riser drilling
Riser production
(Reinås, 2012)

13628-4
10423
13624-1/2
13628-7

17D
6A
RP16
RP 17G

Pressure Rated
Pressure Rated
Pressure Rated
Limit Rated

FLOW RATE ESTIMATION FROM WELLHEAD
Flow rate from both oil and gas reservoirs are estimated by wellhead
pressure. If the head pressure is greater than the flow lines pressures the
following equations held for oil and gas:
q= (PtfS^2)/(600√R)
Gilbert equations commonly used for oil well
and
q = gross liquid flow rate (bbl/day) used for oil well
Where
Ptf = flowing tube head pressure (psia)
R = gas to liquid ratio (MSCF/bbl)
S = choke size (1/64 in.)

(1)

q=390(d^2Ptf)/√GT
Gilbert equations commonly used for gas well
and
q = gas flow rate (MSCF/day) used for gas well
Where
Ptf = flowing tubing head pressure (psia)
d = choke size (in.)
G = gas specific gravity
T = wellhead temperature (oR)

(2)

Wellhead In-Service Operating and Environmental Conditions
Design for Safe and Reliable Wellhead
Design Requirements
The wellhead pressure shall be greater than 103.4 MPa (15 Ksi)
The wellhead temperature shall be greater than 176.7 OC (350 OF)
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A longer fatigue life is required for wellhead
There are need for the next generation of high pressure high
temperature material (Kaculi, 2014).
Design Challenges
The dynamic of in-service effects upon material properties
The uncertainties of properties of material at different in-service
A stringent regulationary guidelines, verification analysis and testing
Recent tools needed for the advance technology in place (Kaculi, 2014).
Functional Conditions
Wellhead as discussed earlier is the topmost element of a well, suitable
for the following functional operating in-service conditions:
Installed for the life cycle of the well, non-retrievable and permanent
It resist the external loads acting on the well
It is a pressure vessel design and built for pressure containment
It is a pressure controlling barrier
It provide attachment interface and support weight of other element
It ultimately act as a barrier to both internal and external forces (Kaculi,
2014).
Wellhead Loading Conditions:
1. Cyclic loading 2. Mechanical preloads 3. External loads 4. Thermal
loads 5. Casing program and weight loads
6. High temperature
high pressure loads (Kaculi, 2014).
Failure Effect Analysis (FEA) Model
The wellhead is situated 200 feet below the mud line
The wellhead has a non-linear geometric behaviour
The wellhead has numerous elemental parts
The wellhead has no tied constraint
The wellhead is modelled with cement
Formation soil properties important
The sequence of installation depend on field conditions (Kaculi, 2014).
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Life Cycle profile
Failure event occur during utilization stage of engineering products
(Frate, 2011). (Ashby, 1999) looks at failure in terms of termination of the
expected in-service performance. This work will analyse failure in
different phases of the components life cycle scenario to confirm the
credibility and sustainability of engineering structures/components. A
typical approach to component life cycle failure information summary is
represented in three phases with localization at the utilization phase fig
1.

Fig. 3 Manifest Stages of Components Utilization Failure. (Frate, 2011)
The (a) arrow represents in-service performance failure which is
occurring during the utilization stage due to in-service operating
conditions as listed in table 1 above.
The (b) arrow represents manufacturing defects and/or assembling
errors, often refers to manufacturing failures. This is due to poor
workmanship or inadequate manufacturing processes and control of
equipment. Also listed in table 1 above
The (c) arrow represents design failure due to design deficiencies,
limitations and any shortcoming that may arise from poor design
blueprint, tools/machines failure. Also listed in table 1 above (Frate, 2011;
Ashby, 2005).
Extension of In-Service Lifetime of Engineering Components
The effectiveness of technologies of ensuring engineering structural
components integrity and service life extension is determined by degree
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of durability and reliability of industrial components. Meeting up the
theoretical lifetime in in-service operating conditions of industrial
structures is a key advances for today’s engineers that are in act of
integration of economic and industrial recovery (Ashby, 2005; Otegui,
2014).

Fig. 4: The Main Phases of an Assets Life Cycle. (each phase’s impact the
overall asset integrity and its significant even within the change in the
risk profile of an asset.). (Mbata, 2013).
The Bathtub Curve:
This curve indicates the starts of lifetime operations for engineering
components after installations. The vertical axis are represented by
correlations variables of interest such as cost, risk, malfunctions etc. the
cost occur may be due to corrections of non-conformities, defective
components and project failures (Otegui, 2014) .

Fig. 5 Bathtub Curve Showing Cost Of Component Maintenance During
Its Operation Lifetime. (Otegui, 2014)
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Bathtub Curve Management Analysis
Reduce risks/costs in all cyclic phases of the components in-service
lifetime
Reduce or slow aging stage and subsequently extend components
residual lifetime
Ensure components integrity assurance and lifetime extension routine
programs
Determine the components obsolete lifetime and end operation for
further life extension will be worthless (Otegui 2014; Ashby, 1999).
Wellhead Fatigue Loading, Damage Mechanisms and Failure Modes
Loading Modes
The subsea wellhead is a multi-functional systems that act as a pressure
vessel as well as structural load bearing systems that resist static and
cyclic loads causing tension and bending. The cyclic loading create
fatigue damage to the reservoir, the reservoir can withstand limited
amount of fatigue before failing. If the wellhead structurally fail, its
pressure function will be exceeded and it will lost. Wellhead fatigue is a
great threat to reservoir integrity and flow assurance. Fatigue failure of
the wellhead has catastrophic consequences. The figure below shows
the sample of the North Sea well casing program and loads distribution.
The conductor and the surface casing are the primary loads bearing
components (Reinås, 2012).

Fig. 6: the Schematic of Typical North Sea Subsea Construction and Well
Loads Distribution. (Reinås, 2012).
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Potential Damage Mechanisms
The mechanisms of bending of the subsea reservoir causes the well to
rotate due to the cyclic force. The figure below shows the rotation of the
wellhead as a result of the bending. The resistance to the rotation will be
an inherent bending resistance from each structural elements of the
reservoir. The basic loads bearing elements is the conductor and surface
casing. The wellhead housing is connected to the BOP and experiences
the external bending loads. The surface casing connected to the housing
of the wellhead experiences the well rotation (Reinås, 2012).

(a)
(b)
(c)
Fig. 7: (a) The Rotation of the Wellhead from Bending Forces (b) bending
moments load histograms to illustrate fatigue damage mechanisms and
(c) the histogram of stress ranges evaluated from SN curve for fatigue
damage accumulation (Reinås 2012).
Potential Failure Modes
A cyclic loading of the well or a loading of an elemental component of
the well can cause mechanical fatigue failure of the wellhead for instance
pressure cycles. Drilling and exploration related activities spots that a
wellhead failure mode is observed are as follows: a high pressure loading
activities on risers, a high pressure and temperature work over roller and
bits, a high pressure work over drill pipe and drill string, coiled tubing and
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sucker rods over working with high pressure high temperature (Reinås,
2012). The structural fatigue failure of wellhead system are a result of
accumulated fatigue damage or a sudden accidental incident due to
loading. The subsequent consequences depend upon the barrier
situation at incident time (Reinås, 2012).

Fig. 8: Failure Modes and Degradation Mechanisms Relevant To Offshore
Oil and Gas Structures.
Failure modes 1-7 are relevant to a passive components, while failure
modes 8 is a general failure modes known as loss functionality on active
components such as subsea valves and actuators. (Reinås, 2012).
Table 3: Failure Analysis Info Summary Showing Failures Types, Loading
Modes Damage Mechanisms, & Failure Modes (Ashby, 1999;
Callister,1997; Doosan, 2017; Smyth, 2017; Reza, et al., 2015; Pluvinage &
Elwany, 2007; McDanels, 1997; Bai & Bai, 2014; Otegui, 2014; Christensen,
2017; Schreurs, 2012 )
Types
of
Failures
CO2
Corrosio
n

Geometric
Mechanisms

Loading Damage Mechanisms and Failure
Modes

CO2 mechanisms consist of The anode losses electrons to the
carbonic
acid
and cathode. The + charged ions
released are bonded with –
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bicarbonate dissociating in
in-service fluids as follows.
H2CO3 + e− →H + HCO3−
2H→H2
Fe →Fe2+ + 2e−
CO2 + H2O + Fe→FeCO3 (Iron
carbonate + H2)
This is the major corrosion
agents in oil and gas sweet
service,
which
is
characterised
by
two
localizing
scenario:
a
localize attack with fast
surface removal (pitting
corrosion) and a corrosion
in
intermediate
flow
regimes (mesa).
Hydroge Hydrogen atom infuses on
n
high strength steels in
Induced inclusions. A pressure build
Crackin up within initiate cracks in
g (HIC)
the material. The cracks
propagate further due the
result of the combine
tensile stress with hydrogen
embrittled component. The
subsequent
degradation
causes the component to
fail in brittle manner known
as hydrogen embrittlement.

Stress–
Oriente
d
Hydroge
n Induce
Crackin
g
(SOHIC)

This corrosion mechanisms
has a mixed of hydrogen
induced corrosion (HIC) and
sulphide stress corrosion
cracking (SSCC). Areas of
high hydrogen sulphide or
hydrogen
are
more
susceptible to SOHIC.
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charged atoms forming a highly
corrosive
electrolytes.
This
activities result in CO2 corrosion
mechanisms.

Fig. 9: CO2 corrosive electrolytes

The reduction reactions during
loading
causes
hydrogen
blistering.
Hydrogen
atoms
combine together to form
diatomic molecules rich enough to
build up pressures that split the
metals,
causing
hydrogen
embrittlement
damage
mechanisms.

Fig. 10: Hydrogen Blistering
Splitting Metals.
The highest region of hydrogen
sulphide or hydrogen surface
concentration are more vulnerable
to SOHIC. The sections where
cracking takes place within the
components are the heat affected
zones, fusion line and near heat
affected areas. This is due to
critical concentration of either
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Stress corrosion cracking hydrogen sulphide or hydrogen
(SCC) are due to loads, and a combination of both.
residual,
manufacturing,
combination of these, or
some of. It has its
characteristic pattern of
river branching.

Fig. 12: Hydrogen concentration at
localized sections.
Fig. 11: River branching
pattern of SCC
Erosion The
mechanisms
of
Corrosio interaction of aggressive
n
chemical and high fluid
surface velocities in service
environment. Fluid Flow
regime
affect
phase
distribution
and
local
wearing a way of surface
materials. The mechanisms
vary for ductile and brittle
materials.

Pitting
The corrosion of passive
Corrosio resistance
metals
as
n
stainless steels often result
in pits. Chloride ions in
combination with oxygen
result in localize attack that

186

The mechanisms of erosion in
ductile components depend on the
plastic deformation capacity and in
brittle components it depend on
the brittle behaviour.

Fig. 13: Mechanism in ductile
components

Fig. 14: Mechanisms in brittle
components
Pitting is a form of galvanic
corrosion, they all are localized and
accentuated by the differences in
the electrolyte concentration.

TIJSRAT
ISSN: 2623-7861

TIMBOU-AFRICA ACADEMIC PUBLICATIONS
AUG., 2021 EDITIONS, INTERNATIONAL JOURNAL OF:

SCIENCE RESEARCH AND TECHNOLOGY VOL.6

manifest
in
holes
formations around the
metals. The pits create leaks
with time.

Fig. 16: Chloride ions combine with
oxygen in electrolyte causing pits
in materials.

Crevice
corrosio
n

Galvanic
corrosio
n

Fig. 15: Pitting rust bubbles
on concentrated sections.
Degradation exist at joints
between metals to metals
or a metal with non-metals.
The localized corrosion can
be catastrophic if not
maintain.

This is the loading between
two dissimilar metals in inservice electrolyte. The
dissimilar effects create the
potentials
of
galvanic
corrosion.
Galvanic
corrosion is equally a
localized
corrosion
mechanisms.

The concentration gradients of
aggressive crevice may occurs at
washers, flanges, gaskets, under
protective coatings etc.

Fig.
17:
Crevice
corrosion
mechanisms
The galvanic cell corrosion from
anode to cathode electrolytic
reactions, produces Fe(OH)2 which
reduces to Fe2O3.H2O hydrate rust
formation.

Fig. 18: Galvanic
mechanisms
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Wellhead Integrity and Reliability of Safety Systems
Reliability and Failure Rates
Reliability is the probability of components, or engineering structures
performing its designed or desired functions in a giving in-service
operating conditions over a period of time for its designed life. While as
failure rate indicate the time rate of change for probability of
components failure. To quantify reliability let take a look at sample data
for failure distribution for in-service performance dependant factors by
(Brooks and Choudhury; 2002; Otegui, 2014) for their table of frequency
percentage distribution of failures via damage mechanisms factors listed
in table 4.
Table 4: Failure Frequency Distribution Based Mechanisms
Failure Types
UK Industrial O&G Industry (%) Avian Industry
Or Origin
Plants
(%) (Brooks&Choudhury
(%) (Brooks&
(Otegui 2014)
2002)
Choudhury
2002)

• Corrosion
• Fatigue
• Stress
corrosion
• Brittle fracture
• Overloading
• High
temperature
corrosion
• Creep
• Wear,
abrasion, &
erosion
• Defects

34
14
22
3.5
2

29
25
6
16
11

3
61
8
0
18

2
2.5

7
3

2
0

3.5

3

7

8

15

7
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Corrosion

Defects

Wear,…

Creep

High…

Overloading

Brittle…

0

Corrosion
Fatigue
Stress…

50

Stress…

100
50
0

100

Fatigue

Failure rates, wear-out
period

Defects
Wear,…
Creep
High…
Overloa…
Brittle…

Failure rates, wear-in
period

Avian Industry(%) (Brooks& Choudhury
2002)

Avian Industry(%) (Brooks& Choudhury 2002)
O&G Industry (%) (Brooks&Choudhury 2002)

O&G Industry (%) (Brooks&Choudhury
2002)

UK Industrial Plants (%) (Otegui 2014)

UK Industrial Plants (%) (Otegui 2014)

Fig. 19: A Plot of Failure rates in PDF curve from Table 4.
The plot of table 4 above clearly shows a bathtub behaviour which
indicate that failure rates onset is high; but clearly decreases with time.
This rapidly decay like behaviour is refers to an infant mortality or wearin period. The early failures might have been due to “birth defects”
inherent in engineering components before the starts of in-service
operating performance. The components that survived the infant
mortality stage might have no prominent defects at birth, or negligible
deficiencies (Brooks & Choudhury, 2002; Otegui, 2014).
The shaded portion curve represents the probability distribution
frequency PDF, area from the curve 0 to t is F(t); and from t to infinity is
probability of survival and /or reliability. The engineering components
failure rates functions has profile-time that look like a bathtub (Pluvinage
& Elwany, 2007).

Fig. 20: Failure Rates Function Time-Profile. (Otegui, 2014)
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The Three Distinct Failure Rates Time Zones:
Infant mortality or wear-in rates zones: it’s a short time period with high
but decreasing failure rates. In short this is a quality control issues.
Youth or constant rates zones: loading mode on first zones survivor, it
has the lowest time period with long but flat behaviour. This is the basis
for reliability issues.
Aging or wear-out rates zones: loading on the survivor of the second
zones, it has long time period but with life extension. The last zones
maintenance issues (Maleque & Salit, 2013; Ashby, 2005).

(a)
(b)
(c)
Fig. 21: (a) wear-in zones, (b) constant zones, (c) wear-out zones (Otegui,
2014)
Lifetime Stages
NORSOK D-010 standard guideline include the life cycle of a well
statement (Reinås, 2012). The typical stages in the wellhead life as
idealised in the figure below from initial drilling up till abandonment is
indicated in (a). The more precise scenario is illustrated as well in (b).

(a)
(b)
Fig. 22: Life Cycle Phases of a Well from (a) initial drilling to abandonment
and (b) a more likely scenario of life cycle phases.
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Mission Profile
These are the representation where by all relevant conditions that an
electrical/electronic module (EEM) are exposed to in its purposeful
applications through the entire predicted service life cycle. It became
essential therefore that mission profile for individual EEM be design and
communicated to the designers as soon as possible. The EEM are then
used to quantify reliability and quality stage for robust design at all
stages of the manufacturing. The EEM stress factors may be climatic
loading, mechanical loading, chemical loading, and electrical loads during
manufacturing, fabrication, operation, assembling, standby or
transportations (Mbata, 2013).

Fig. 23: Mission profile stress factors
Mission profile not a test but a fundamental for material selection,
engineering design, testing engineering innovations, analysis,
parameterization, simulation and modelling as well as robust evaluation
parameter (Mbata, 2013).

Fig. 24(a) Overview of process flow for mission profile (IEC/TR, 2004)
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Fig. 24(b) Mission profile table source: (IEC/TR, 2004)
Integrity Assurance, Quality Assurance/Quality Control
These are warranty activities perform to assure that the assets meet up
the required performance standard in pre-design, design and post design
and in fact through the whole operational lifetime of the asset. Safe and
reliable operations are the bedrock to efficient and profitable oil and gas
projects. Prevention of unforeseen incident is essential to achieving
safety and reliability. An effect assets integrity is critical to accidents
prevention, improve operational performance and to increase reliability
in the production of oil and gas (Mbata, 2013).
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(a)
(b)
Fig 25: (a) Important Concept of Integrity Management, (b) Relationship
between Asset Integrity Elements (Mbata 2013).
The people, plant, and process required to remain fit over the life cycle
for purpose, (a) Relationship between asset integrity elements
(mechanical integrity is the ability of asset to stand loads e.g. structural
integrity, pressure containment and leak tightness, temperature).
Operational integrity is the ability to carry out desired function
successfully e.g. reliability, shutdown during emergency, critical control
and hazard mitigation. Operational personnel is the ability to operate the
asset safely and within effective limit.

Fig 26: Typical Loop for: Risk Based Inspection (RBI), Major Accident
Hazard (MAH), safety critical element (SCE) Performance Standard (PS).
(Mbata, 2013).
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The fig shows relationship between RBI which is carry out for asset to
identify MAH that is inherent in the asset. Then safety critical element
(SCE) are categorised into barriers made for the prevention, control and
or mitigation of effects from major accident. PS is then specify against all
SCE to ensure SCE suitability in design and manufacturing phase and the
performance criteria suited for SCE at operational phase. Define
Performance Standard (PS) detail the overall goal of the SCE,
functionality, fitness to service, availability, reliability, interdependency,
and sustainability as well as acceptance for pass or fail.
For an organization to optimise its assets maintenance in order to
maintain safe reliable and operational excellence. They have to ensure a
complete inspection and measurement services through the whole
assets life cycle. These are all contain within the quality assurance and
quality control issues (Mbata, 2013).

Fig 27: Assets optimization through quality assurance/quality control.
(http://www.bureauveritas.com/oilandgas)
METHODOLOGY
Professional Qualification Tests Plan and Validation
Charpy Standards Impact Tests
Objectives:
To identify the energy absorbed in breaking a material and ductile to
brittle transition temperatures (DBTT). This is beneficial in determining
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the working engineering components temperatures that would
influence its fracture mechanisms (Maleque & Salit, 2013).

(a)
(b)
Fig. 28: (a) Engineering Material DBTT Curve, (b) Brittle to Ductile
Transition. (Callister, 2005; Smyth, 2017)
Test Descriptions:
Materials are subjected to loads under impact toughness specimen
apparatus. The stress train curve shows the uniaxial tensile behaviour
and fracture toughness for engineering materials (Callister, 2005)

(a)
(b)
FIG. 29: (a) stress strain curve and (b) various types of material fracture
toughness. (Chen, 2017; Smyth, 2017)
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Ductile fracture: shows extended plastic deformation before break and
absorbed extensive energy: very tough. It is characterised by necking,
cavity formation, growth and propagation
Brittle fracture: shows less or no plastic deformation before break and
very low toughness.
Intergranular fracture: shows gradual plastic strain deformation at high
temperature with extended stress.
Fatigue fracture: crack progressive extend at defects or initiates at
surface (Smyth, 2017; Maleque & Salit, 2013)
Test Validation:
To illustrate the uniaxial tensile behaviour of engineering materials and
find the temperature that would influence its fracture mechanisms
(Maleque & Salit, 2013).
Equipment:

(a)
(b)
Fig. 30: Impact toughness apparatus for charpy standards or izod tests
and (b) the schematic for charpy impact test apparatus. (Swanson 2017)
Method and Analysis:
The Charpy impact test or ductile to brittle transition temperature
(DBTT) test indicate the following analysis on test data:
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Table 5: Charpy Standards Test Analysis. (Reza, et al., 2015; Ashby, 1999;
Pluvinage & Elwany, 2007; McDanels, 1997; Bai & Bai, 2014; Maleque and
Salit, 2013; Smyth, 2017)
Test Parameters
Ductile Fracture Validation Brittle Fracture Validation
• Deformation modes
• Slow
• Rapid
• Fracture surface
• Dull and fibrous
• Shining
and
Appearance
crystallining
Appearance
• Cup and cone
• Chevron
• Fracture shape
• Plastic condition
• Elastic condition
• Fracture conditions
• Stable
• Unstable
• Crack
• Reduce
• No change
• Cross-sectional rea
• Dislocation
and
• Decrease
• Driving force
defects
temperature
or
increase
strain
• High
• Strain energy
• Low
• Imminent
• Warning sign
• No
Creep Tests
Objectives:
To demonstrate an understanding of engineering material behaviours at
high temperature over a certain period of time. This is important in
evaluating component failures due to creep (Maleque & Salit, 2013).

(a)
(b)
Fig. 31: (a) Creep rupture envelope and (b) typical creep curve. (Maleque
& Salit, 2013; BS 1987),
Test Descriptions:
A constant loads applied to tensile specimen apparatus which is
maintained over a certain period of time at constant temperature. Strain
is then measure at intervals (Maleque & Salit, 2013). Fig. 4 above.
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The slope of the curve: is the indication of the creep rate of the
engineering materials or the strain rate for test.
The stage I: Refers to primary creep is the decreasing period for creep
rate also known as transient creep. Deformation continues at this stage
and creep resistance increases till stage II.
The stage II: Refers to secondary creep is the moment for constant creep
rate or a steady state creeps.
The stage II: known as tertiary creep happens due to thinning in crosssectional area by necking process and void formation. The continual
creeping rate result to stress rupture or creeping fracture (Maleque &
Salit, 2013).

(a)
(b)
Fig. 32: (a) Creep Failure Types and (b) Rupture Power Law Behaviour.
(BS, 1987; Ashby, 1999; Christensen, 2017)
Test Validation:
To demonstrate engineering material behaviours at high temperature
over a period of time (Maleque & Salit. 2013).
Equipment:

Fig. 33: Creep Testing Specimen Apparatus.
www.scielo.com)
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Method and Analysis:
Creep tests at constant loads and temperatures experiences failure or
fracture at equivalent loading and temperature conditions (Maleque &
Salit, 2013). The tests analysis is shown in table 3 below.
Table 6: Creep Tests Analysis (Callister, 1997; 2005; McDanels,1997)
Test Parameter
Test Validation
▪ Creep rate
▪ Gradual
▪ Strain rate
▪ The slope of the curve
▪ Cracking
▪ Transgranular
or
▪ Deformation (primary)
intergranular
▪ Deformation (secondary)
▪ Transient
creep
with
▪ Deformation (tertiary)
opposing force
▪ Failure
▪ Steady state or constant
▪ Failure mechanisms
creep rate
▪ Failure shape
▪ Ultimate tensile strength
▪ Failure modes
exceeded
▪ Warning signal
▪ imminent
▪ Ductile or brittle manners
▪ Necking, effective area
reduction
▪ Stress rupture or creep
fracture
▪ Imminent
Spectrometry Analysis and Hardness Tests
Objectives:
To determine material resistance to penetration by sharp or hard
element, and identifies the chemical compositions of sample which are
often compared with manufacturers standard operators specifications
(Otegui, 2014).
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Fig. 34; Relationship between Hardness and Strength in loaddisplacement indenter. Source: (Otegui, 2014)
Test Descriptions:
An electric arc/spark is struck against material sample surface, a little
portion of the component warm up to a certain high temperature which
excites the atoms to reflect or glow light at its wavelengths, which
characterized the element, the result are recorded and analysed by
spectroscopic methods (Otegui, 2014).

Fig. 35: Indentation Test. Source: (Schreurs, 2012)
Brinell [HB] Hardness Tests: Uses a hard ball of small diameter that
leaves an imprint driving by a hammer or a known kinetic energy. It’s a
laboratory field test equipment.
Rock well [HRC, HRB]: has a diamond pyramid indenter, that are applied
by loads according to materials which defines the grade of hardness as B
and C. the size of the indentation is measure to be compared by standard
parameters. The bigger the print the lower the material hardness. It’s a
laboratory test equipment.
Viskers [HV]: looks like Rockwell but with smaller loads and indenter.
Good for different characterizing microstructure and surface
treatments. It’s a laboratory test equipment (Otegui, 2014).
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(a)
Fig. 36: (a) Brinell hardness

(b)
(b) Viskers hardness

Test Validation:
Hardness is a test of resistance for indentation that indicate strength to
material loading and to friction wear or tear. The tests characterised
rheological properties of engineering materials and also surface coatings
(Otegui 2014).
Equipment:

Fig. 37: Spark Spectrometry Chemical Analysis. Source: (Otegui, 2014)
Residual Stresses Tests
Objectives:
Surface experiments are performed to check the extent of residual
stresses present in engineering components.
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Fig. 38: Residual strength for two components Source: (Christensen,
2017)
Test descriptions:
Almost all the methods involve machining a blind hole or a slot in the
surface of the component via placing the strain gauges towards the
direction of the residual stresses to be calculated. A perpendicular notch
then perform, as the groove keep deepens the gauges shows strain
relaxation. The strain distribution which is the stresses in the material
thickness are measured before the mechanization of the notch.

Fig. 39: A Rosette Strain Gauge with Three Extensometers for Measuring
Residual Stresses. (Christensen, 2017)
Test Validation:
To experimentally identifies the level of actual residual stresses inherent
in engineering components, as manufacturing residual stresses have
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leading role in onset in-service damage mechanisms particularly in brittle
fracture.
DISCUSSION OF FINDINGS
Qualitative System Analysis
Systems and interfaces
A technical system is a composite materials, procedures, tools, machines,
infrastructures and software, whose element are used collectively for inservice operational performance to achieve desire functions (Marvin,
2004). The reliability of this systems depend on its interfaces with
interacting surrounding fig 40.

Fig. 40: Technical system and its interfaces. Source: (Marvin, 2004)
Systems functions
A systems may have many number of desired functions in order of
priority as essential, auxiliary, protective, informative, interactive or
superfluous that are never used. They may not be disjointed but others
function in more than one class (Marvin, 2004).

Fig. 41: (a) Functional block in FAST, (b) Functional block in SADT and (c)
function tree. (Marvin 2004)
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Failures, faults and errors
A function may have many failure modes, according to (IEC 1990)
“Failure” is the termination of the intended function via exceeding
required limits while “fault” is inability to perform intended function
excluding other necessary time (maintenance etc). And “error” is
discrepancy that exist in-between recorded value or condition and
theoretical value or conditions (Marvin, 2004).

Fig. 41: Demonstration of the difference between failure, fault, and error.
(Marvin 2004)

Fig. 43: Failure classification or modes categories. (Blanche &
Shrivastava, 1994)
Failure Modes, and Effects Analysis (FMEA)
FMEA was among the first techniques adopted for systematic failure
analysis. It was initiated in 1950s by reliability system engineers, to study
the possible malfunctions of military system equipment. FMEA consists
of reviewing as many as possible components, parts, subsystems in order
to observe and identify failure modes and reasons for failure as well as
effects resulting from such failures. FMEA for each components takes in
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to account the resulting causes and effects on the rest of the system, and
record them in a particular FMEA worksheet (Marvin. 2004).

Fig 44: A Typical Specific FMEA/FMECA Worksheet (Marvin, 2004)
An FMEA that assigned criticalities and/or priorities to the failure modes
effects automatically become Failure Modes, Effects, and Critical
Analysis (FMECA). For This Work we will not distinguish between FMEA
and FMECA. We will use them interchangeable and will mean the same
thing (Marvin, 2004).
Objectives of FMECA
Aid the selection of high reliable and safety design alternative in the
initial design stage.
Aid design evaluation of requirements and documentation for future
reference.
Ensure that all potential failure modes and effects on the systems are
considered.
Develop criteria of test plan and design test and system check out
Provide enabling room for correct action priorities (Marvin, 2004).
FMECA Procedure
An understanding of how each element conceivably fail.
An understanding of the mechanisms which produce the failure modes.
An understanding of the magnitude of the effects on occurrence.
An understanding of the safe prediction of the failure.
An understanding of how to detect the failure.
Knowing the potential provisions in design that minimize the impact of
the failure (Marvin, 2004).
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Risk Evaluation, Severity, Occurrence, and Detection
Risk Evaluation
This is used to measure significance of risk to the company and
determine whether the particular risk should be accepted. For a specific
risk, the risk criteria is evaluated on the probability of its occurrence and
consequences. Consequences is severity of effect or its impact. Both like
hood and consequences can be assessed on varying complexity from
qualitative and quantitative. The easiest way of documenting risk is to
grade the possible likely outcome and consequences of the failure
incidents as low, medium or high, using the risk matrix to ascertained risk
(Mbata, 2013).

(a)
(b)
(c)
Fig 45: (a) Main component of risk evaluation process. (b) Typical risk
matrixes for grading risk the likelihood and consequences (low, medium
or high) (c) Risk ratings scale (Mbata, 2013).
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Fig 46: FMEA scales for severity, occurrence and detection (Hansen, 2011)
CONCLUSION AND RECOMMENDATIONS
Almost all engineering failure characterizations are based upon the
scenario of components failing due to in-service performance.
Engineering components life cycle phases are mentioned prior to
utilization just for their causal influence in initiating failure during the inservice performance stages. For example design and manufacturing
failure indicate components failure during utilization allegedly due to
deficiencies, flaws, or limitations that occurred during their stages. The
various degradation damage mechanisms are hereby listed corrosion,
brittle failure, creep, fatigure, overloading, wear, abrasion, erosion,
stress, strain, defects, high temperature high pressure corrosion.
It is recommended that industry should use in combination the different
hazard identification techniques available such as:
Failure Mode and Effect Analysis (FMEA)
Hazard and Operability Studies (HAZOP)
Preliminary Hazard Analysis (PHA)
Risk Screening (Hazid sessions)
Failure Mode Effect and Criticality Analysis (FMECA)
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