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F) Pipelinesand Risers
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H) Marine Operations

J) Cleaner Energy

O) Subsea Systems
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1. Introduction

1.1 Introduction

Sixty percent (60%) of the world offshore fleet are past their theoretical design age of 20 years. With economic
pressure, the rigs are being kept in operation for a prolonged period of time well beyond their design life.
Severa other rigs are also approaching their 20-year design life.

With aging of therigs, thereis aneed to manage material deterioration, i.e. fatigue cracking and corrosion, and
to demonstrate to the rig owners and stakeholders the ongoing integrity and safety of those aging rigs.

Existing rules and standards typically address the expected aging effects for a pre-determined design life (time
span) at the new build phase. For example corrosion management is covered in:

— DNV Offshore standards OS-C401, OS-C101, OS-C103, OS-C104, OS-C107 covering corrosion control,
and fabrication and installation of corrosion protection systems, i.e. coatings, anodes, and impressed
current cathodic protection systems. To hame some specific requirements:

— In general, corrosion protection systems should prevent structural deterioration over arig's operating
life.

— The Rules assume that hard coatings are supplemented by cathodic protection, but alternatives are not
excluded.

— The Rules state that the Owner is responsible to maintain the unit in accordance with the design.

— TheIMO (Performance Standard for Protective Coatings) Requirement issued on 1st July 2009 states that
all ballast tanks must have type approved coatings and atechnical file for the coatings to be approved.

However, recent inspection experiences have revealed a number of rigs with severe corrosion, general lack of
reporting and poor maintenance, attributed to either a greater deterioration than expected or due to the asset
operating for longer than expected.

The above arguments identify the need for a holistic approach on corrosion management during the full
operational life of the unit. To be effective, such an approach should ideally take into account extended life and
reduce risk of failures and maintenance and inspection cost, at the same time support the continuation of the
unit’ s operations.

1.2 Objective

This recommended practice (RP) provides a practical risk-based approach to corrosion management based on
the principles of 1SO 31SO 310001 000 ‘ Risk Management — Principles and Guidelines'. The objective of this
approach is to improve the cost-effectiveness of corrosion inspection and treatment of offshore vessels in
operation, and at the same time reduce the risks of incidents and down time.

The RPwill further provide practical guidance and support for the rig superintendent and/or surveyor to inspect
and assess the condition of the structure as related to corrosion and corrosion protection.

1.3 Scope

The risk based corrosion management process and corrosion background given in this document, is relevant
for any floating offshore vessel type, i.e. mobile offshore units (MOU), ship shaped, semi-submersible, jack
up, and for al different functions, i.e. FPSO, LNG terminal, drilling, etc.

The envisaged users of this RP are foremost, professionals and organizations managing floating offshore -
assets (from hereindicated as‘owner’). The RPisrelevant for professionals supporting the owner in managing
his asset, e.g. design houses, yards and surveyors.

It is emphasized that the document is not intended to provide a detailed description in corrosion and treatment
techniques. For these is referred to DNV-RP-B101 “ Corrosion Protection of Floating Production and Storage
Units’, DNV-RP-B401 “ Cathodic Protection Design” and DNV-RP-C301 “for Design, Fabrication, Operation
and Qualification of Bonded Repair of Steel Structures’.

Neither isthe document intended to guide the establishment of risk management in an organization. Thiswould require
adetailed discussion of organizational principles and framework, which are outside the scope of this document.

1.4 Sructure of document

The main body of this document starts by describing the proposed corrosion management process. This process
is introduced by an overview of a risk management process according to 1SO 31000, Section 2.2. This is
followed by the presentation of the practical approach consisting of five different stepsdescribed in Section 2.3.

In the following chapters, each of the five stepsis described in more detail followed by adiscussion of relevant
techniques for the different corrosion zones present on the rig. An example is developed throughout the
chapters clarifying the impact of each step from arisk management point of view.

Following the main body of the RP an appendix provides background information on factors affecting
corrosion and corrosion protection.
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1.5 Acronyms
This section lists the acronyms used in the document.

ALARP AsLow As Reasonably Possible

CoF Cost of Failure

CP Cathodic Protection

CVI Close Visual Inspection

FEA Finite Element Analysis

FPSO  Floating Production Storage and Offloading
GVI General Visual Inspection

ICCP  Induced Current Cathodic Protection

IMO International Maritime Organization

ISO International Organization for Standardization
MIC Microbia Influenced Corrosion

MOU  Maobile Offshore Units

NACE Nationa Association of Corrosion Engineers
NDT Non-Destructive Testing

NPV Net Present Value

(O] Offshore Standard

0ss Offshore Service Specification

PoD Probability of Damage

PoF Probability of Failure

ROV Remote Operating Vehicle

RP Recommended Practice

SRBs  Sulfate Reducing Bacteria

TTF Timeto Failure

TTFF  Timeto First Failure

UTM  Ultrasonic Thickness Measurement

2. Processdescription

2.1 Introduction

This RP discusses an approach to corrosion management based on risk management principles as defined
below.

Risk-based management istheidentification, assessment, and prioritization of risks (defined in
I SO 31000 as the effect of uncertainty on objectives, whether positive or negative), followed

by coordinated and economical application of resources to minimize, monitor, and control the
probability and/or impact of unfortunate events or to maximize the realization of opportunities.

Figure2-1
Definition of risk based management

For the purpose of risk-based corrosion management, the above definition translates into a process where the
locations with the highest likelihood of coating damage and corrosion, and the highest consequences are
identified and selected for detailed inspection and remediation.

In the following two sections, the risk-based corrosion management processisintroduced. Section 2.2 givesan
overview of the different process steps based on the ISO 31000 Standard, while section 2.3 presents an
overview of the practical application of the corrosion management process.

2.2 Risk Management

The 1SO 31000 Standard provides generic guidelines for the design, implementation and maintenance of arisk
management process throughout an organization. Figure 2-2 below shows a schematic of the risk management
process according to 1SO 31000.
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Figure2-2
Therisk management process according 1 SO 31000

Establishing the context of the risk management process is accomplished by articulating relevant
organizational objectives, and by defining external and internal factors that are relevant for managing the
corrosion risk, while at the same time setting the scope and risk criteria for the risk management process.
Examples in this context are regulatory regquirements, contractual needs for uptime and availability, and the
organization’s asset strategy.

Risk Identification is the process of identifying potential threats and consequences to the rig. Identification of
threats is conducted by reviewing the likelihood and frequencies of failure. Failure may include coating
breakdown, corrosion, cracking, and failure of corrosion mitigation such as cathodic protection and corrosion
inhibition.

The conseguence assessment addresses health and safety, environment and financial/economic impact.

Risk Analysisis the process of analyzing the likelihoods of threats, and the severity of the consequences. This
assessment can be completed by using methodologies ranging from a qualitative relative risk ranking method
to afully quantitative risk assessment (QRA).

Risk is defined as the product of the probability of afailure event and the consequence of that failure. DNV’s
preferred risk assessment approach for assessing risk is a semi-quantitative risk approach centered on a Risk
Assessment Matrix (RAM), typified by Figure 2-3 below. The associated risks levels are categorized low,
medium and high and color coded for clarity. Note that the Risk Assessment Matrix in Figure 2-3 isonly an
example of what such a matrix should look like. It is up to the individual Companies to develop their own
matrix reflecting their tolerance to risk.
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Figure 2-3
Example of Risk Assessment Matrix (RAM)

Risk Evaluation is the process, where the results from the risk analysis are compared to established risk
acceptance levels. From that comparison, conclusions can be drawn on how to respond to the resulting risk
levels.

Risk Treatment involves the application of some form of mitigation in order to address the specific threats or
consequences that cause the risk to go beyond tolerable levels. The type and extent of the mitigation treatment
should be tied to the established risk level, where cost effectiveness must be considered.

Note:

DNV has established the concept of RiskEx™, which aims to evaluate potential risk reduction options on a risk-
benefit basis by comparing the cost associated with each mitigation option compared to the corresponding operating
and capital expenses incurred, should the mitigation option not be implemented. This methodology is particularly
useful when the rig assets fal into the “as low as reasonably possible” (ALARP) zone where further mitigation is
required aslong asit is financially acceptable.

---e-n-g---0f ---N-0-t-e---

Risk Communication is closely linked to the Corporate RAM and the threerisk levels (colors) are linked to the
various levels of risk reporting. For example, risksin the ALARP zone may require notification and reporting
to midlevel managers, while risks resulting in the intolerable range may need to be communicated up to senior
management level. Utilizing arisk matrix in this manner ensures that the appropriate level of authority is made
aware of the condition of therig.

Risk Monitoring is the last stage of the risk management process and will be set up to trigger a re-assessment
of risk, either by key performance indicators (KPIs), or elapsed time frames.

Note:

SO 31000 underlines that effective implementation requires, besides the above described process, adherence of an
organization to a set with principles and an organization framework. These requirements are also applicable for
further implementation of the discussed risk-based corrosion management approach. Notwithstanding this
applicability, afurther discussion on both the principles and organizational framework is outside the scope of this RP.

---e-N-g---0f ---N-0-t-e---

2.3 The 5-step approach

The risk-based corrosion management approach as further discussed in this RP is based on 5 practical steps.
The approach with the separate steps is closely linked to the ISO 31000 Standard guidelines, as shown in
Figure 2-4.
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Figure2-4
Relationship of 1SO31000 principle and the Risk Based Corrosion Management approach.

Step 1 — Pre Assessment

This step identifies the threats and consequences of failure due to corrosion, aswell as the threat severity, and
establishes the specific setting for risk management.

During thisfirst step, historic information will be collected and potential threatswill beidentified. Specifically,
corrosion threatswill be identified by determining potential causes for coating breakdown, cathodic protection
failure and corrosion. The historical corrosion properties (coating records, cathodic protection readings, etc.)
are reviewed with reference to the original design documentation in order to establish causes for susceptibility
to corrosion.

The risk setting includes an assessment of the consequences of corrosion failures in terms of health & safety,
environment, finance & reputation, and to determine the tolerances to these.

Step 2 — Screening and Risk Ranking

The screening is the practical extension of the data gathering of step 1, completing the establishment of the
current status in Step 1 by conducting visual risk assessments of the entire rig. Where visual assessment is not
possible, other methods to establish the corrosion threat, such as corrosion and CP modeling, may be used.

The corrosion threats and consequence are transformed to risk and placed in the Corporate Risk Assessment
Matrix. The outcome of this analysis provides input to a risk assessment process to identify locations for
detailed inspection.

Step 3 — Detailed Examination

Based on the risk ranking conducted in Step 2, detailed inspections starting with the highest risk areas are
conducted. Detailed visual inspection and appropriate NDE techniques are used to inspect coating damage/
deterioration and corrosion, and to determine wall 10ss due to corrosion. The results of these inspections will
be used to determine which areas require immediate action in order to lower the risk.

Step 4 — Remediation and Repair

As afollow up from the detailed inspection of step 3, this step treats the affected areas with the objective to
lower the risk. This step may involve a wide range of activities from replacement to repair, to chemical
treatment, to increased monitoring and inspection.

Step 5—Life Cycle Management

In order to continuously maintain or improve the effectiveness of each of the 4 steps discussed above, alife
cycle management process is implemented. The life cycle management step is a continuous circle, which uses
al 4 steps to create confidence in the condition of the rig and the process that is in place for corrosion
management. This step is used to determine life expectations of the rig and adjust the rig strategy accordingly.
The major objective of thisfinal step isto increase the performance and reliability of therig.

3. Sep 1 - Pre Assessment

3.1 General

The pre-assessment is an important first step in the risk based corrosion management process, consisting of the
two major 1SO 31000 elements of setting the context and identifying the risk. While the risk assessment of
corrosion failures is the main theme of this RP it is important to retain relevance and be framed within the
context of an overall corporate risk philosophy. Thiswill include:

— Company risk tolerance

DET NORSKE VERITASAS
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— Company risk culture
— Operating area specific elements (legidation/ political situation/ incident history)
— requirements, legal obligations due to contracts with ordering party.

Other items of the risk setting, which are company and situation specific, should also be identified creating a
risk assessment matrix, similar to Figure 2-3.

The identification of risks results from threats and their consequences due to corrosion.

— Threats are identified by determining potential causes for coating breakdown, cathodic protection failure
and corrosion. The historical corrosion properties (coating records, cathodic protection readings, etc.) are
reviewed with reference to the original design documentation in order to establish causesfor susceptibility.

— Conseguences can thereafter be defined in terms of health and safety, environment, and financial/reputation
aspects.

The threat and consequence assessments provide input to the risk that can be incorporated into the Corporate
Risk Assessment Matrix, so that the risk can be assessed with respect to the corporate risk tolerance, see Step 2.
The example below clarifies the approach and will be developed further throughout the document. The
remaining of this section will discuss in detail the identification of threats and consequences for each of the
exposure zones. These are:

submerged

- splash

topside structures

tanks and internal structures.

Example

Theillustration shows a 6-column rig with the columns divided horizontally into 3 separate
compartments or tanks. The lower compartments (the pontoons and lower sections of the
columns) are submersed during operation of the rig and are generally protected against
corrosion using a combination of coatings and cathodic protection. Depending on design of
the cathodic protection system, either sacrificial anode or impressed current cathodic
protection can be used. The middle compartments (middle sections of the columnsand lower
braces) are subject to splash conditions. Finally the top structures are exposed to marine
atmosphere. Internally, the columns contain tanks which can be categorized as ballast tanks,
oil tanks, cargo tanks, fresh water tanks and void tanks.

While the Corporate Risk Assessment Matrix, such as shown in Figure 2-3, appliesto the
entire rig, the assessment of the specific threats and consequences, with the resulting
development of therisk levels, is different for each of the exposure zones. Each zone has
different and unique threats and consequences, which will apply to different risk categories
(safety, environmental, and financial) and risk levels (acceptable, ALARP and unacceptable)

3.2 Risk Identification for different zones

3.2.1 Submerged

Continuously submerged structures are protected against corrosion by a combination of compatible coatings
and cathodic protection (CP); this is the only external zone where CP is a viable option to protect against
corrosion. Compatible in this context means that once coating damage or deterioration has occurred, the CP
system should still be able to function.

During the pre-assessment, mechanismsfor coating breakdown and corrosion are determined by collecting and

DET NORSKE VERITASAS
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reviewing CP and coating history and by reviewing the original CP design. The type of CP (impressed current
or sacrificial anode) is determined, as well as the location and age of the anodes. The historic survey and

inspection data are reviewed, and gaps in the data are identified. The two different types of CP and methods of
measurement are described in Section 6.3.

A recommended alternative to provide additional input to the assessment, is the development of an
electrochemical potential and current distribution grid. Such agrid is developed using Finite Element Analysis
(FEA) and may cover the entire external submerged structure as is shown in the continuing example below.

Once the grid has been devel oped, coating degradation can be simulated in the model, based on historic survey
data. The resulting current requirements for the CP system are then determined and “hot spot locations’
indicating high current density requirements as result of coating degradation are estimated.

Example (continued)

The threats for external corrosion of the lower segment of a column are coating failure
and CP system failure, which will lead to corrosion of the external surface. Depending
on the type of coating failure, the corrosion will be general or localized in nature. While
localized corrosion may lead to local penetration resulting in aleak in the column,
general corrosion will reduce the buckling capacity and eventually affect the global
strength. Using the FEA approach, the el ectrochemical potential and current distributions
can be calculated. This potential map shown below, can serve as basis for detecting
possible locations of coating deterioration and corrosion as discussed in step 2.

3.2.2 Splash zone

For afloating unit with a constant draught, the splash zoneis defined in DNV-OS-C101 as 5 meters above and
4 meters below the draft. The splash zone is one of the most aggressive marine environments, because of
exposure to fully aerated seawater, UV radiation, repeated wetting and drying and possibly salt build up. If left
unchecked, corrosion in this zone can occur at a rapid rate, causing severe localized or general wall loss, see
example in Figure 3-1. Since the upper splash zone (above the draft) is not fully and continuously immersed,
cathodic protection cannot protect it, consequently coatings and sacrificial steel thickness are the only barriers
to corrosion. During the pre-assessment stage, design, coating, and historic information are collected. The
required information includes type of coating, application records, corrosion history, and failure and
maintenance history.

If locations of coating degradation or corrosion have been historically recorded, these locations are mapped for
future reference, and distribution and severity of corrosion damage is noted.

DET NORSKE VERITASAS
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Figure3-1
An example of outboard splash zoneis shown in the photograph, showing pitting on the plating and weld cap. The
pit was found to be 10 mm deep and 50 mm in diameter.

3.2.3 Topside

Topside corrosion threats can occur anywhere above the splash zone. Due to the complexity and of the topside
there are a greater range of consegquences and associated risk. Some typical usesinclude:

— Primary structures

— Secondary structures

— Process equipment and piping

— Safety and emergency equipment.

Table 3-1 provides listings of structure elements belonging to the different main topside areas.

Table 3-1 Listing of structure elements divided of over the different main topside areas
- Process equipment and Safety and emergency

Primary structures Secondary structures piping equipment

— Top section of the — Control room and — Pressure vessels and Firefighting systems
columns and braces; accommodations piping includingwaterlinesand
ship hull — Walkways and stairs — Storage tanks and pumps

— Structural topside — Communication vessels Escape systems (life
braces systems — Sump systems boats/escape modulesas

— Main deck and well asthe launch
helicopter deck systems)

— Control room and — Gas monitoring systems
control room structures — Alarm systems

— Drill rig

— Cranes

The consequence of corrosion failure for the topside can include environmental, financial, operational, health
and safety and loss of reputation.

Coatings are the only cost-effective means to control atmospheric corrosion on the topside of structures. Most
structures are built of carbon steel, but in specia cases corrosion resistant aloys, such as stainless steels are
used. Topside coatings must be flexible and resistant to UV radiation.

During the pre-assessment, historical information such as type of coating, dry film thickness, application, and
damage/maintenance records are compiled. Any information regarding distribution and severity of coating
damage or corrosion is mapped for use in the second step.

In genera, the following corrosion conditions are considered in determining the specific threats of topside
Ccorrosion:

— Corrosion often starts in areas of coating damage, and areas where the coating can be of poor quality e.g.
weld seams, edges, and notches.

— Stress and strain caused by overloads, reductions in steel dimensions as a result of corrosion, dents, wear,
repair work, etc., may produce damage to coatings.

— Stresses and vibration may result in increased corrosion and cracks.

— Waelds or heat-affected zones (HAZ), where coating may be of poor quality asaresult of poor pretreatment
or where welding work has been done after the coating has been applied and not properly repaired

DET NORSKE VERITASAS



Recommended Practice DNV-RP-C302, April 2012
Sec.3. Step 1 — Pre Assessment — Page 13

— Complicated shaped structures with poor access, which make it difficult to inspect or to provide efficient
protection, are particularly liable to suffer from undetected corrosion.

— Horizontal surfaces or areas that are not satisfactorily drained or where deposits of foreign matter are
present, may suffer significant corrosion.

— Sted surfaces hidden under thermal isolation or isolating materials used for fire protection.

— General or uniform corrosion over along period of time can have serious consegquences for the structural
integrity of topside structures.

Example (continued)

In the case of external corrosion of the upper column segments or braces,
genera corrosion isthe greatest threat. If wide spread general corrosion
is allowed to occur over along period of time, this could result in
extensivewall loss, which could reduce the global strength of the column
aswell asits buckling capacity. The entire rig could then be at risk of
collapsing.

External corrosion of other topside structures, such as process egquipment
and piping resultsin different threats and consequences. For example,
localized corrosion or cracking of pressure vessels containing sour gas
could result in atoxic release affecting the safety of therig crew.

3.2.4 Tanksand Internal Sructures

Corrosion threats from internal surfaces such as ballast tanks, chain lockers, oil tanks, pump rooms, and void
tanks are subject to al three exposure zones, i.e. submersed, splash and atmospheric. Because of limited
accessibility and often more corrosive environments, tanks and internal structure pose a serious corrosion
threat. The threat level depends on the location of the tanks, i.e. inside or outside, their contents and the
exposure zone.

Ballast tanks generally pose the highest threat, because they contain (often contaminated) seawater, which is
at varying levels inside the tank. These tanks require a combination of coating and cathodic protection to
control corrosion in locations where the tanks are submerged. Sacrificial anode CP is exclusively used in this
case, because of the changing water levels and because of potential hydrogen evolution impressed current CP
in confined spaces. Note that cathodic protection maybe ineffective in water containing hydrocarbons.

When identifying threats and consequences, specific attention must be paid to the areas subject to:
— Wet and dry conditions (under-deck and shear strakes), since those area are most prone to coating
breakdown and corrosion, particularly when they are wet and exposed to the atmosphere.

— Horizontal surfaces (e.g. tank top), where the buildup of sediment, sludge and other material can exacerbate
the corrosion process.

Additional conditionsto be considered include the following:

— Long spans of flexible stiffeners may allow sufficiently high deflections that disbond coatings, exposing
the steel accelerating the corrosion.

— High flow rates at rebates or near inlets and outlets can result in local erosion and increased corrosion. Of
particular concern is the presence of sand particlesin the ballast water.
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Example (continued)

When considering the ballast tanks inside the vertical columns of the semi-submersible,
there are typically 3 compartments or tanks, see schematic cross section of the column
below.
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While theinside tank is generally avoid tank the outer tanks contain seawater, possibly
at different and varying levels. The surfaces of the void tank can be inspected relatively
easy, while on the other hand, inspection of the outer tanks is difficult and the surfaces
are subject to corrosion. Also, the conseguences of corrosion can be severe if general
corrosion reduces the buckling capacity or localized corrosion cause aleak to the outside.

The photograph below shows severe general corrosion inside a ballast tank resulting in
wall loss.

4. Sep 2 — Screening and Risk Ranking

4.1 Screening general

After therelevant information and historical datagathered in step 1 (desktop exercise), the screening compl etes
the collection of information and establishes the current status or condition of the unit and extent of known
issues.

The screening may consist of one or more of the following:

— general visua inspection of the whole unit and available tanks, noting coating breakdown location and
corrosion scale and anode condition

— quantitative readings from monitoring that is already in-place and functioning (e.g. electrochemical
potential reading of the impressed current CP system)

— available footage from ROV.

It is emphasized that all elements are on an opportunity basis and are not mandatory. The objective of this step
isto complete the status overview of the unit, confirming conclusions on corrosion risk areas achieved Step 1,
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and by doing so improving the confidencein therisk ranking results aswill be discussed further in Section 4.3.
4.2 Screening for Different Zones

4.2.1 Submerged

A possible screening for the submerged structures is based on the electrochemical potential and current
distribution grid which may have been developed in step 1. For this, electrochemical potential measurements
taken at prefixed locations and at different depths around the submerged structure are used to create actual
potential and current (density) maps. Superimposing these onto earlier collected- or generated potential and
current (density) maps will identify actual hot spots, where possible coating damage exists and corrosion is
likely to occur.

Example (continued)

Using afinite element comparison model, specific locations of coating breakdown and
potential corrosion are identified, and hence potential external threats to the external
submerged structure. Actual potentials are measured and an FEA map of the potential
is calculated. Superimposition of the “design” map over the actual map indicates the
locations of coating breakdown and specific threats.

4.2.2 Splash Zone

The screening for the splash zone includes visual inspection and photographic recording with a specific focus
on those locations that were identified as having specific threats or consequences in Step 1. Otherwise, the
visual/photographic inspection of primary and secondary structures exposed to the splash zone is global in
nature and is conducted from a distance. The location where visual/photographic examination is conducted
should be recorded such that in later steps the exact location of specific observations can befound. Thelocation
isidentified by detailed description, or by painting on the structures.

The photographically recorded coating damages and corrosion should be compared with historic inspection and
maintenance data. The results of this analysis will confirm the threats and consequences, and are used to
calculate the risk levels for the splash zone.

4.2.3 Topside

The screening of topside structures consists of a general visua inspection and photographic recording of
coating damage and corrosion to confirm conclusions reached during Step 1. The scope of the genera
inspection depends on the historic inspection and maintenance records that were collected. The areas to be
addressed are listed in Section 3.2.3.

4.2.4 Tanksand Other Internal Sructures

The screening for tanks and other internal structures may consist of visual inspection of the protective coatings
and corrosion and inspections of the sacrificial anodes. As a supplementary alternative the electrochemical
potential and current distribution grid as discussed for the submerged zone may be used asis further described
in the continuing example below.
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Example (continued)

The submersed parts of ballast tanks are protected by a combination of coatings and
sacrificial anode cathodic protection. The electrochemical potential distribution can be
modeled with FEA and similar to the external potential modeling, hotspot or areas that
can pose specific threat can be identified by superimposing a map with actually
measured values over the design map, indicating location of coating breakdown. A
shown in the figure, the design potential map can also indicate areas under protection
due to shielding.

The condition of the sacrificial anodes indicates areas which require close inspection. Specific features to note
on the sacrificial anodes are metal |oss and the degree of uniformity in metal loss. Note that sacrificial anodes
must not be painted.

A genera guidelinefor replacing sacrificial anodesisthat the anodes must be replaced when an estimated 60%
metal lossisachieved. Replacement isalso required if the anodeisunevenly consumed asisshowninthefigure
below. Knowledge of the initial dimensions of the sacrificial anode is required in order to carry out such
estimates. To assess anode consumption it may be necessary to remove corrosion products and marine growth.

Figure4-1
Corrosion at Sacrificial Anode; from left to right on attachment only, partially and completely consumed

4.3 Risk ranking

The objective of the risk ranking following the data collection is to establish priorities for the detailed
examination in Step 3. For this, the threats and consequences as were defined in Step 1, are evaluated as risk,
which isthe product of the Probability of Failure (PoF) and the Consequence of Failure (CoF).

The Risk Assessment Matrix as was already shown in Figure 2-3, is a grid which identifies levels of threat
likelihood on the one axis, and levels of consequence severity on the other. The levels of likelihood and
consequence severity correspond to positions on the matrix for each component, equipment, section or
segment. The probability (likelihood) levels on the matrix are typically assigned letter values“A-E” with “A”
being the lowest level and “E” being the highest level. Consequence severity levels on the Risk Assessment
Matrix are typically assigned number values from 1-7 with 7 being the highest severity consequence. It is up
to the individual company to decide the extent of the risk matrix, i.e. 5x5, 6x6, 7x7etc.

Subsequently, the resulting risk levels on the matrix are associated with varying levels of risk acceptance as
defined by the rig owner. These are indicated by high, medium and low risk typically with different colors, e.g.
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red, yellow and green:

High: Highrisk levels are seen as unacceptable and require immediate attention. Risks of thismagnitude
require the authority of the rig owner or asset stakeholders.

Medium:  Medium risk often represent the as low as reasonably possible (ALARP) areas, and need to be
evaluated to determine if additional control measures should be incorporated, where feasible and
financially practical. Required authority at thislevel requires middle- to upper-management level.

Low: Low risks in the green region represent tolerable risks which do not require further action.
Required authority at thislevel can be at the low- to middle-managerial level.

The continuation of the step 1 example as given below, illustrates the outcome of this step further.

Example (continued)

The threats and consequences of corrosion in each of the exposure zones differ and are
listed in the diagram below and given the color codes of acceptable, ALARP and
unacceptable. The risk numbers correspond to the likelihood and consegquence levels
defined in the RAM. For example, external corrosion of submersed parts may have a
relatively low risk for health and safety, but in case of collapse, environmental, financial
and reputation consequences are high.

Note that these designations may differ for different Corporate Risk Assessment Matrices,
which are based on therisk tolerance of the Company. The figure shown below isnot arisk
assessment matrix. It assignsrisk levelsto be entered into the Corporate Risk Assessment
Matrix for further analysis.

Conseguences
Health and Safety Environment Reputation Financial

Threats
External/Submersed

External/Splash
External/Atmospheric
Ballast Tank

Void Tank

Cargo Tank

5. Sep 3 Detailed examination

5.1 General

Once the high-risk locations are identified in step 2, the 3rd step continues with detailed examination of these
areas. The objective of this step isto obtain more in-depth information about coating damage and corrosion at
the high-risk locations, so that the risk levels can be further refined and appropriate follow-up can be
established.

An important difference with the Step 2 Screening is, from risk management point of view, the mandatory
nature of the examinationsin this step; an inspection isrequired asan (initial) follow up action of theidentified
unacceptabl e risk of the location.

Thismay also entail specific tank access and quantitative monitoring in order to establish the coating condition
and extent of the corrosion. For clarity it isemphasized that the mandatory status and the subsequent inspection
requirements are based on a company’s risk acceptance and not related to statutory or class regulations.

The type of information that would be of interest, include excessive wall thickness loss (both general uniform
and localized corrosion), the onset and growth of cracking, the magnitude of any stresses and loads, the
performance and integrity of protective coatings, the level and effectiveness of corrosion mitigation schemes
(e.g., cathodic protection and corrosion inhibitors), and environmental factors such as temperature, relative
humidity, pH, and chloride concentration.

How the information is obtained varies for the different zones and is discussed in Section 5.2.

Practical guidance on assessing and documenting coating condition and corrosion including Classification
allowancecriteriafor the different types of corrosionisgivenin DNV’ s Offshore Technica Guide OTG-7, Hull
Inspection Manual as available on www.dnv.com.

5.2 Coating Condition and Corrosion Assessment

5.2.1 Submerged

Oncetheinspection locations have beenidentified by the Risk Ranking (step 2), aclose visual inspection (CVI)
of the underwater locationsis performed by diver or cameramounted ROV . Generally it is necessary to remove
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any marine growth in the region to be inspected. If indicated by the photography or video, ultrasonic thickness
measurements (UTM) are also taken.

The underwater inspection should include a survey of the CP system, including measurement of the
electrochemical potential at critical locations and visual/photographic assessment of the physical condition of
the anodes (sacrificial and impressed current) and anode wires of the ICCP systems.

5.2.2 Splash Zone

After identifying the high risk locations in the splash zone, these locations are inspected in more detail using
boats, divers, ROV's or rope access. In order to be able to carry out adetailed visua inspection, marine growth
and corrosion product must be removed.

Standard gauging and/or NDT (i.e. ultrasonic testing) are typically used for determining wall loss. Magnetic
Particle Inspection (MPI) and/or Eddy Current Inspection (ECI) are commonly used to detect cracks or crack-
like featuresin specia areas.

5.2.3 Top Side

Aninitial detailed visual examination may be sufficient to assess the threat, but also could identify the need for
NDT such as ultrasonic thickness testing. It should be noted that the most severe topside corrasion often occurs
in crevices (i.e. narrow cracks), wherelocalized crevice corrosion can result in rapid wall loss, under insulation
and at the underside of a structure where salt, condensation and other deposits may build up and are not washed
away by rain. Often, those areas of potentialy severe corrosion are not easily detected.

5.2.4 Tanksand Internal Sructures

Tanks and other internal structures require special attention, because of the presence of aggressive
environments and because of poor accessibility; the steel walls are difficult to protect, because of the changing
water levels. While the submersed areas are protected by a combination of coating and cathodic protection
(sacrificial anodes) and the upper areas by a coating, the areas at highest risk are those subject to alternate
immersion and drying.

Thus, tanks and internal structures are visually examined in detail, where accessible with particular focus on
the wet-dry zones. These areas are inspected with close visual inspection and where required with appropriate
NDT tools.

The submerged areas are initialy inspected by assessing the effectiveness of the sacrificial anode protection
system, which can be accomplished by measuring the electrochemical potentials at the location identified as
“hot spots” in Section 4.2.4. If these measurements indicate insufficient cathodic protection, the anodes must
be checked and where needed replaced. If after replacing the anodes, the level of protectionis still insufficient,
diver may be needed for further inspection.

6. Sep 4 — Remediation

6.1 General

The detailed examination in Step 3, not only resulted in more detailed information on coating damage and
corrosion, they also revealed those areas which require follow up step in the form of remediation.

Depending on the degree of corrosion damage, the rig owner can decide on replacement, repair and/or
improved corrosion management (incl. mitigation). If replacement or repair is selected, the resulting structure
must be protected from future corrosion by proper corrosion management. The objective of remediation is to
lower the probability of failure, that isto lower the risk to the structure due to corrosion.

From a corporate risk matrix perspective, the above implies that risks exceeding the company threshold (red
status) are addressed with the aim of reducing the risk to alower (yellow) category. The continuing example
below shows this.
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Example (continued)

Following the Detail ed | nspection step, remediation will beimplemented depending on
the severity of the defect. In the example of the semi-submersible column, immediate
attention would have to be given to the high risk locations (red). Once the external
splash zoneisrepaired and recoated, the probability or frequency of corrosion in those
locations can be reduced from 4 to 3. Because of the aggressiveness of the splash zone
environment, the number cannot go below 3. Therepair has moved two of therisksinto
ALARP. However, since the consequencesto reputation and finances still remain high
(E) therisk here remains high aswell. Similarly, remediation in the ballast tank is
shown to have lowered one risk category.

Likein the previous figure, this matrix below is not a Risk Assessment Matrix, but an
assignment of risk, reduced after remediation, completed with the acceptance levels
from the Corporate Risk Assessment matrix.

Consequences
Health and Safety Environment Reputation Financial

Threats
External/Submersed
External/Splash
External/Atmospheric
Ballast Tank
Void Tank
Cargo Tank

3F 2G 2G
4E 4E

The evaluation and selection of protective measures against corrosion depend on the operational philosophy of
the rig owner, the market, type and age of ship, trade, costs relative to therig'slifetime, etc. There may also be
new regulations affecting allowable methods. The following paragraphs discuss the most important protective
Measures:

— Coatings

— Cathodic Protection
— Corrosion Monitoring
— Corrosion Inhibition.

In the case of more extensive corrosion, damage may be repaired using the bonded patch method outlined in
section 6.6.

6.2 Coatings

Epoxies and epoxy polyesters are the most common types of coatings for external and internal surfaces. The
quality, and thus the useful life, of coatings depend primarily on the cleanness and pretreatment of steel
surfaces, and on prevailing conditions while the coatings are being applied. Other important requirements
concern coating thickness and number of coats.

Coatings are designed to perform under specific conditions, consequently no single coating type will be the
best under al circumstances. For example, there are different requirements for immersion, splash and
atmospheric application, where theimmersion coatings must be compatible with the cathodic protection system
and have antifouling or fouling- release properties and withstand some erosion and atmospheric coatings must
be UV resistant and esthetic (for some applications).

The requirements are also different for the type of asset, where it will always be up to the owner to optimize as
necessary. It is important to be aware of this in connection with the testing and classification of coatings.
Table 6-1 showstypical coating requirements for the three external corrosion zones. The Appendix providesa
detailed description of the various coating applications for marine environments.
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Table6-1 Coating Application for 3 external Corrosion Zones

Zone éﬁ:és Corrosion Rates D) | Coating Types? | Coating System Applicable standards Comments
Atmospheric | C5-M | 80 to 200 um Zn-rich primer, | Minimum 320 um
(3to 8 mils) epoxiesand UV | (13 mils)in
durabletopcoat | minimum of 3
coats
Splash 200 to 500 um Epoxy polyester | Minimum 600 um
(8 to 20 mils) (24 mils) in
minimum of 3
coats
Immersion | (Im2) | 100 to 200 zm Epoxy Minimum 450 um | NACF TM0204 — Coating must
(4to 8 mils) (18 milg) in Exterior Protective Coatings for | becompatible
minimum of 2 Seawater Immersion Services with cathodic
coats NACE TM0104 — protection
Offshore Platform Ballast Water
Coating Evaluation

1) corrosion rates are average rates carbon steel in the three exposure zones (Corrosion of Metal in Marine Environments MCIC-86-
50 (1986))

2) based on DNV-RP-B101 — Corrosion Protection of Floating Production and Storage Units (April 2007) and applicable NACE
Standards

6.3 Cathodic Protection

Cathodic protection of steel structures is conducted by making the stedl structure the cathode in an
electrochemical cell. Cathodic protection may be achieved with:

— Sacrificial anodes (made of specially designed aluminium or zinc alloys)
— Impressed current systems.

Adequate cathodic protection (CP) is obtained when the electrochemical potential of the steel surface measured
with a reference electrode has been moved (polarized) to a value more negative than the defined protection
potential, e.g. between -800 mV and -1000 mV versus a Ag/AgCl/seawater reference electrode. Below the
protection potential, the corrosion rate of the steel is decreased to negligible values, while over-protection will
generate hydrogen on the cathodic surface, which resultsin the threat of cracking of high-stressed carbon steel
members. The fundamental requirements to cathodic protection of hull and tanks are given in the Rules for
MOU. More details are described in the Guidelines No. 8 Corrosion Protection of Ships, and DNV
Recommended Practice RP-B401 Cathodic Protection Design.

Sacrificial anodes are used for CP of combined tanks and segregated ballast tanks. Because hydrogen gas can
be generated inside the tanks, the use of impressed current systemsin tanksis not allowed. Cathodic protection
only works when both the sacrificial anodes and the structures they are to protect areimmersed in water. Time
in ballast is therefore an important factor to be taken into account when considering the protective effect of
sacrificial anodes. A combination of cathodic protection and other types of protection (coatings, corrosion
inhibitors, dry inert gas, etc.) can provide good protection over a long period of time. A combination of
corrosion protection methods isimportant because cathodic protection does not extend to the upper regions of
atank.

If, based on the direct examination of an — Induced Current Cathodic Protection (ICCP) system, the cathodic
protection system is deemed insufficient, the current may be adjusted, according to procedures described in
DNV-RP-B401 Cathodic Protection Design.

If, based on the direct assessment of a sacrificial anode CP system, the cathodic protection system is deemed
insufficient, the sacrificial anodes may be replaced. Indication of insufficient sacrificial anode protection can
be, completely consumed anodes, unevenly consumed anodes, or anodes that don’t appear to have been
consumed. The latter case may indicated that either the anode is not connected to the steel or that something is
shielding the anode preventing it to work as intended.

6.4 Corrosion Monitoring

If coating damage or corrasion is minor, corrosion monitoring may be an option. Corrosion monitoring is done
using corrosion coupons or corrosion probes. While inspection of a surface establishes the amount of corrosion
damage done on a structure directly, corrosion monitoring can assess the corrosivity of the environment, and
may therefore more predictive.

6.4.1 Corrosion coupons

The simplest form of corrosion monitoring is the use of uncoated corrosion coupons. These coupons can bein
the form of unstressed or stressed material specimens that are exposed to the actual operating environment of
interest. Over time, the coupons are removed from exposure and examined.

The examination that is done can vary but typically involves measuring any weight change to look for loss due
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to corrosion or gain resulting from scale formation. Visual observation of the physical appearance of the
couponsis also conducted to note for overall thinning, the presence of localized corrosion and/or cracking and
any corrosion products that are present.

Coupons offer the advantage of providing someinformation on corrosion modes and ratesin arelatively simple
and easy to interpret form. They, however, only provide a time-averaged picture over the course of the
exposure. That is, it is usually not possible to determine when corrosion initiated and terminated when
examining a coupon and thusit is assumed to have corroded at a constant rate throughout the exposure period.
The other limitation is that the installation, retrieval, assessment, and installation of new coupons requires
human interaction and cannot readily be automated.

6.4.2 Corrosion probes

The above two disadvantages of corrosion coupons do not apply for the corrosion probes. Although not
common in the off-shore and maritime industry, corrosion probes have been used in many from pipelines to
power utilities and refineries. Their capability to deliver a time-based assessment of the corrosivity of the
environment without human interaction, is most important for changing environmental conditions, or in
difficult-to-access areas, such asininternal cavitiesor tanks. The disadvantage of corrosion probesisthat when
they areinstalled in aremote locations they require long electrical leads, which can be severed.

Electrical resistance (ER) corrosion probes their functioning is based on measuring the resistance of a sensing
element. As the sensing element corrodes, its cross sectional area decreases and its resistance increases
according to:

R=2
A

Where R is the resistance, p is the resistivity of the metal, | is the length of the element, and A is the cross
sectional area.

6.5 Corrosion Inhibition

Corrosion inhibitors can be used in closed systems, such as closed-loop on board cooling, if care is taken that
the chemicals are not vented to the sea.

The addition of chemicals to ballast water or cargo can reduce corrosion, but an evenly distributed
concentration over time on all parts of the structure is necessary. In practice thisis difficult to achieve on board
of rigs a sea. Environmental considerations mean that it is not permitted to pump contaminated water over
board (chromates, phosphates, etc.) Corrosion inhibitors have been used on board ships and rigs that are laid
up, and for this purpose they can be quite suitable.

6.6 Bonded patch repair

The original structure was designed for certain loads. A corrosion damage reduces its capability and the
structure needs repair. Instead of welding, a patch will be bonded onto the structure to restore integrity. DNV -
RP-C301 outlines the assessment and decision making process on whether to proceed with a bonded patch
repair. Furthermore it provides a design and qualification process to design and fabricate bonded patches. The
repair procedures applied to patches of composite material, steel or other structural materials.

7. Sep 5-Life Cycle Management

Offshore installations are designed to ensure a safe and economical operation during their intended life.
Deterioration processes, such as corrosion and fatigue crack growth commence from day one. Thus, in order
to ensure that the condition of the installations remains in compliance with the safety requirements throughout
their operational life a certain amount of inspections, condition monitoring and maintenance is required
throughout the service life of the installations. The control and steering of these inspections, monitoring and
maintenance is part of life cycle management, with the objective to:

— Create confidence in the condition of the offshore rig and the processin place for corrosion management.
— Enhance the performance of the rig by establishing a cost-effective maintenance and inspection plan.
— Increase the reliability of the rig through consistent inspection planning and reporting.

Taking the four stepsin a continuous cycle, results in the risk-based corrosion management process becoming
part of thelife cycle management, and as such contributing to the above stated objectives. The continuous cycle
isformed by communication and review of each step asillustrated in Figure 7-1.
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Monitoring
Step 1 - Risk Step 2 - Risk
Identification Ranking
SR Step 3 - Detailed
Remediation P
. Examination
and Repair

. = .

Communication

Figure7-1
Step 5 - Lifecycle Management based on the 1 SO 31000

The above makes clear that the monitoring and review processis not only part of the risk management process,
but also part of the life cycle management process. The table below lists each role from both the risk and life

cycle management perspectives.

Table 7-1 Comparing the approach from risk and life cycle management point of view
Risk management Life cycle management
— Ensuring all controls are effective — Buildup of detailed picture on asset condition
— Providing guidance on actions taken augmented with risk assessments
— Obtain further information improving risk |— Creating asset confidence, which giveinput to
management — Re-assessment of asset strategy, whichinits
— Analyzelessons-learned turn lead to
— Detect changestorisk criteriawhichcanlead | — Re-vision of inspection and maintenance
to revision of risk ranking and risk treatment strategy
— identify emerging risks

It is emphasized that the re-assessment of asset strategy, inspection and maintenance strategy as listed in the
right column, is based on an established risk picture. As such, the life cycle management becomes risk based

aswell.

In addition, it is highlighted that the above stated re-assessment does not only focus on reducing the higher risk
areas. It may well be that inspection and maintenance intervals are acceptable on green, low risk areas and as
such cost over the life cycle islowered. The continuing example below makes clear these effects.

Example (continued)

The completion of the four stages on our examplerig, have revealed high
risks on the external splash zones and ballast tank for one of the columns of
therig. Sincetherig is chartered under profitable terms, the management
decides after being informed of the situation to continue the operation at the
same time increasing the number of inspections to the affected and
identified areas to amonthly interval.

Notwithstanding, the company has areputation of modern unitswith ahigh
availahility of their units. The corrosion gives arisk on this reputation. The
company has now two alternatives. Thefirst istolower market expectations
regarding high availability and adjust their charter levels accordingly. The
second isto bring forward in time replacement investments for the asset
under discussion. It is decided to enforce the asset strategy and seek for a
new build replacement.
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APPENDIX A
FACTORSAFFECTING CORROSION

The factors affecting corrosion of rigsin marine environments are:

1) The selected design and related structures of therig
2) The materias used for construction of therig

3) The exposure environments, and

4) The corrosion protection methods.

In the following paragraphs the factors are discussed in detail.

A.1 Design and related structures
Floating offshore structures are categorized into 3 areas, Special, Primary and Main Class.

— Specia Areas are those sections of the Structure which are in way of critical load transfer point, stress
concentrations, often special steel selection etc. Ref. DNV-0S-C101 Ch.1 Sec.4. See dso, DNV-0S-C103
Sec.2 B and DNV-0OS-C201 Sec.11 B.

— Primary Areas are elements which are essential to the overall structura integrity of the unit. See also
DNV-0S-C103 Sec.2 B and DNV-0S-C201 Sec.11 B.

— Main Class Elements are all other areas which are not Special or Primary.

For the purpose of corrosion management the structural area categorization is considered in conjunction with
the appropriate exposure zone:

- Subsea

- splash

topside

internal (tanks and other internal structures).

A.2 Materialsof Construction

Hull structures are normally built of carbon or carbon-manganese steel. Column stabilized offshore units are
more likely to use higher strength steel than traditional ship shaped units, resulting in reduced plate thickness
and lower weight. DNV-0OS-B101 provides the full chemical composition of these steels. One of the more
common forms of corrosion is galvanic corrosion, caused by contact between dissimilar metals. Thus,
measures should be taken to avoid contact between dissimilar metals. If contact cannot be avoided, the anode/
cathode ratio must be reduced by, for example, applying a coating over the cathodic part of the couple.

Sainless Steel isbeing used in anumber of areas, such as chemical tanks and piping. Problems may occur with
stainless steel as a result of insufficient knowledge of the material and consequently inappropriate use. The
austenitic type stainless steel in most common use; AlSI 316 (max. 0.03% C, 18.5% Cr, 14.5% Ni, 3.0% Mo)
is not resistant to pitting and stress corrosion cracking in seawater. Stagnant, oxygen-poor seawater is
particularly damaging to stainless steel, as rapid localized corrosion in the form of pitting or crevice corrosion
may occur, especially if the seawater is warm. If stainless steel comes into electrical contact with common
carbon steel in seawater or the marine atmosphere, the result may be galvanic corrosion of the carbon steel or
welds. Stainless steel swith molybdenum content above 6% (e.g. 0.02% C, 20% Cr, 18% Ni, 6.1% Mo, 0.2% N,
and 0.7% Cu) are more resistant to pitting and crevice corrosion than 316L.

Thermo-mechanical controlled processing (TMCP) has become more common and its qualities include high
strength and toughness, and it also has a lower carbon equivalent, giving it better weldability than traditional
steels such as normalized steel. TMCP Steel is supplied in “normal strength”, “high strength” and “extra high
strength” qualities up to yield stress of 500 to 550 M Pa.

A.3 Exposure Environments

Seawater is the most abundant naturally occurring electrolyte. Most of the common metals and alloys of
construction are attacked by seawater or moisture laden seaair. The performance of materials may vary widely,
according to the specific exposure zone involved.

The following subsections describe the corrosion environments to which rigs are exposed and the corrosion
mechanisms that occur in the different exposure zones (atmospheric, splash, submerged and internal tanks).

A.3.1 Atmospheric zone

Deposition of seamist and seasalt occurs on material s exposed in marine atmospheres. The saltsare deleterious
to most common steels and alloys, promoting localized attack; their hygroscopic nature and sea mist provide
an electrolyte, which is necessary for the attack to occur while the anions (i.e. chlorides) promote film
breakdown on passive metal surfaces. The mere presence of the deposits may also promote the formation of
differential aeration cells
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The salt deposition process is a function of many variables including wind and wave conditions, height above
sea, distance from shore, surface orientation, degree of sheltering, and the amount and distribution of rain
during a given time period. In general, those conditions which promote salt buildup and prevent rainfall from
removing the salt, promote the most severe corrosion. Thus, the bottom sides of structures or those structures
which are sheltered from rain generally suffer more corrosion.

Fungi and mold also may deposit on metal surfaces in marine atmospheres. These organisms may promote
corrosion by formation of differential aeration cells and by holding moisture on the metal surface.

A.3.2 Splash zone

Materials in the splash zone are amost continuously wetted with well aerated seawater. For materials, such as
carbon and low-alloy steels, which do not form thin, tenacious passive films, the splash zone is the most
aggressive of the marine exposure zones.

Metals which form tightly adhering passive films such as stainless steels, generally perform well in the splash
zone because the well aerated conditions promote passivity.

A.3.3Immersion Zone
The major factors that affect corrosivity of the immersion zone are;

— Oxygen

Oxygen affects the corrosion rate of metallic materials by providing a cathodic reaction (O, + 2H,0 + 4e" —
40H") having arelatively noble equilibrium potential and rapid kinetics. For corrosion alowance materials
such as steels, the presence of oxygen greatly increases rates of corrosion since the corrosion kinetics are
limited, in many cases, by the rate of the cathodic or reduction reaction. On the other hand, the presence of
oxygen generally reduces rates of attack of corrosion resistant materials such as stainless steels by promoting
passivation. However, where the oxygen supply to a passive metal surface is limited locally, such as in
crevices, the presence of oxygen on boldly exposed surfaces may promote localized attack.

For the corrosion allowance materials, the rate of oxygen reduction reaction isgenerally limited by therate
of oxygen transport of oxygen to the metal surface. Thus, factors which influence the rate of transport such
as oxygen concentration of the seawater and velocity of the seawater also affect the corrosion rate

— Biological activity
When a metal or other surface is first immersed in seawater, a biological slime tends to develop within

matters of hours. Subsequent to the formation of biological dime film, embryonic sessile organisms
become firmly attached. Once attached, they rapidly transform to a mature form.

The growth of sessile organisms, referred to as biofouling, is a major factor in the performance of metals
in marine environments. For corrosion allowance materials, fouling may actually reduce rates of attack by
limiting the supply of oxygen to the metal surface. However, the decay and by-products of marine
organisms can be aggressive and promote localized attack of both corrosion resistant and corrosion
allowance materials. Moreover, the smple presence of marine organisms can aid in the development of
differential aeration cells.

— Temperature

The effect of temperature on the corrosion of metals is complicated by the interdependence of other
relevant parameters and temperature. The kinetics of activation-controlled oxidation reactions and
diffusion-controlled reduction reactions increase with increasing temperature. On the other hand, the
passivation phenomenon is a complex function of temperature since the stability of the films and the rate
of formation are affected.

In addition, oxygen solubility in seawater decreases with increasing temperature and calcareous deposits
exhibit retrograde solubility, increasing the likelihood of precipitation of protective scales at elevated
temperatures.

Biological activity increases with increasing temperature over the temperature range near ambient, which
can be either beneficial or deleterious.

— Velocity

The corrosion rate of corrosion allowance materials such as steels and copper-base materials normally
increases with increasing seawater velocity, since the rates of attack of these metals are frequently limited
by the availability of oxygen at the metal surface.

In addition, high velocities tend to erode barrier films which form on alloys such as copper-base alloys.
Passive metals, such as stainless stegls, are highly resistant to flowing seawater. Indeed, piping of stainless
steelsislesslikely in flowing seawater than under stagnant conditions.
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Salinity

The magjor oceans of the world are completely connected in the southern hemisphere, and it therefore no
surprise that the relative proportion of salts does not vary appreciably in these interconnected oceans,
variationsin salinity in open ocean surface waterstypically range from 3.2 to 3.5 percent. In this range, the
corrosion rate of common metals does not change appreciably.

Large variations in sainity are found in more isolated areas. These salinity variations are usualy
accompanied by other chemical changes in the seawater and thus the overall effect on corrosion behavior
isdifficult to predict.

pH

The pH of seawater may vary sightly depending on photosynthetic activity. Plant matter activity consumes
carbon dioxide and affects the pH during daylight hours. Carbon dioxide content in seawater is influenced
close to the surface by exchange with carbon dioxide in the atmosphere. A daily shift in pH from, say, from
8.0 to 8.2 has little direct effect on the corrosion behavior; however, it can be a factor in calcareous scale
deposition which, in turn, influences corrosivity.

As pressure is increased, the pH is reduced according to thermodynamic considerations. Thus, at great
depths, there is some evidence of fewer tendencies for protective carbonate type scales to form.

A.3.4 Internal Tanks
The degree of corrosion in internal tanks depends on various parameters, as listed below:

Ballast Cycle for Ballast Tanks

— Corrosion increases with increasing periods in unprotected, empty, humid conditions.
— Cathodic protection has no effect on empty tanks.

Humidity

— Damp surfacesin empty or incompletely filled tankswill corrode, particularly at high temperatures and
in the presence of salt.

— Rust and sediments will retain humidity and salts and result in continuous corrosion.
Temperature

— Elevated cargo, bunkers oil or engine room temperatures increase the risk of corrosion in adjacent
ballast tanks.

— Sun-warmed decks increase corrosion in the tops of tanks.
Oxygen concentration

— Under hatches, valves and other tank apertures, acombination of humidity and high oxygen availability
(outside air) can result in increased corrosion.

— Variations in availability of oxygen can occur, for example, at different water depths in ballast tanks
and under sediments. This can result in increased corrosion. (Local galvanic potential differences are
created).

Tank content

— Cargoes containing water and oxygen with low pH (acid) will lead to increased corrosion.

— Water settling out from crude oil may contain up to seven times as much dissolved oxygen as seawater.

— Cargoes and crude oil that contain sulfur can form sulfuric acid which increases general corrosion and
pitting on horizontal surfaces and particularly in the tank bottoms.

— Hydrogen sulfide (H,S) in crude oil can raise H,S|evelsabove the cargo to dangerous|evels. Hydrogen
sulfide is extremely toxic and flammable.

— OQil or other cargoes that leave a waxy or oily film on surfaces can reduce corrosion but may also
passivate sacrificial anodes for periods of time.

— In cargo holds, combinations of sulfur-containing coal, ore, metals, etc. and seawater may result in
Severe corrosion.

— Microbia Influenced Corrosion (MIC) occurs in oil tanks, ballast tanks, etc. as cluster of pits.
Conditions that encourage bacterial corrosion are stagnant water, adequate nutrition for bacteria
sulphate and suitable temperature (20 to 40°C).

Local galvanic corrosion of welds or heat-affected zones (HAZ) may be severe. Figure A-1 shows a diagram
with areasin a ballast tank that are susceptible to corrosion.
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AREAS IN BALLAST TANKS SUSCEPTIBLE TO CORROSION

UPPER SURFACE OF HORIZONTAL GIRDERS, BOTTOM
LONGITUDINALS, BOTTOM TRANSVERSES, BOTTOM
PLATING, SHELL AND BULKHEAD LONGITUDINALS

@ DECK PLATING, DECK LONGITUDINALS, DECK
TRANSVERSES, UPPER PART OF TRANSVERSE AND
LONGITUDINAL BULKHEADS, SIDE PLATING, UPPER AREAS.

AREAS OF HIGH STRESS CONSENTATION MAY GIVE A HIGH
CORROSION RATE AND MATERIAL FAILURE

@ WARM BULKHEADS (DUE TO CARGO OR ENGINE)

Figure A-1
Areasin Ballast Tanks Susceptibleto Corrosion

A.4 Corrosion Protection Methods

A.4.1 Overview

The main means of corrosion protection of carbon steelsin marine environmentsis the proper use of coatings.
In submersed conditions, corrosion protection can be enhanced by cathodic protection. The coating
requirements may be different for the different exposure conditions, where subsea coatings have to be
compatible CP and have antifouling properties, while topside or atmospheric coating have to be UV resistant.

A.4.2 Coatings

While epoxies and epoxy polyesters are the most common types of coating for marine structures, other types
of coating are used as well. The following gives a description of the various types of coating used in marine
environments.

A4.2.1 Epoxy
Epoxies consist of two-component chemically curing systems with the following general properties:

— good corrasion prevention properties as aresult of their barrier effects

— good chemical resistance

— withstand mechanical wear, but become chalky with outdoor exposure

— withstand temperatures up to about 100°C

— usually require 10°C to cure, but winter grades cure at |lower temperatures

— for optimal result, need blast cleaning to at least Sa 2Y2

— application on top of other types of paint, such as vinyl, chlorinated rubber and alkyd entails the risk of
dissolution (lifting) of previous coats
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— the minimum and maximum curing times between successive coats must be carefully observed
— hardened epoxy paint may result in adhesion problems when painted over. Mild blast cleaning (sand
sweeping) before repainting is recommended to improve intercoat adhesion.

The following epoxies are listed:

a) Epoxy HB (high build) can be applied in relatively thick films and is often used to protect tanks and
holds. It is aso supplied without solvents. The product is available in awide range of colors.

b) Epoxy mastic (surface tolerant) requires less surface treatment than other epoxy systems and can give
satisfactory results on surface cleaned by means of power tools. Nevertheless, the best results are
obtained on blast cleaned substrates. In order to obtain the best penetration on insufficiently prepared
substrates, the first coat should be thinned. The product, which is supplied in light colors, with or
without aluminum pigments, is used to protect ballast tanks and to upgrade old coatings, including
organic and inorganic zinc primers.

¢) Epoxytar hasatar content that variesfrom product to product, and it too is supplied solvent-free. These
paints, which may be pigmented with aluminum, are extremely water-proof, and are particularly
recommended for use in ballast tanks, combination tanks, etc. Epoxy tar results in discoloration
(bleeding) when over-painted with light-col ored coatings that contain solvents. Two-component epoxy
paints modified with hydrocarbon resins instead of coal tar are produced in various colors, including
light colors. This type of paint can then be used to coat the holds of bulk-carriers and in other places
that require paints that are very resistant to mechanical wear and chemicals.

d) Epoxy glass flake provides an extremely hard-wearing surface. The product, which is applied in thick
films, is used to protect holds.

€) Epoxy zincisused asashop primer and asfirst priming coat on blast-cleaned steel in combination with
other epoxy, vinyl or chlorinated rubber systems.

f) Epoxy iron oxide is used as a shop primer. It is applied in automatic systems using a high-pressure
spray-gun and gives only temporary protection.

A.4.2.2 Polyurethane Paints

Polyurethane paints are two-component chemically curing paints, with or without tar additives, and with the
following properties:

— the curing rate is temperature-dependent, but it can be applied at temperatures as low as 0°C

— requires special solvents

— application over other paints requires special precautions as the presence of strong solvents entails the risk
of dissolution (lifting) of previous coats

— moderate solids content

— requiresvery good pretrestment, blast cleaning to at |east Sa 22 Westher resistance is good and these paints
are non-yellowing

— excellent gloss retention

— very resistant to mechanical wear

— very good chemical and solvent resistance

— addition of tar improves its water-resistant qualities, and the product is therefore suitable for protecting
ballast tanks

— hardened polyurethane paint may result in adhesion problemswhen painted over. Mild blast cleaning (sand
sweeping) before repainting is recommended to improve intercoat adhesion.

A.4.2.3 Vinyl Paints

One-component resoluble paint supplied with or without tar additives. These paints have the following
properties:

— short drying time; can usually be painted over after 2 - 3 hours, vinyl tar after 4 to 8 hours
— good intercoat adhesion, as long as relative humidity is below 70%

— low solids content

— temperature resistance is poor, and the film begins to soften at around 50°C

— givesatough, elastic wear-resistant film at temperatures below 40 to 50°C

— good water resistance; vinyl tar can be used to protect ballast tanks.

PVB primer is a two-component product, whose base contains polyvinyl butyral, while the hardener is a
mixture of acohol and phosphoric acid. The product, which isapplied in a15to 20 micronfilm, is used as shop
primer and as a primer coat, at 10 to 15 microns, on galvanized and aluminum surfaces. The binder can be
saponified and should not be used under water in combination with cathodic protection or as an undercoat for
two-component chemically curing systems.
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A.4.2.4 Chlorinated Rubber Paints
One-component resoluble paint to which tar may be added. Has the following characteristics:

good wear-resistance, but not resistant to vegetable or animal oils

temperature resistance is poor, and the film begins to soften at around 50°C

easily soluble in a number of solvents

used for example to protect holds, while adding tar makesit suitable for ballast tanks
requires blast-cleaned substrate to Sa 2v%.

A.4.25 Zincrich paints
These require blast cleaned substrate to minimum Sa 2. Two types of zinc-rich paints are available:

a)

b)

Based on organic binders
Organic zinc-rich paints are based on epoxy and polyurethane binders, and have the following characteristics:

— highly wear-resistant, and very corrosion-resistant
— do not withstand acids or akalis
— highly weather-resistant.

Based on inorganic binders

Inorganic zinc-rich paints are usually based on silicate binders such as ethyl silicate or water-based alkali
silicate. Water based zinc akali silicate paints are widely used for protection of cargo tanks carrying
solvents. Zinc-ethyl silicate has the following properties:

— Two components; binder solution and zinc dust.

— Dries rapidly, but requires high relative humidity to cure; at RH below 70% spraying with water is
recommended. Must be cured before painting over.

— Normal filmthicknessisabout 75 microns; if zinc ethyl silicateis applied too thickly, the paint film cracks

— When used as a shop-primer, the film thickness should be 10 to 15 microns over profile points, i.e. 20
to 25 microns on plane surfaces.

— Canonly be applied to steel that has been blast cleaned to minimum Sa 2%%.

— Very good resistance to mechanical wear, and organic solvents, but not to acids and akalis.

— Heat resistance is very good; withstands temperatures up to 400°C.

Because of its metallic character, zinc ethyl silicate paints act as anodic coatings and thus prevent rust in
local defects on the paint film

Also used as a primer in combination with other systems, such as epoxy and vinyl. In order to obtain
sufficient adhesion between zinc ethyl silicate primer and the rest of the system what is known as a tie
coating is used.

A.4.2.6 Polyester glass flake coatings

Polyester glass flake like epoxy and polyurethane is a chemical curing coating that provides an extra hard-
wearing coating. It requires a blast-cleaned substrate to minimum Sa 2%.

A.4.2.7 Other coatings
Other types of coatings that may be used include:

a)

b)

d)

Rust converters

Rust converters are products that are used to protect ballast tanks in order to prolong the useful life of old
vessels, for which full rehabilitation including blast cleaning is not appropriate. Rust convertersrequire one
or two top coats, for example of epoxy tar. It is recommended to remove all scale rust prior to application
of these products.

Alkyd paints

Alkyd paints are occasionally used in holds. Because of their poor water resistance such paints should not
be used in humid environments or wherever thereis a danger of condensation. These paints a so have poor
resistance to chemicals and ought not to be employed in corrosive chemical environments.
Bitumen-based products

Bitumen-based products are one-component systems that have been used to a certain extent to maintain
ballast tanks in older vessels.

Hot-applied bitumen is prohibited on board vesselsin Norway for health and safety reasons.
Water-based paints
Water-based paints are available on the market, and may be used to protect holdsand dry spaces. The effect

of these types of coating is usually doubtful, and documentation of their efficiency should be produced
before they are utilized. Environmentally friendly water-based paints are currently under devel opment.
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A.4.3 Cathodic Protection

Both sacrificia and impressed current cathodic protection (ICCP) systems are commonly used for subsea
application in conjunction with compatible coatings. Although based on the same principles, the 2 different CP
approaches have distinct applications each with advantages and drawbacks.

A.4.3.1 Sacrificial Anode Systems

For sacrificial anode systems, the anode of the electrochemical cell isacasting of an electrochemically active
aloy (in seawater normally aluminum, or zinc based). The anode is also the current source for the CP system
and will be consumed.

The advantages of sacrificial anode systems as a means of corrosion protection are:

— high reliability

— minimum maintenance

— good distribution of protective current

— minimal risk for overprotection (i.e. cathodic disbonding of coating)
— simplicity (works once submerged).

The potentia drawbacks of sacrificial anodes are:

— limited lifetime
— addsweight to the unit.

Because of the limited lifetime of the anodes, the anodes must be inspected on regular intervals. Such
inspections should include visual surveys of the condition of the anodes, estimation of the anode consumption.
Knowledge of theinitial dimensions of the sacrificial anodeis required in order to carry out such estimates. To
assess anode consumption it may be necessary to remove corrosion products and marine growth.

Potential measurements may be performed as a more accurate means of assessing the effectiveness of
sacrificial anode CP system.

Any installation of new anodes (type, position and method of attachment) should be in accordance with the
Rules for MOUSs, and should be based on either traditional design rules or finite analysis modeling based
design. Specifications of anodes, fastening devices and drawings showing location of removed, replaced and/
or additional anodes are to be submitted for approval. Particular attention must be paid to the attachment of
replacement anodes and in particular if welding is proposed. In general, welding (dry) should be in way of
doubler plates or, in certain circumstances, in way of internal stiffening, but should be specially considered in
each case.

A.4.3.2 Impressed Current Systems

For Impressed Current CP (ICCP), an inert (non-consuming) anode is used and the current is supplied by a
rectifier.

The benefits of cathodic protection by an impressed current system are that:

— The system does not add as much weight to the unit as sacrificial anodes.
— Thedesign life can easily be extended without any exchange of anodes.

The potential drawbacks of an impressed current system are typically:

— The system is dependent of the completion of the cabling and direct current generator/rectifier.

— The system has few anodes with high driving potential and thus, if mounted directly on the externa
surfaces, provides an uneven distribution of protective current. In order to achieve a more even current
distribution, anodes should be remotely positioned.

— When anodes are mounted directly on the surface, anode shields are required to avoid overprotection of
surfaces close to the anodes.

— The replacement of damaged/worn out anodes is complicated.

— The system must be closely monitored up by experts.

— For impressed current systems, a permanent reference electrode system is required.
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