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Abstract 

The primary motivation behind this piece of research is the lack of information relating to the effect of 

the insulation and jŀŎƪŜǘƛƴƎ ƳŀǘŜǊƛŀƭΩǎ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻƴ ǘƘŜ ƻǾŜǊŀƭƭ ōǳŎƪƭƛƴƎ ǎǘǊŜƴƎǘƘ ƻŦ ŀ ǎǘŜŜƭ 

structure. Very little research has been completed that focuses on the effect of different materials on the 

overall buckling value at varying stages of corrosion. It is expected that this thesis will act as the starting 

point for further research into the issue in the future. More detailed and accurate information relating to 

the mechanical properties of the insulation and jacketing is required to allow for more effective 

computational modelling of the problem. 

Corrosion and corrosion under insulation are both topics that have been researched over a long period of 

time and yet there are still instances where the effects of corrosion have caused issues and problems from 

minor to catastrophic levels over this time. These incidents have led to the loss of human life, irreparable 

damage to the environment as well as costly repairs and shutdown times, not to mention reputation 

damage to the companies involved in such incidents.  

Modelling the problem of corrosion under insulation to determine the effect of the insulation system on 

the buckling value result was performed in four stages. The authorΩǎ ǎǘȅƭŜ ƻŦ coding using the ANSYS 

Mechanical APDL programme required initial validation. This was completed through comparison of the 

written code in both 2-D and 3-5 ŦƻǊƳŀǘǎ ŀƎŀƛƴǎǘ ŀƴ ŀƭǊŜŀŘȅ ǇǳōƭƛǎƘŜŘ ǾŜǊǎƛƻƴΦ hƴŎŜ ǘƘŜ ŀǳǘƘƻǊΩǎ ǎǘȅƭŜ ƻŦ 

coding was validated and considered acceptable for further computational work the next stage involved 

a mesh convergence study. Two plate configurations with differing levels of corrosion damage were 

modelled and underwent buckling analysis at four varying levels of mesh coarseness to determine the 

best compromise between accurate results and acceptable computation time. 

Once the preliminary computational work was completed the next stage involved modelling a steel plate 

with five levels of corrosion that also had an insulation system composed of one of six insulation materials 

and one of two protective jacketing materials. These plate and insulation system configurations were then 

subjected to axial buckling to determine the effect of the thickness of each component of the insulation 

system on the buckling value. The final stage involved modelling a hollow slender pipe system with the 

most common insulation systems to determine the effects of the materials on the new configuration.  

As hypothesised the buckling value decreased as the corrosion damage of the steel components increased 

in severity. The effect of increasing the thickness of the insulation systems increased the buckling value 

as expected and these results are explained through application of the Euler Column Critical Load Formula. 
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Chapter One: Introduction 

Chapter One is divided into four sections; where the piece of research conducted is introduced. The 

background and motivations for the research are explored along with the objectives of what is hoped to 

be achieved by the end of the project.  

There has been a small amount of research directly related to this field and the impact of this research is 

discussed and the effect it has had on the direction this project has taken is presented. Finally, the first 

chapter will be completed with a short introduction to the structure of the thesis to assist with navigation. 

1.1 Background  

There are two main process types of corrosion; dry corrosion which is a chemical reaction and wet 

corrosion which is an electrochemical reaction. The type of reaction is determined by the corrosive 

ŜƴǾƛǊƻƴƳŜƴǘ ƛƴ ǿƘƛŎƘ ǘƘŜ ƳŜǘŀƭ ƛǎ ŦƻǳƴŘΦ /ƻǊǊƻǎƛƻƴ ƛǎ ŜǎǎŜƴǘƛŀƭƭȅ ǘƘŜ ŘŜǘŜǊƛƻǊŀǘƛƻƴ ƻŦ ǘƘŜ ƳŜǘŀƭΩǎ 

ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ǘƘǊƻǳƎƘ ǘƘŜ ƭƻǎǎ ƻŦ ǘƘŜ ƳŜǘŀƭΩǎ ǎǘǊǳŎǘǳǊŜΦ  

Noble metals, such as gold, platinum and copper are usually found in nature in their natural pure form 

and are much less likely to suffer from corrosion as they have such low tendencies to react to the 

environment. This is in direct contrast to non-noble metals such as aluminium, zinc and iron which are 

usually found in metallic ores in nature and are highly reactive to their environment so are susceptible to 

corrosion processes. 

To extract the metal from the ore large amounts of energy is required and this results in a 

thermodynamically unstable metal that tends to want to return to its unexcited state. The task for 

corrosion engineers is to prevent this from occurring. More details on this phenomenon can found in 

section three of Chapter One. 

There are a number of mechanisms of corrosion but they fall under two main categories; localised 

corrosion and uniform or general corrosion. Localised corrosion is of greater concern to corrosion 

engineers as the effect are highly unpredictable. In some circumstances, it may not even be known that 

there is an issue, especially if the corrosion taking place is hidden under insulation and jacketing. This 

environment can promote the rate of corrosion exponentially and is discussed in further detail in section 

four of Chapter One.  
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There are three important reasons why corrosion mechanisms and processes require more study and why 

more assistance is required to increase the level and efficiency of the current efforts to hinder and prevent 

the effects of corrosion: 

¶ Health and safety 

¶ Reduction in costs associated with issues 

¶ Protecting the environment 

Corrosion and corrosion under insulation are both topics that have been researched over a long period of 

time and yet there are still instances where the effects of corrosion have caused issues and problems from 

minor to catastrophic levels over this time. These incidents have led to the loss of human life, irreparable 

damage to the environment as well as costly repairs and shutdown times not to mention reputation 

damage to the companies involved in such incidents.  

It can be argued that the cost to prevent corrosion occurring in the first place is surely less than the cost 

of repairing all the damage caused, financial and reputational, if and when an incident occurs. The 

problem is not one experienced only in the oil and gas industry so it is the responsibility of all industries 

to work together with research to find an effective solution to this worldwide problem.  
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1.2 Motivation and Objectives 

The primary motivation behind this piece of research is the lack of information relating to the effect of 

the insuƭŀǘƛƻƴ ŀƴŘ ƧŀŎƪŜǘƛƴƎ ƳŀǘŜǊƛŀƭΩǎ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻƴ ǘƘŜ ƻǾŜǊŀƭƭ ōǳŎƪƭƛƴƎ ǎǘǊŜƴƎǘƘ ƻŦ ŀ ǎǘŜŜƭ 

component. Very little research has been completed that focuses on the effect of different materials on 

the overall buckling value at varying stages of corrosion. It is expected that this thesis will act as the 

starting point for further research into the issue in the future. More detailed and accurate information 

relating to the mechanical properties of the insulation and jacketing is required to allow for more effective 

modelling of the problem. 

At the time of writing, no model existed to computationally model corrosion damage with an external 

insulation and jacketing system though models did exist that focused on the strength of a corroded steel 

component under various load types. These papers are discussed in more detail shortly in this section. As 

mentioned, this project is only in the very early phases and with more research, it will be possible to 

generate more effective and accurate models that will allow corrosion engineers to better predict and 

tackle the problem of corrosion under insulation.  
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The research conducted in this thesis has four main objectives: 

1. Create a 2-D and 3-D ANSYS mechanical APDL code that models a steel plate where the 

centre has been subjected to five levels of corrosion. The first level is no corrosion at all 

and the plate is fully intact, the next three levels are the progression in depth of a pit 

from one-quarter of the depth of the plate through one half of the depth to three-

quarters depth of a pit. The final level is where the model has fully corroded and a full 

depth hole has been created in the centre of the plate. The plate will be fully constrained 

at the left-hand nodes and the buckling value will be determined. 

2. Model each of the corrosion levels of the plate described above with same constraints 

and determine the difference in buckling value when the model includes six different 

insulation materials at ten different thicknesses and two protective jacketing materials 

at five different thicknesses. 

3. Create a 2-D model of a steel pipe with the five levels of corrosion described above and 

determine the buckling value of each configuration. 

4. Model the effects of the most common insulation and jacketing thickness options on 

the buckling value of the steel pipe at the five levels of corrosion.  
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1.3 Literature Review 

The effect corrosion has on structures and the potentially disastrous failures that may be caused due to 

the process continuing unabated has affected a number of industries for a considerable time and these 

situations do not appear to be becoming a less common occurrence. Corrosion has therefore been of 

great interest to a number of research institutions and a number of papers have been produced over a 

long period of time.  

One area of study that has received a considerable amount of attention involves the researching of the 

effects of a plate element that has been subjected to corrosion processes. This results in both uniform 

thinning of the plate element as well as localised areas of corrosion attack that result in pitting. Much of 

the research in the 1980s focussed mainly on uniform corrosion processes and the effect of this corrosion 

type on plate elements. Hart et al. (1986) and Soares (1988) chose to utilise simplified linear structure 

models in place of more complex options to measure the continued uniform corrosion progress over a 

period of time.  

Soares and Garbatov (1999) proposed a non-linear model to simulate uniform corrosion damage to 

further build on the study performed by Soares in 1988. In this 1999 study, the plates were also subjected 

to a compressive load which allowed the authors to examine the variation in plate collapse strength over 

time due to the increased levels of uniform corrosion exhibited and therefore the thinning of the plate 

over the period of time. Teixeira and Soares (2008) again built on the earlier work by introducing a random 

spatial distribution of the corrosion thickness. This was proposed to replace the previous theory of 

uniform thickness loss due to general corrosion and presented a more real-world alternative.  

Frankel et al. (1987) effectively described the formation and evolution of pitting morphologies under 

metastable conditions in stainless steel and the levels of interest in the field of corrosion have remained 

pretty constant. Daidola et al. (1996) produced a report for the Ship Structure Committee as it was 

recognised that pitting corrosion was having a highly detrimental effect on the shipping industry. A new 

way to evaluate the strength of pitted plate panels was required as at the time the evaluation method of 

the time was highly subjective and was based upon the personal judgement of a single evaluator. Any 

borderline cases were always considered conservatively and this led to the potential for unnecessary 

repairs to be carried out, which would be considered less urgent and would, therefore, put the vessel out 

of commission. Daidola et al. (1997) developed a mathematical model of the pitted plate and this model 

would allow the user to calculate the residual thickness of the plate after factoring in a number of 

variables. These parameters included the depth of the deepest present pit, the variation between the 
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maximum and minimum data value sets of all the pits and the total number of pits present. The authors 

created a decision-making tool to calculate the measure of residual strength to ensure there was no longer 

any variation due to human consideration. 

Rajeev et al. (2000) describe how pitting corrosion ought to be considered to have a special place within 

the eight most common types of corrosion as it should be considered the most dangerous. This is 

especially the case when the metal has been continuously subjected to an electrolyte solution as these 

conditions increase the proliferation of pitting corrosion.  

Two papers published by Paik et al. (2003; 2004) presenting the effect varying levels of pit corrosion 

deterioration had on the effect of the ultimate compressive and ultimate shear strength of plate elements 

that have been subjected to pit corrosion wastage. The degree of pitting (DOP) and the geometric 

properties were the variables altered in the papers and the changing strength values were presented. The 

main purpose of these studies was to use the results to assist in the design of damage tolerant plate 

structures that have deteriorated due to pitting corrosion. 

These papers provided a number of details regarding the geometric properties of the steel plates used in 

the study and many of these properties were used in this project. Table 1.1 provides the details of the 

geometric properties used in this project as recorded by Paik et al. (2003; 2004). 

Table 1.1 Steel Plate Geometric Properties (Paik et al., 2003; 2004) 

Geometric or Material Property Value 

Plate Width (m) 0.8 

Plate Length (m) 0.8 

Plate Thickness* (m) 0.01 

The Shape of the Corrosion Pit Circular 

The Depth of the Pit 0.25, 0.5 and 0.75 x Thickness of the Plate 

¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ό9ύ (GPa) 205.8 

tƻƛǎǎƻƴΩǎ wŀǘƛƻ ό)˄ 0.3 

*One of the recommended future actions would be to continue the collection of computational data to 

include additional steel plate thicknesses of 0.015m and 0.02m. 

The equation for the degree of pitting (DOP) intensity is shown in Figure 1.1 along with a working example 

made up in Microsoft Excel to showcase two separate examples of the theory in practice. The studies 

explained that the equation can be used to assess the scale of the breakdown of the plate structure due 

to pitting corrosion. It is defined as the ratio between the percentages of the corroded surface area to the 

original surface area.  
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Figure 1.1 Example of Degree of Pitting (DOP) Intensity Calculator in Excel 

The scope of the project had considered using the calculator to provide an accurate degree of pitting 

(DOP) intensity percentage should a comparison of plates with multiple various pits numbers and 

diameters be conducted. This is recommended as a future action to be taken to gather further information 

for more accurate overall conclusions. 

The conclusions from the two papers were that the simplest way to model a plate that had experienced 

uniform corrosion would be to simply produce the same model but alter the thickness of the intact 

uncorroded plate to take into account the total loss of this experienced due to equal uniform corrosion 

across the full surface of the plate.  

The studies also showed that the degree of pitting (DOP) intensity had an impact on the ultimate strength 

of the plate where the most highly corroded area of the plate governed the ultimate strength when the 

plate was placed under axial compressive loads. 

One way the two papers previously discussed differs from the current project is in the way the steel plate 

elements are constrained. In the two papers, Paik et al. (2003; 2004) simply supported the plate at all four 

of the edges. In this project, all of the nodes on the left-hand side of steel plate were fully constrained and 

a compressive load was subjected to the plate on the right-hand side to determine the Eigenvalue buckling 

value.  
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Zhang et al. (2016) produced a paper again looking at the ultimate strength of a structural plate that had 

been subjected to pitting corrosion under combined loading. The paper looked into how the results 

differed depending on the shape of the pits. Paik et al. (2003; 2004) focused specifically on spherical pits, 

as did this project, whereas Zhang et al. (2016) also considered cylindrical and cone-shaped pits in their 

analysis. 

The reason this project focused solely on circular shape pits was due to the fact was felt that it would be 

more important to model data at varying insulation and jacketing thicknesses, that had not been 

completed before, rather than repeating work that had been completed recently. However, it should be 

noted that a recommendation for future work would be to complete the collection of data by including 

models of differing pit shape.  

Zhang et al. (2016) also concluded that the ultimate strength of the plate related to the thickness of the 

plate minus the overall loss of thickness due to corrosion. They also noted that it is possible to simply real-

world pit configuration into a finite element model with acceptable accuracy as long as the pit distribution 

and volume loss are modelled correctly. The modelling option for both shell and solid elements both 

produced conducive results.  
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1.4  Structure of the Thesis 

This thesis is compiled from a total of eleven chapters. The main topics from each chapter are detailed 

below. 

Chapter One introduces the piece of research; the background and the motivation 

behind the piece of research is explained. The main objectives of the piece of research 

are stated and the current literature relating to the thesis is explored and reviewed. 

Chapter Two aims to give a general introduction to the oil and gas industry as a whole 

before exploring the corrosion phenomena experienced in various sectors within the 

offshore sector. 

Chapter Three introduces the phenomenon of corrosion and the processes by which the 

various forms of corrosion mechanism attack the surfaces of metals. The chemistry that 

drives these reactions is explored before the various classes of corrosion are introduced 

and described. 

Chapter Four explores the process of corrosion under insulation which is of great 

interest to this project. The fundamentals governing the process of corrosion under 

insulation is introduced before the mechanism is presented and discussed in greater 

detail. 

Chapter Five introduces the concept of the insulation system and explores in more detail 

the materials used in this project. 

Chapter Six serves as a brief introduction to the finite element method and also the 

ANSYS Mechanical APDL programme which is one of a number of software options 

commercially available to perform finite element analysis mathematical techniques. 

Chapter Seven detailǎ ǘƘŜ ǇǊƻŎŜŘǳǊŜ ŦƻƭƭƻǿŜŘ ǘƻ ǾŀƭƛŘŀǘŜ ǘƘŜ ŀǳǘƘƻǊΩǎ ŎƻŘƛƴƎ ǎǘȅƭŜ 

through comparison with a published example. 

Chapter Eight completes the validation work where a mesh convergence study is 

performed on both the 2-D and 3-D models to deduce the best balance between 

accurate results and computation time.  
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Chapter Nine presents the procedures and the results generated from the 

computational work determining the effect of the different insulation and protective 

jacketing materials would have on the expected buckling value of a metal plate 

subjected to a load. 

Chapter Ten presents the procedures and the results generated from the computational 

work determining what effect mineral wool insulation with two jacketing systems would 

have on the expected buckling value of metal pipe subjected to a load. 

Chapter Eleven provides a review of the objectives of the piece of research and whether 

the objectives have been met. A summary of the major findings is also presented whilst 

providing information regarding any gaps in the research and advises of any future work 

that would be recommended. The novelty of the piece of research and the potential 

contribution to the field is also presented as well as any final remarks regarding the 

project. 
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Chapter Two: Corrosion in the Oil and Gas Industry 

The aim of this section is to give a general introduction to the industry as a whole before exploring the 

corrosion phenomena experienced in various sectors within the oil and gas industry. The demand for oil 

and gas and the importance of the industry generally has been noted for a considerable time and at 

various stages, engineers are battling against corrosion to continue the supply of this worldwide demand. 

Understanding the processes of the various mechanisms of corrosion is imperative if engineers are to 

develop long-lasting defences to decrease the cost of repairs and instances of failure due to this 

preventable issue. 

2.1 The Oil and Gas Industry 

hƛƭ ŀƴŘ Ǝŀǎ ŀǊŜ ǘǿƻ ƻŦ ǘƘŜ ŜŀǊǘƘΩǎ Ƴƻǎǘ ŀōǳƴŘŀƴǘ ŜƴŜǊƎȅ ǎƻǳǊŎŜǎΣ ŀƴŘ ǘƘŜȅ ōƻǘƘ come from hydrocarbon 

reserves that occur naturally within the earth. These hydrocarbons were formed over millions of years as 

the organic remains of various plants and animals were compressed at very high pressures and 

ǘŜƳǇŜǊŀǘǳǊŜǎ ŦƻǊ ƭƻƴƎ ǇŜǊƛƻŘǎ ƻŦ ǘƛƳŜ ǳƴŘŜǊ ǘƘŜ ŜŀǊǘƘΩǎ ŎǊǳǎǘΦ 5ŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ the 

organic matter and the environment in which the fossil fuel was formed either a solid, known as coal, a 

ƭƛǉǳƛŘΣ ƪƴƻǿƴ ŀǎ ŎǊǳŘŜ ƻƛƭΣ ƻǊ ŀ ƴŀǘǳǊŀƭ Ǝŀǎ ŦǳŜƭ ǎƻǳǊŎŜ ǿŀǎ ŎǊŜŀǘŜŘΦ ²ƘŜƴ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ƛǎ άƭƻǿŜǊέ 

more crude oil is created than natural gas which explains why wells that are much deeper into the earth 

would be expected to yield a higher percentage of natural gases (Papavinasam, 2014). 

Over two hundred years ago the first oil was drilled and since then civilisation has depended heavily on 

this source of energy, whether it be from fuels derived from crude oil or natural gas. SƛƴŎŜ ƻƛƭΩǎ discovery, 

man has also harnessed other fuel sources from the earth and the atmosphere to continue to meet our 

demands. Other sources include coal and nuclear as well as renewable resources such as solar, wind and 

tidal. Throughout this period of advancement, the importance of oil and gas sources has remained and 

ŀǊŜ ǎǘƛƭƭ ŜȄǇŜŎǘŜŘ ǘƻ ŦƻǊ ŀ ƴǳƳōŜǊ ƻŦ ŘŜŎŀŘŜǎΦ CƛƎǳǊŜ нΦм ƛǎ ǘŀƪŜƴ ŦǊƻƳ ǘƘŜ ²ƻǊƭŘ 9ƴŜǊƎȅ /ƻǳƴŎƛƭΩǎ ά²ƻǊƭŘ 

9ƴŜǊƎȅ wŜǎƻǳǊŎŜǎ wŜǇƻǊǘέ (2016) and shows the changing landscape over a period of 15 years. As can be 

seen, the demand for oil as a primary fuel source has seen it remain as the largest percentage consumed 

at 32.9% at the time of publishing. Natural gas follows closely behind with a demand of 23.85%.  



University of Strathclyde  Daniel Richard Hugh Mancini 
Department of Naval Architecture, Ocean and Marine Engineering  Chapter Two: Corrosion in the Oil and Gas Industry 
 

12 

 

Figure 2.1 Comparative Primary Energy Consumption between 2005 and 2015  

(World Energy Council, 2016) 

The International Oil Agency (2018) publishes a market report detailing the world supply for oil at any one 

time and the previous 4 years data is also available. At the time of the writing, the world demand for oil 

was 98.45 million barrels per day. This was an increase from the 93.52 million barrels per day in the third 

quarter of 2014 which was the earliest graphical data available. The graphical data showed a generally 

steady increase in the demand for oil over the period with occasional dips as expected which can be seen 

in Figure 2.2 (International Energy Agency, 2018). To coincide with the data detailing the world demand 

for oil the International Oil Agency also publishes a market report detailing the world supply of oil which 

is shown in Figure 2.3 (International Energy Agency, 2018). Over this same period, the supply of oil 

increased from 94.16 million barrels per day in the third quarter of 2014 to 99.03 million barrels at the 

time of writing. It can be seen from Figure 2.3 (International Energy Agency, 2018) that the supply of oil 

followed much the same pattern as that of demand. Data published by the OPEC Statistical Bulletin (2018) 

and shown in Figures 2.4 and 2.5, shows the proven world crude oil and natural gas reserves by continent 

and gives an indication of the location of the reserves are that have met this increasing demand over the 

last 60 years.  
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Figure 2.2 World Oil Demand (International Energy Agency, 2018) 

 

Figure 2.3 World Oil Supply (International Energy Agency, 2018) 

 

Figure 2.4 World Proven Crude Oil Reserves (OPEC Statistical Bulletin, 2018) 
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Figure 2.5 World Proven Natural Gas Reserves (OPEC Statistical Bulletin, 2018) 

In their natural form, these petroleum products are of little commercial use to consumers and must 

undergo a number of complex refining process to produce marketable products. The progress from 

exploration and drilling where the crude product is extracted from the earth to the point where it is 

distributed to the consumer is represented simply in Figure 2.6 (Resource Dynamics LLC, 2018).  

The initial phase is to collect and analyse seismic data and reservoir technology to locate potential crude 

fuel reserves which will then be drilled to extract the fuel source. At the extraction site, whether on land 

or at sea, the crude oil is cleaned and separated ready for transport to refineries. When the crude oil 

initially comes to the surface it is a hot heavily contaminated blend of saltwater, drilling fluids, solid 

particles from the earth, microorganisms and a mixture of the crude oil and gases such as carbon dioxide 

and sulphur. These components must be separated in settling tanks prior to transport (Devold, 2013). 

The crude oil once settled is transported either by pipelines, for shorter distances, or tanker truck or sea 

tanker if the distance is much greater to a refinery. These refineries are usually located near oil consumer 

markets. The crude oil is then stored until required by the refinery for processing into the various fractions 

for use to make up the finished products which are then stored again before being sold to retailers. Of 

the fractions that are separated and sold approximately 90% are a fuel in their own right such as petrol, 

kerosene, aviation fuel and liquefied petroleum gas. The remaining approximately 10% is made up of non-

fuel products such as bitumen, solvents, waxes and petrochemicals. The petrochemicals that are 

produced include ethylene and propylene which are sold to chemical plants to manufacture other 

chemicals and plastics (Devold, 2013). 



University of Strathclyde  Daniel Richard Hugh Mancini 
Department of Naval Architecture, Ocean and Marine Engineering  Chapter Two: Corrosion in the Oil and Gas Industry 
 

15 

 

Figure 2.6 Representation of the Oil and Gas Processing Stream (Resource Dynamics LLC, 2018)  
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2.2 Corrosion of Offshore Structures and Equipment 

Since drilling operations commenced in offshore locations oil and gas exploration companies have 

developed a number of different structure types that allow them to driller deeper and deeper to exploit 

reserves all around the globe. In this section, the various drilling platform types and offshore production 

facilities that are used around the world are briefly introduced. 

Put simply, an offshore drilling and production platform can be broken down to two constituent areas; 

the platform itself, which is a manufactured structure of either reinforced concrete or steel, and the 

topside facilities. These topside facilities are supported on the different platform types as seen in Figures 

2.7 (Devold, 2013) and 2.8 (Devold, 2013). These two structure types and an alternative called a floating 

production, storage and offloading vessel, shown in Figure 2.9 (Devold, 2013), will be discussed in more 

detail shortly. 

The steel platform type can either rest on the seabed or float while being effectively anchored, depending 

on the drilling application and the water depth of the location. The reinforced concrete platform type 

alǿŀȅǎ ǊŜǎǘǎ ƻƴ ǘƘŜ ǎŜŀōŜŘΦ Lǘ ƛǎ ŀƭǎƻ ǉǳƛǘŜ ŎƻƳƳƻƴ ŦƻǊ ǘƘƛǎ ǇƭŀǘŦƻǊƳ ǘƻ ƘŀǾŜ άōǳƛƭǘ-ƛƴέ ǎǘƻǊŀƎŜ ǘŀƴƪǎ ŦƻǊ 

storing the oil before depositing to other vessels for transport onshore. The topside facilities mentioned 

previously are the location for of all the oil production processing stations from the drilling facilities to the 

ǇǊƻŎŜǎǎƛƴƎ ŦŀŎƛƭƛǘƛŜǎ ǿƘŜǊŜ ǘƘŜ ƻƛƭ ƛǎ ǇǊŜǇŀǊŜŘ ŦƻǊ ǎǘƻǊŀƎŜ ƻǊ ǘǊŀƴǎǇƻǊǘΦ ¢ƘŜ ƻŦŦǎƘƻǊŜ ǿƻǊƪŜǊΩǎ ǎƭŜŜǇƛƴƎ ŀƴŘ 

recreational quarters can also be found here as well as all of the instrumentation systems, electrical 

systems and control centre where the offshore installation manager manages the production services of 

the platform as well as ensuring the safety of all personnel. The decision on the type and size of the 

offshore structure that will be used is normally determined by two factors; the type of hydrocarbon that 

is being harvested and the maximum depth of the reservoir relative to the platform above. The main 

effect of the hydrocarbon to be harvested is the type of processing and storage facilities on the platform 

as each hydrocarbon type has different processing requirements (Devold, 2013).  
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As mentioned previously there are three main classes of structure used for the extraction and processing 

of oil and gas reserves offshore. These main classes will be explored briefly: 

¶ Steel structured platform: one of the most common classes of structure found around the globe. 

When used in shallow water, of up to 100 metres, it can be common to see a number of these 

platforms operating together where each platform is independent of the others and is 

responsible for a specific process within the overall production. Each platform is connected by a 

gangway bridge. Figure 2.7 is an example of this type of complex. The tubular steel framework 

for the underwater portion of the platform is often assembled and then towed to the site by 

barge and then submerged and anchored to the seabed (Devold, 2013). 

¶ Gravity base platform: the concrete for these types of structure were poured on land and then 

towed out to their location. These types of structure often have oil storage tanks within the 

concrete legs and the air contained within these legs when poured allow for it to float to its 

resting spot before lowering to the seabed. These types of platform are often used to extract 

from reservoirs in deeper locations of 100 metres to 500 metres (Devold, 2013). 

¶ Floating production, storage and offloading vessel: This type of vessel is advantageous as it 

contains all the equipment associated with a stationary platform on a movable vessel with no 

requirement for external infrastructure. The vessel is able to drill for hydrocarbon sources using 

subsea wellheads and can then process and store this hydrocarbon source as well as other 

products from other structures before transferring by pipe for transport to the refineries by 

smaller tanker (Devold, 2013). 

 

Figure 2.7 Steel Platform Supporting Topside Facilities (Devold, 2013) 
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Figure 2.8 Concrete Platform Supporting Topside Facilities (Devold, 2013) 

 

Figure 2.9 Floating Production, Storage and Offloading Vessel (Devold, 2013) 

The offshore environment can be one of the most hostile and unpredictable operating environments on 

earth. Platforms can be operating in tropical conditions at one point of the year and then may be subjected 

to hurricane-like conditions at another; as in the Gulf of Mexico. In other places, such as the North Sea, 

there may well be sub-zero temperatures and continuous freezing precipitation for long periods of time. 

In both areas, oil platforms can be subjected to wind gusts and high waves due to swell and are designed 

to withstand these and other inhospitable weather conditions.   
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One of the largest problems is that these conditions can be the perfect precursor to corrosion in general 

and corrosion under insulation in specific circumstances of the insulation and jacketing of components is 

not sufficient. Figure 2.10 (Chandrasekaran & Jain, 2017) shows the three zones that an offshore structure 

can be separated into with respect to corrosion. Figure 2.10 also shows the corrosion types expected 

within each of these zones. 

These three zones from the top down are defined as: 

¶ The atmospheric zone: this is where the deck modules, for example, the living quarters, and 

derricks, which are lifting devices, are located. This zone is located the furthest distance from the 

water level and is therefore never in direct contact with water. It is however subjected to 

exposure to solar radiation, wind, precipitation and sea spray. So though limited in comparison 

to the lower zones this area does experience a level of corrosion. This zone is often protected 

from corrosion processes through the use of various protective barrier layers such as chlorinated 

rubber, epoxy and specialist coatings (Chandrasekaran & Jain, 2017). 

¶ The splash zone: this zone is sometimes referred to as the tidal zone as it is the zone closest to 

the water level without being submerged. The highest level of corrosive processes occurs in this 

area due to the continuous wetting and drying due to sea well caused by tide changes, wind and 

wave fluctuations. Often protective coatings and claddings are utilised here to prevent higher 

levels of corrosion occurring (Chandrasekaran & Jain, 2017). 

¶ The immersed zone: this zone is constantly submerged under the waterline and can also include 

an area which is below the mud line, commonly known as the seabed. Due to the lower 

concentration of oxygen the levels of corrosion in this area is much lower. Corrosion in this area 

is usually governed by the microorganisms in the water and the oxygen diffusion rate through 

rusted layers, because of this the most common protection utilised in this area is cathodic 

protection. Cathodic protection is where an electrochemical cell is created with the metal of the 

structure acting as a cathode. The anode is made of a sacrificial metal which corrodes more 

readily and therefore protects the metal structure (Chandrasekaran & Jain, 2017).  
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Figure 2.10 Typical Corrosion Zones of an Offshore Platform and Type of Corrosion Expected 

(Chandrasekaran & Jain, 2017) 
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2.3 Corrosion of Topside Facilities 

The main focus of this project is to computationally model the impact insulating and jacketing materials 

have on the buckling strength of a corroded offshore structural component. For this reason, the main 

focus will be on that of the topside structures as they are the only ones that would more realistically be 

insulated and jacketed to protect against corrosion. There are a number of factors considered when 

selecting insulating and jacketing materials and these are addressed in section five of Chapter One, where 

the introduction to insulation and jacketing materials is located. 

The topside facilities of a platform are responsible for the extraction, processing, storage and offloading 

of hydrocarbon fuel sources for transport to oil refineries or processing plants for natural gas. Many of 

these systems require insulating to protect personnel from dangerously hot surfaces and to control the 

temperature to ensure the systems are operating at optimum system temperatures and are not losing or 

gaining heat from the external atmosphere. The vast majority of these structures are of steel construction 

and are therefore liable to be at risk from corrosion. In the next three sections, the main process function 

areas that are commonly insulated for protection will be addressed in a little more detail. 

2.3.1 Processing Systems 

The main role of the processing systems is to remove the unwanted impurities and seawater from the 

crude oil and natural gas mixture. Then the crude oil and natural gas mixture also need to be separated 

into a number of different components before transporting these resulting products onshore. The gas 

impurities and seawater are usually located in the reservoir along with the desired products. They are 

actually very useful in the first instance as they are required to ensure the desired products are able to 

break through to the topside processing systems (Papavinasam, 2014).  

In an oil processing network, high temperatures are required to remove the undesired water from the 

emulsion with crude oil. To protect these systems and reduce the opportunity for heat loss to the 

atmosphere these vessels are insulated. Due to the high operating temperatures and the inevitable 

ingress of water from the elements, this produces the perfect conditions for the phenomena of corrosion 

of the metal surface the under insulation. Corrosion under insulation is of great importance to this project 

and to the industry as a whole and will be discussed in more detail in Chapter Four (Papavinasam, 2014).  
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In a gas processing network, there is a zone that relies on the principles of fluid dynamics and pressure 

change to separate a mixture of oil, gas and water into their individual parts. Within the vessel, the 

decrease in pressure ensures the dissolved gas fraction can be separated through the top leaving the oil 

and water mixture below. This mixture then settles into two layers of different specific gravities and can 

be syphoned off to two separate holding tanks (Papavinasam, 2014). Though not necessarily insulated 

these vessels are still susceptible to corrosion processes and may be protected in other ways. 

Heat exchangers are another part of the processing network that can be highly susceptible to corrosion 

processes. They are required to facilitate the separation of oil from water and to regenerate glycol which 

is used in gas dehydration systems. Consideration is taken when selecting the metal material heat 

exchangers are manufactured from depending on the environment that they are to be used in. Heat 

exchangers are often treated with coatings and claddings in an attempt to protect them when they are 

located in environments where the incidence of corrosion is of greater risk (Mather, 2000). 

One particularly challenging area when attempting to insulate and protect processing equipment is the 

fact there can often be a number of attachments and supports of awkward geometry and configuration. 

Ensuring that these vessels and parts are properly insulated is not often the difficult part. Ensuring that 

the protective jacketing is weathertight and that all seals are joined correctly so as to keep the insulation 

dry is where the real issue lies. Failure to complete this correctly will result in water ingress and will result 

in favourable corrosion conditions. 

2.3.2 Storage Systems 

Storage systems are commonly a collection of vessels operating at atmospheric pressure whose role is to 

act a temporary container for holding processed oil, water and condensate products. Metering systems 

ensure that products contained within storage vessels remain between acceptable limits and pump 

product in or out depending on the requirement. Some of these products are stored under hot conditions 

and require insulating to protect personnel from the heat and to reduce heat loss to the atmosphere. In 

this instance, rigid systems are often used as the vessels are of a configuration that is relatively simple to 

manipulate the insulation with very few awkward areas to manoeuvre. Care needs to be taken to ensure 

the joints are sufficiently secured otherwise water ingress and condensation can accumulate at the 

bottom of the vessel and can potentially corrode the securing rig (Mather, 2000).  
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2.3.3 Piping Systems 

As with the other production facilities in the oil and gas industry, all of which are subjected to great 

amounts of wear, corrosion and stress, piping systems may require to be the most durable. The design of 

a piping system must consider the potentially abrasive, thermal and corrosive loads that will travel 

through it throughout its lifespan.  

The piping system will be subjected to the abrasive wear of particles travelling internally the length of the 

pipework to the processing areas. When this is combined with the variable temperature range of the 

products carried within the piping from extremely low temperatures to extremely high temperatures and 

corrosive nature of some of these products the requirements for the durability of the pipe internally 

comes into question when designing. This is before the consideration for protecting the external of the 

pipes is considered as well. This project will focus solely on the external parameters affecting the piping 

system. 

Piping systems are the most commonly insulated and jacketed system on an offshore facility will be the 

piping systems. They are an integral part of the entire system and are responsible for the linking of all of 

the other zones from the start of the process to the final act of transferring the hydrocarbon products 

onto a tanker destined for the refineries.  

One of the most important considerations when insulating and jacketing pipework will be the fact there 

can be a number of protrusions from the pipe. These can include but are not limited to support clamps, 

monitoring devices and rod hangers. Figure 2.11 (NACE International, 2016) gives an illustration of a 

potential water entry point in a supported pipework setup. Due to the non-uniform nature of these 

protrusions caulks and sealants are often used to insulate as they can mould around these areas 

effectively. They must be monitored as they can be highly susceptible to damage through extreme 

weather conditions or unexpected mechanical abuse like vibrations (NACE International, 2016).  

In the area where there is an expanse of pipeline connecting two zones then the types of material used 

within this project can be used. They will be discussed further in section five of Chapter One, where the 

introduction to insulation and jacketing materials is located. Proper installation of the jacketing system is 

extremely important to ensure the integrity of the piping system as an error here can lead to potentially 

very expensive repairs or possible failure. Particular care should be taken when pipes are in close 

proximity to other structures due to the lack of space on an offshore platform. Often the jacketing layer 

is discontinued and worked around the structure. If not completed and sealed correctly a potential avenue 

for water ingress is created.  
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Figure 2.11 Potential Entry Point of Water on Jacketed Pipe Systems (NACE International, 2016) 

 



University of Strathclyde  Daniel Richard Hugh Mancini 
Department of Naval Architecture, Ocean and Marine Engineering  Chapter Three: Corrosion 
 

25 

Chapter Three: Corrosion 

The aim of this section is to give a general introduction to the phenomenon of corrosion and the processes 

by which the various forms of corrosion mechanism attack the surfaces of metals. The chemistry that 

drives these reactions is explored before the various classes of corrosion are introduced and described. 

Understanding the processes of the various mechanisms of corrosion is imperative if engineers are to 

develop long-lasting defences to decrease the cost of repairs and instances of failure due to this 

preventable issue. 

3.1 Fundamentals of Corrosion 

The natural process by which a metallic material deteriorates through an electrochemical or chemical 

reaction due to the surrounding environment is known as corrosion. Although all environments are 

technically corrosive there are certain conditions which result in a faster rate of corrosion, these can 

include (Roberge, 2000): 

¶ The presence of freshwater and saltwater 

¶ The presence of gases such as sulphur dioxide, hydrogen sulphide and chlorine 

¶ The presence of high levels of moisture or pollutants in the air 

Steel is a widely used construction material in the oil and gas industry and as it is an alloy of iron, carbon 

and other elements it can be susceptible to corrosion through an electrochemical process attacking the 

iron. The term aqueous corrosion can be used to describe a number of mechanisms of corrosion which all 

share four distinct components (Edwards, 2013).  Should one of these components not be present then 

no corrosion will take place: 

¶ An anode ς the location where corrosion occurs and rust is formed 

¶ A cathode ς the location of oxygen reduction or hydrogen creation depending on the conditions 

¶ The presence of a conductive electrolyte made up of anions and cations ς in this case, it is water 

¶ A metallic path for the transport of electrons 

Figure 3.1 illustrates a simplified version of the mechanism described above. Please note the presence of 

water is implied (Edwards, 2013).  
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Figure 3.1 Simplified Schematic of the Corrosion Process (Edwards, 2013) 

The reactions occurring at these sites will be discussed in more detail and the specific equations will be 

presented where relevant. Equation (3.1) details the reaction occurring at the anode when the steel is 

dissolved when in solution. This reaction does not change regardless of the conditions in which the steel 

is present. The conditions under which the steel is dissolving gives rise to the specific reactions detailed 

in Equations (3.2), (3.3) and (3.4). In each circumstance to confirm the corrosion of iron proceeds the 

electrons that have been released in Equation (3.1) must be consumed thus ensuring the electrochemical 

systems remains in equilibrium. This second cathodic reaction occurs at exactly the same time as the 

anodic reaction and is subject to the conditions by which the system is dissolving the iron (Edwards, 2013). 

When a metal material is used corrosion will always be a major concern due ǘƻ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ŀ ƳŜǘŀƭΩǎ 

natural state is the oxidised state. After a metal has been mined and processed, they no longer remain in 

this natural state and instead reside at a more excited level. Due to this, a metal will always want to revert 

back to its natural state. If the environment is oxygen and moisture-rich the metal will essentially want to 

corrode as this will allow it to return its lower energy state. During this corrosion process, the accumulated 

energy will be released as the metal converts to its corrosion products (Popov, 2015). Table 3.1 depicts 

the standard potential series for a number of metals some of which are used in construction processes 

and their tendency to corrode (Popov, 2015). 

ὊὩίᴼ ὊὩ ὥή ςὩ     (3.1)  
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Table 3.1 Standard Potential Series for Metals and their Tendency to Corrode (Popov, 2015) 

Nobility of Metal Metal Electrode Potential (V) Tendency to Corrode 

Non-Noble Aluminium -1.66 Greatest 

 

Zinc -0.76 

 

Iron -0.44 

Tin -0.14 

Hydrogen 0 

Copper 0.34 

Platinum 1.20 

Noble Gold 1.50 Least 

Under oxygenated neutral or alkaline conditions Equation (3.2) details the cathodic reaction occurring. If 

the conditions were either acidic and/or at low levels of oxygenation then the cathodic reaction would be 

expressed by Equation (3.3). If the reaction was to occur under acidic conditions Equation (3.4) would 

explain this. A redox reaction is a term used to describe two simultaneous reactions occurring. This name 

ƛǎ ǳǎŜŘ ŀǎ ƛǘ ŘŜǎŎǊƛōŜǎ ōƻǘƘ ǇŀǊǘǎ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴΤ άǊŜŘ-έ ŦƻǊ ǘƘŜ Ǝŀƛƴ ƻŦ ŜƭŜŎǘǊƻƴǎΣ ƻǊ ǊŜŘǳŎǘƛƻƴΣ ŀƴŘ ά-ƻȄέ 

ŦƻǊ ǘƘŜ ƭƻǎǎ ƻŦ ŜƭŜŎǘǊƻƴǎ ƻǊ άƻȄƛŘŀǘƛƻƴέΦ Lǘ Ŏŀƴ ōŜ ǎŜŜƴ ǘƘŀǘ ǘƘŜ ŜƭŜŎǘǊƻƴǎ άƭƻǎǘέ ōȅ ǘƘŜ ƳŜǘŀƭ ƛƴ 9ǉǳŀǘƛƻƴ 

(3.1) are gained by the reaction occurring at the cathode in Equations (3.2), (3.3) or (3.4) depending on 

the environmental conditions (Edwards, 2013).  

ὕ Ὣ ςὌὕὰ τὩ  O  τὕὌ   (3.2) 

ςὌὕ  ςὩ  O  Ὄὕὰ  Ὄ Ὣ   (3.3) 

ὕ Ὣ  τὌ  τὩ  O  ςὌὕὰ    (3.4) 

Equation (3.5) shows that when Equation (3.1) and Equation (3.2) combine, a balanced equation is created 

that proves that corrosion can only occur when each part of the half equation exists. In theory, it is 

possible for the corrosion mechanism to cease action and for the entire steel component to be fully 

consumed. In this scenario, the corroded Fe2+ ions would remain suspended in solution and this leads to 

a potentially very dangerous conclusion. If there had been no scheduled routine inspection of the steel 

component it is possible that no indication of corrosive action until total failure occurs. Fortunately, this 

is a relatively unlikely scenario. Often iron will precipitate out of the solution and will present as hydrated 

ferric oxide, or rust. Though this is not necessarily a desirable situation it does at least alert personnel to 

the corrosion issue and will allow them time to remedy the problem (Edwards, 2013). The three common 

reactions for the formation of rust are shown in Equations (3.6), (3.7) and (3.8).   
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ςὊὩί  ὕ Ὣ  ςὌὕὰ O  ςὊὩ ὥή  τὕὌ (3.5) 

ςὊὩ ὥή  τὕὌ O ςὊὩὕὌ    (3.6) 

τὊὩὕὌ  ὕ  ςὌὕ O  τὊὩὕὌ     (3.7) 

τὊὩὕὌ ᴼ τὊὩὕȢὌὕ  ςὌὕ    (3.8) 

As noted, it is unlikely that the reactions at the anode and cathode are ever likely to cease entirely there 

is an option for corrosion engineers to slow down and therefore control the corrosion processes taking 

place at these locations. Protective coatings are well documented as a protective layer over the metal 

structure to prevent the ingress of moisture and exposure to oxygen and can, therefore, reduce the rate 

of corrosion. 

The severity of the offshore environment was discussed previously and due to the common use of carbon 

and stainless steel, it is no surprise that a number of oil and gas structures are at severe risk of corrosion. 

This is especially the case offshore in the case of offshore platforms and rig topside facilities as there is 

also the marine environment to account for as well. This combination of factors leads to many exploration 

companies accounting large sums of their operating budget to effectively monitor and repair their working 

structures as a potential failure will be considerably costlier than the continued resolution of issues. 

Equation (3.9) depicts the corrosion rate equation, which is often used to indicate the capacity of a 

ƳŀǘŜǊƛŀƭΩǎ ǊŜǎƛǎǘŀƴŎŜ ǘƻ ŎƻǊǊƻǎƛƻƴ ƛƴ ŀ ǎǇŜŎƛŦƛŎ ŜƴǾƛǊƻƴƳŜƴǘΦ Lǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ǉǳŀƴǘƛŦȅ ǘƘŜ ŎƻǊǊƻǎƛƻƴ ǊŀǘŜ ƛƴ 

a number of different ways including grams lost per square inch per hour, the percentage weight loss or 

the number of milligrams lost per square centimetre each day. The most common usage, however, of 

millimetres per year as depicted in Equation (3.9), calculates the weight lost during a corrosion test (ASTM 

International, 2017). NACE Standard RP0775-2005 (2005) details the relative severity of annual corrosion 

rates of carbon steel and this has been presented in Table 3.2 to give an indication of acceptable levels of 

corrosion expected.  
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Ȣ    

    
      (3.9) 

where: 

87.6  Conversion factor to produce mm/year* 

W   Mass loss (g) 

D   Density of the specimen (g/cm3) 

A   Area of the specimen (cm2) 

T   Exposure time (hr) 

*There are alternative choices depending on the measurement and timescale required. 

Table 3.2 Annual Carbon Steel Corrosion Rates and their Relative Severity  

(NACE Standard, 2005) 

Corrosion Rate (mm/year) Severity Relative Corrosion Resistance 

<0.025 Low Outstanding 

0.025 ς 0.12 Moderate Good 

0.13 ς 0.25 High Fair 

>0.25 Severe Unacceptable 
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3.2 Classifications of Corrosion 

Metals that have undergone the process of corrosion can appear in a number of different visual forms, 

the overall look will depend on a number of variables such as the metal material type, the type of corrosive 

environment, whether any stresses were exerted on the metal during the corrosive period and a number 

of other variables. When deciding on the classification of corrosive action generally this is confirmed by 

visual inspection as the appearance of the resulting metal after an attack is often considered the most 

important factor. Many of the different corrosion types share similar mechanisms or characteristics and 

can be grouped together for easier classification. 

There are two classifications used to describe corrosion; uniform, or general, corrosion and localised 

corrosion. Uniform corrosion is much easier to predict as it takes place over the entire surface of the 

material, whereas, localised corrosion only occurs in a selective area of the material. Figure 3.2 (Oxyplast 

UK Ltd, 2018) depicts a number of forms of corrosion of which the eight most common forms experienced 

in the oil and gas industry will be described individually and include: 

¶ Uniform Corrosion 

¶ Pitting Corrosion 

¶ Crevice Corrosion 

¶ Stress Corrosion Cracking 

¶ Intergranular Corrosion 

¶ Galvanic Corrosion 

¶ Selective Leaching 

¶ Hydrogen Embrittlement 

 

Figure 3.2 Various Classifications of Corrosion (Oxyplast UK Ltd, 2018)  
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3.2.1 Uniform Corrosion 

General corrosion, which can also be termed as generalised corrosion, is categorised as either an 

electrochemical or chemical reaction that advances in a regular manner over the majority of the entire 

exposed metal surface. This results in considerable uniform thinning of the metal which eventually leads 

to the failure of the system due to the decreased overall strength. This type of corrosion does not usually 

attack within a localised area and is the most common type experienced worldwide. Despite this type of 

corrosion occurring most commonly it is relatively simple to monitor and remedy as required.  

An example of a situation where this type of corrosion can be expected would be a carbon steel structure 

that has been subjected to continuous atmospheric elements over a long period of time. The corroding 

metal acts as both the anode and cathode in this classification of corrosion (Papavinasam, 2014). Figure 

3.3 (Chemblinks Blogspot, 2018) provides an example of a pipe that has been subjected to uniform 

corrosion. 

 

Figure 3.3 Example of Uniform Corrosion (Chemblinks Blogspot, 2018)  
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3.2.2 Pitting Corrosion 

In direct comparison to uniform corrosion, pitting corrosion is a classification of the localised corrosion 

mechanism. This type of corrosion attacks in specific locations in much more concentrated doses and 

therefore will have larger corrosion rates spike in these areas when compared to the overall structure. 

¢ƘŜ ŜȄǇǊŜǎǎƛƻƴ άǇƛǘέ ǳǎǳŀƭƭȅ ŘŜƴƻǘŜǎ ŀ ǎƳŀƭƭ ƳŀǊƪ ƻƴ ǘhe surface of the corroded material that has the 

configuration of that of a hole forming. The initiation of these pits may be due to a number of scenarios 

such as the continuous dripping of water on a specific location or crevice corrosion, galvanic corrosion or 

the failure of a protective coating in a certain location. Often in the case of the galvanic reaction, the 

corroding area becomes anodic whereas the surrounding metal remains cathodic so the galvanic reaction 

remains localised as shown in Figure 3.4 (Substech, 2018). Seawater is well documented as a precursor to 

promote pitting of steel structures offshore due to the chlorine presence which prevents the metals ability 

to produce a passivating film (Papavinasam, 2014). Figure 3.5 (Steel Fabrication Services, 2018b) provides 

an example of a pipe that has been subjected to pitting corrosion. 

 

Figure 3.4 Pitting Corrosion Cell (Substech, 2018) 
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Figure 3.5 Example of Pitting Corrosion of Steel (Steel Fabrication Services, 2018b) 

Often pitting corrosion occurs rapidly in a small area so is very difficult to detect and also can grow very 

quickly under the surface to produce a large cavity. Due to the formation of these deep under surface 

cavities pitting corrosion is considered a very dangerous form as it can easily cause unexpected failure 

due to minimal loss of material in strategic locations.  The pit crevice can develop into a number of 

different morphologies as shown in Figure 3.6 (Popov, 2015). The holes themselves can either be deep or 

shallow but usually, they remain relatively small and hard to detect. The corrosive environment that 

material has been subjected to is usually the driving factor that determines the overall morphology of the 

resulting pit. The location of pits relative to one another can vary; on occasion, they may be closely 

bunched together or equally, they can be widely spaced, though they are well known to grow relative to 

the direction of gravity (Popov, 2015). 

 

Figure 3.6 Examples of Pitting Morphologies (Popov, 2015) 



University of Strathclyde  Daniel Richard Hugh Mancini 
Department of Naval Architecture, Ocean and Marine Engineering  Chapter Three: Corrosion 
 

34 

Depending on the corrosive environment and the material subjected to corrosion it is possible that a 

number of months or even years may pass before any evidence of pitting corrosion is visible on the surface 

of the metal. Corrosion occurring by pitting is very difficult to model in a laboratory setting so it can be 

difficult to research.  It is almost impossible to mimic the identical conditions experienced in nature to 

model this type of corrosion under controlled setting as a very minuscule variation may potentially 

produce large differences in morphologies and depths of pits created (Papavinasam, 2014). 

3.2.3 Crevice Corrosion 

This type of corrosion is very similar to pitting corrosion in the sense that it occurs intensely in a localised 

location. The main difference with regards to the location is that where pitting corrosion usually occurs 

within expanses of a material, crevice corrosion occurs within confined spaces such as in gaps and contact 

areas between parts, under seals and gaskets and within cracks and seams as it is often associated with a 

stagnant microenvironment as shown in Figure 3.7 (Steel Fabrication Services, 2018a). The four main 

mechanisms whereby crevice corrosion can initiate are (Popov, 2015): 

¶ Moisture ingress into a crack, seam or defect in the metal 

¶ Gaps between metal contacts, such as a loose nut on a bolt, allowing ingress of moisture 

¶ Contaminant deposits over the surface of the metal, for example, dust, dirt or precipitated salts 

¶ Contact between a porous non-metallic material, such as insulation, and the metal surface 

 

Figure 3.7 Example of Crevice Corrosion (Steel Fabrication Services, 2018a)  
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Aluminium, stainless steel, magnesium and titanium are particularly prone to crevice corrosion as they 

are often protected by passive films which when breached then help create the microenvironment where 

crevice corrosion thrives. In the presence of seawater stainless steel crevices deteriorate from inside the 

crevice due to the fact the metal has been anodic within this area. The remaining area outside the crevice 

becomes cathodic resulting in a large ratio difference between the two areas which drives the corrosion 

mechanism. The process of crevice corrosion can develop over time to result in stress corrosion cracking 

(Popov, 2015). 

3.2.4 Stress Corrosion Cracking 

When metal structures are subjected to tensile stress or plastic strain very fine fractures can be created 

that potentially may travel very deep to the core of the metal structure. If a corrosive substance is able to 

travel through these fine fracture paths it is possible that stress corrosion cracking will occur as seen in 

Figure 3.8 (Southwest Research Institute, 2018). As these fractures are very fine there is very little loss of 

metal mass associated with this type of corrosion. Potential initiation sites include mechanical cracks or 

pits from alternative corrosion mechanisms, these discontinuations of the surface act as stress raisers and 

become the starting point of the fine fractures. Some pure metals appear to be resistant to this variety of 

corrosion but all alloys are susceptible to variable degrees as are certain polymers and ceramics. The end 

result of stress corrosion cracking appears to be the result of mechanical failure due to brittleness but it 

is, in reality, a corrosion mechanism (Papavinasam, 2014) (Popov, 2015).   
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There are a few main factors that can facilitate higher incidences of stress corrosion cracking 

(Papavinasam, 2014) (Popov, 2015): 

¶ Higher temperatures 

¶ Higher stress intensities of the metal 

¶ A stronger concentration of the corrosive solution 

¶ ¢ƘŜ ƳŜǘŀƭΩǎ ŎƻƳǇƻǎƛǘƛƻƴ ς alloys are more susceptible 

¶ Metal structural damage ς initiation site from fine cracks 

¶ The presence of chlorine ς leached from certain wetted insulation materials 

 

Figure 3.8 Example of Stress Corrosion Cracking (Southwest Research Institute, 2018)  
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3.2.5 Hydrogen Induced Damage 

The combined action of residual stress and the presence of hydrogen atoms can result in mechanical 

damage known as hydrogen-induced damage. Commonly this type of damage presents by either 

embrittlement, cracking or blistering of the metal surface depending on the metal composition. Hydrogen 

atoms are very small and have the ability to diffuse inside metal structures whereby they can initiate the 

mechanism by which the damage occurs. In an environment where hydrogen gas is produced, much of 

which escapes in the form of bubbles, a small proportion is adsorbed into the metal. These adsorbed 

atoms when inside can form into molecular hydrogen gas which can expand suddenly and destructively 

causing failure. The presence of the hydrogen atoms is a by-product from corrosion reactions in acidic 

conditions occurring nearby due to high temperature, moisture presence and the electrolysis process. As 

mentioned previously hydrogen damage usually takes the form of one of the following three 

presentations (Papavinasam, 2014): 

¶ Hydrogen Blistering (Figure 3.9) (Maverick Inspection Ltd, 2018) ς also referred to as soft zone 

cracking due to the blistering proliferation in softer metals, or softer zones within stronger 

metals, in corrosive environments. Usually, the blisters are relatively small, around 25mm in 

diameter, but can grow as large as 1.2 metres.  

¶ Hydrogen Induced Cracking (Figure 3.10) (King Fahd University of Petroleum & Minerals, 2018) ς 

occurs in carbon and alloy steels when the hydrogen atoms suddenly form molecular hydrogen 

gas inside a metal which pressurises the material and results in mechanical failure.  

¶ Hydrogen Embrittlement (Figure 3.11) (System 22 Inc., 2018) ς the metal becomes less ductile 

and less strong due to the hydrogen atoms disrupting the metal lattice. Iron, titanium and nickel 

are more prone to this type of attack and the action of embrittlement may be reversible if the 

metal is removed from the source and heated to high temperatures around 200oC.  
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Figure 3.9 Example of Hydrogen Blistering (Maverick Inspection Ltd, 2018) 

 

Figure 3.10 Example of Hydrogen Induced Cracking 

(King Fahd University of Petroleum & Minerals, 2018) 

 

Figure 3.11 Example of Hydrogen Embrittlement (System 22 Inc., 2018)  
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3.2.6 Galvanic Corrosion 

The best-known variant of electrochemical corrosion is that of galvanic or bimetallic corrosion. In this 

situation, two different metals are in contact within a conductive or corrosive environment. One of the 

metals will be less resistant to corrosion and will become the anode within an electrochemical, or galvanic, 

cell and will corrode. The resistant metal will, in turn, become the cathode and will appear almost 

unaffected by the environment as seen in Figure 3.12 (InterNACHI, 2018).  

One factor that determines the speed of the corrosion process is the ratio of the anode area versus 

cathode area within the galvanic cell. The larger the cathode area subjected to the corrosive environment 

the more proportional the severity of the damage to the corroded metal. So, a large cathode and a small 

anode result in much more severe corrosion and more minor corrosion with a large anode and small 

cathode. 

The intensity of galvanic corrosion can also be altered drastically by the volume of atmospheric moisture 

under which the corrosive environment is located. In an offshore location, for example, there would be 

much higher moisture levels present than a location inland and therefore would be subjected to more 

intense corrosion. The addition of the natural salts within this moisture-rich offshore environment also 

makes the medium even more conductive and therefore more corrosive when compared to similar 

humidity and temperature conditions at an inland location. 

 

Figure 3.12 Example of Galvanic Corrosion (InterNACHI, 2018)  
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3.2.7 Intergranular Corrosion 

When metal materials are magnified it can be seen that the microstructure of the metal is a combination 

of grain crystals which are divided by gaps known as grain boundaries. A magnified example of this can be 

seen in Figure 3.13 (Pace Technologies, 2018).  Intergranular corrosion, as the name suggests, occurs 

mainly at the grain boundaries and the areas adjacent to them. This type of corrosion rarely affects the 

grain crystals themselves and one other characteristic of this corrosion type is that it can occur without a 

stress input. One of the most common precursors for the initiation of intergranular corrosion is the 

presence of impurities which result in the altered chemical composition of the boundaries differing 

radically from the grain crystal. When the concentrations of the impurities reach a critical level, these 

impurities react with other components present in grain boundary to produce new compounds. These 

additional compounds alter the chemical composition further causing a difference in electrical potential 

between the grain crystals and the grain boundaries which are the ideal conditions for the intergranular 

corrosion to commence. Technically this type of corrosion can be considered a special form of galvanic 

corrosion due to the presence of different electrical potentials. Depending on the differing impurities 

present the grain boundary can act as the anode, the cathode or may be neutral when compared to the 

grain crystal (Papavinasam, 2014). 

 

Figure 3.13 Magnified Microstructure of a Metal (Pace Technologies, 2018)  
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3.2.8 Selective Leaching 

Selective leaching is sometimes referred to as dealloying or selective dissolution as the mechanism 

involves the deterioration or dissolving of one metal within an alloy whilst the other(s) remain 

undamaged. It is also a special variety of galvanic corrosion which occurs at the microscopic scale of the 

metal alloy microstructure. To give an example of the process a common situation is that of the 

dezincification of a brass pipe. Zinc is anodic when compared to copper so will leach out of the pipe under 

certain conditions and this action can be seen with the naked eye as the brass, which is yellow, converts 

back to red copper as seen in Figure 3.14 (Berkeley Research Company, 2018). Selective leaching in this 

manner can either occur in a localised area or may be uniform over the entire component. It should be 

noted that this mechanism does not occur in all alloys. Generally speaking, this type of corrosion develops 

over long periods of time as it is a very slow process that weakens the strength of the metal but it can be 

speeded up under the following conditions (Papavinasam, 2014): 

¶ Higher temperatures 

¶ Lower flow velocity 

¶ Crevice or deposit presence 

¶ Higher chlorine content in the corrosive solution 

 

Figure 3.14 Selective Leaching of Brass (Berkeley Research Company, 2018) 
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Chapter Four: Corrosion under Insulation 

The process of corrosion under insulation is of great interest in this project and is explored in this section. 

The fundamentals governing the process of corrosion under insulation is introduced before the 

mechanism is presented and discussed in greater detail. Understanding these processes and the factors 

that promote corrosion under insulation is of great importance to corrosion engineers if they are to 

develop long-lasting defences to decrease the cost of repairs and instances of failure due to this 

preventable issue. 

4.1 Fundamentals of Corrosion under Insulation 

The term corrosion under insulation refers to the deterioration by corrosion of the external surface of a 

structure such as a pipe or a vessel that has a layer of insulation and jacketing whose purpose was to 

primarily protect the structure from the atmospheric elements or to prevent system heat loss. The 

method by which this corrosion is often initiated is usually the ingress of water and contaminants through 

a defect in the protective jacketing which wets the insulation producing a contaminated corrosive liquid 

which effectively sits undetected in contact with the metal surface in near-perfect corrosion conditions 

for long periods of time. Unless there are extensive and routine inspection and maintenance regimes the 

likelihood of costly repairs and loss of production time due to shutdown are highly likely to occur 

(Papavinasam, 2014). 

Corrosion under insulation is not a new phenomenon and it is not associated solely with the oil and gas 

industry. It is a common problem experienced worldwide by various other industries that rely on their 

infrastructure being protected against heat loss or environmental conditions such as the chemical 

processing industry. Failure to effectively mitigate the potential for leaks or failures due to corrosion may 

result in potentially highly damaging reputation, safety, health and environmental related issues (Winnik, 

2016). 

In a 2016 article in the LƴǘŜǊƴŀǘƛƻƴŀƭ !ǎǎƻŎƛŀǘƛƻƴ ƻŦ /ŜǊǘƛŦƛŜŘ tǊŀŎǘƛŎƛƴƎ 9ƴƎƛƴŜŜǊǎ ƧƻǳǊƴŀƭ ά9ƴƎƛƴŜŜǊƛƴƎ 

tǊŀŎǘƛŎŜέ (Kolmetz, 2016) the cost of corrosion to a number of industries was discussed. At the time of 

writing the approximate combined annual cost from corrosion-related issues to the utilities, 

infrastructure, production and manufacturing, transportation and government industries totalled almost 

one hundred and forty billion U.S. dollars in the USA alone. The oil and gas exploration and production 

industries are included within the production and manufacturing category of the report and Figure 4.1 

(Kolmetz, 2016) illustrates the cost of corrosion to this industry relative to others within the category 
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according to the article. As many of the structures within the industry are insulated it can be expected 

that a sizable portion of the cost associated with corrosion will be related to corrosion under insulation. 

Another article from 2005 by Michael Lettich of the National Insulation Association (2005) states in a 2003 

ExxonMobil study that with regards to the refining and chemicals industry between forty and sixty per 

cent of all piping maintenance costs relate to corrosion and that eighty-one per cent of leak incidents are 

attributed to piping systems where the diameter of the pipe is four inches or less. 

 

Figure 4.1 Annual Cost of Corrosion per Industry (Kolmetz, 2016) 

When originally built most offshore platforms and pipelines were designed to have an operating life of 

approximately twenty to twenty-five years with the potential to extend this to an additional twenty years. 

Realistically, regardless of the care taken by engineers when designing systems corrosion under insulation 

will inevitably occur and will present a threat to the offshore structure, the personnel working on the 

structure and the surrounding environment. This is particularly the case when the structure has been in 

service for around ten years as this is the time when issues are expected to become prevalent (McIntyre, 

2003). It is realistic to expect that through the passing of time the jacketing system in place to act as a 

water barrier loses the capacity to complete this task with one hundred per cent efficiency.  As soon as 

the protective layer allows the ingress of water the insulation materials wet and this can result in corrosive 

contaminants reaching and remaining in contact with the metal structure for sustained periods along with 

additional water and oxygen resulting in severe undetected corrosion (Papavinasam, 2014).  
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Most piping and vessel systems have a standard operating temperature between -4oC and 175oC and this 

temperature zone is the ideal condition for the proliferation of corrosion mechanisms under insulation 

materials. That is not to say out with this temperature zone no corrosion can be expected but it is much 

more common and faster acting within the standard operating range. Also, as many of these structures 

are produced from either carbon or stainless steel the prevalence of failure information due to corrosion 

under insulation of these materials is more common. In the case of carbon steel, the most common 

corrosion mechanism taking place between the insulation and structure will be uniform or pitting 

corrosion and with stainless steel, it is most likely to be other localised corrosion or stress corrosion 

cracking due to their respective susceptibilities to each of the corrosion types (Winnik, 2016). These forms 

of corrosion and others were described in more detail in Chapter Three. 
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4.2 Mechanism of Corrosion under Insulation 

The main reason why metal materials corrode that have been insulated is that once the water source has 

found a route to the metal structure underneath it can often go undetected until a routine maintenance 

check unearths the issue or the failure of the system results. The moisture and corrosive agents infiltrate 

the protective jacketing layer through a defective seal or damaged area and migrate through the 

insulation to the annular space between the structure and the insulation where corrosion processes are 

initiated. Often the metal structure under the insulation layer will be extremely hot and when the water 

contacts the hot metal it will evaporate and travel back through the insulation towards the colder external 

jacketing barrier.  Here the evaporated water condenses and channels back towards the hot metal surface 

starting the cyclic nature of the evaporation/condensation cycle. If a protective coating was present on 

the metal surface with each passing of the cycle the coating would disintegrate until such a point that a 

zone will open to allow for the electrochemical corrosion processes to initiate. Every time the condensed 

water passes through the insulation material it degrades and leaches contaminants into the water which 

gradually build to concentrated levels. Another by-product of the degradation of the insulation layer will 

be the reduced efficiency of the insulation to prevent heat loss of the system.  The rate of corrosion 

expected on the metal surface can be determined by the following conditions many of which are related 

to the type of insulation and jacketing used in the system (Winnik, 2016): 

¶ Availability of oxygen ς increase in the rate at higher concentrations 

¶ Variety of the contaminants in the water ς ŀŦŦŜŎǘǎ ǘƘŜ ƳŜǘŀƭΩǎ ŀōƛƭƛǘȅ ǘƻ ŎǊŜŀǘŜ ŀ passivating film 

¶ The temperature of the system ς hotter temperatures increase the rate 

¶ Heat transfer properties of the metal ς affects the evaporation/condensation cycle 

¶ Wet/dry conditions on the metal surface ς affects the electrochemical corrosion cell 

Figure 4.2 (Winnik, 2016) shows a simple illustration of the action of hot corrosion under insulation 

described before. 
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Figure 4.2 Hot Corrosion under Insulation in Action (Winnik, 2016) 

In Chapter Three, the mechanism of corrosion was introduced and it was explained that essentially 

corrosion is a natural process where a metal is attempting to return to its natural unexcited state and this 

will occur if the four components of a corrosion cell are present. In a correctly functioning insulated system 

three of the four components are available; the anode, the cathode and the metallic pathway. The missing 

component is the electrolyte or water in any form, and because of this missing part, the metal would only 

corrode at an insignificant rate. The importance of the jacketing layer cannot be underestimated as it is 

the first and main line of defence preventing the ingress of water. With an effective maintenance routine, 

in theory, at least, it could be expected that the integrity of the protective layer would be maintained 

relatively easily. Though in reality, all of these materials degrade at varying rates due to a number of 

factors such as mechanical abuse, solar radiation, vibration and harsh environmental conditions. To 

expect maintenance personnel to be able to dedicate as much time as would be required to routinely 

inspect and maintain many hundreds of metres of the pipeline is simply impossible. Inevitably at some 

point during the lifespan of the protective layers water will ingress and the corrosion cycle will commence 

(McIntyre, 2003). 
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4.3 Factors that Promote Corrosion under Insulation 

The main action required to prevent corrosion under insulation would simply be to keep the water source 

from permeating the protective jacket and actually reaching the surface of the metal. The ability for the 

insulation material to absorb water and hold it once it has breached the outer protective layers plays a 

pivotal role in determining the rate at which corrosion occurs.  The insulation material can deteriorate as 

it gets wet and because of this it can no longer effectively absorb and store the water.  This deterioration 

also results with the leaching of contaminants into the water. When the now corrosive water reaches the 

surface of the metal it will promote the action of corrosion. If it did not break down as quickly and 

managed to store large volumes of water it would impact the volume of water eventually reaching the 

metal surface (Papavinasam, 2014). At the time of writing, no insulation and jacketing system is able to 

fully maintain its integrity and protect the structure permanently. The next few sections will explore some 

of the factors that contribute to the effects of corrosion under insulation. 

4.3.1 Effect of Insulation Materials 

Selection of either the wrong type or insufficient amounts of insulation and jacketing materials can hasten 

the effects of corrosion. If the protective weatherproofing layer is not fit for purpose and allows the 

ingress of water and the insulation type has the capacity to store large volumes of absorbed water then 

the chances and rates of corrosion are likely to increase significantly. Selecting the correct material for 

the correct application can reduce the potential for corrosion processes to initiate. Though cost is always 

a consideration it is reasonable to assume the cost involved attempting to remedy a situation where water 

breach has occurred must surely be greater than completing the job to a satisfactory level in the first 

instance. In ideal circumstances, an insulation system that does not absorb large volumes of water and 

dries quickly in the event it does affords the most protective option against corrosion. Due to the long-

expected lifetimes of use of most materials a level of deterioration is to be expected, so the selection of 

materials that leach fewer corrosive materials must also be considered (NACE International, 2016).  



University of Strathclyde  Daniel Richard Hugh Mancini 
Department of Naval Architecture, Ocean and Marine Engineering  Chapter Four: Corrosion under Insulation 
 

48 

4.3.2 Effect of Equipment Design and Insulation Installation 

Effective design of equipment relative to other structures and with the minimum number of necessary 

protrusions have a beneficial effect on the prevention of potential corrosion processes. Regular 

configurations are much easier to insulate and weatherproof so are less likely to have probable water 

entry points (Winnik, 2016).  

This is an unrealistic expectation as almost all structures will require some awkward configuring of 

insulation but if this is performed correctly using the most suitable materials the likelihood of leaving no 

access points is possible. Continued inspection of these areas is necessary as they are the most likely to 

deteriorate over time (Winnik, 2016). 

4.3.3 Effect of Mechanical Damage 

In the absence of water, no corrosion would be expected to occur as there will be an incomplete 

electrochemical cell due to the electrolyte medium being missing. If the protective weatherproofing layer 

remains intact with no damage then the system will continue to be protected from the effects of 

corrosion. However, as soon as the protective layer becomes damaged and deteriorates in any way 

through any cause an easy access point has opened to allow water to enter the system. As soon as water 

enters the systems inevitably the processes of corrosion will commence and if left undetected may result 

in catastrophic failure (NACE International, 2016).  

The damage can simply occur by mechanical abuse when maintenance personnel are required to walk 

over or scale an insulated pipe or vessel to access the location for routine inspection and work. Even a 

minuscule tear is enough of an opening to allow water to enter and to begin the process. Even if the 

effects of corrosion under insulation are identified and remedied in a timely manner unplanned 

shutdown, replacement material costs and loss of production time still have a detrimental effect on the 

company (Winnik, 2016).  
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4.3.4 Effect of Service Operating Temperature 

The service temperature of a system is a key factor in determining the prevalence of corrosion under 

insulation. As mentioned earlier, the usual normal operating temperature range of piping and vessel 

systems is from -4oC to 175oC and this range is at the greatest risk especially when carbon steel materials 

are used. At very low temperatures where the water freezes there is less chance of corrosion as the water 

must be in a liquid form to act as an electrolyte and at especially high temperatures the water evaporates 

before it reaches the metal surface. It should be noted however that in cases where the weatherproof 

jacketing is very poorly maintained corrosion can still occur even at very high temperatures (NACE 

International, 2016). Figure 4.3 (NACE International, 2016) illustrates the rate of corrosion of steel in water 

in an open and closed system at varying temperatures. It shows that in an open system as the temperature 

increases up to 80oC, where the levels of dissolved oxygen begin depleting, there is an increase in 

corrosion rate up to the threshold at which it also starts to decrease. This differs in a closed system where 

there is a continuous even increase in corrosion rate as the temperature increases as no oxygen escapes 

ŀƴŘ ǘƘŜ ƭŜǾŜƭǎ ŘƻƴΩǘ ŘǊƻǇΦ 

 

Figure 4.3 Effect of Temperature on Steel Corrosion in Water (NACE International, 2016)   
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4.3.5 Effect of Marine Environment 

Offshore platforms and topside facilities are designed to withstand highly changeable and aggressive 

atmospheric and tidal conditions for sustained periods of time. Chloride ions and other ion salt 

components are highly soluble in water and exist in varying concentrations in seawater and the 

ǎǳǊǊƻǳƴŘƛƴƎ ŀƛǊΦ ²ƘŜƴ ǘƘŜ ǎŜŀ ǎǇǊŀȅ ŘŜǇƻǎƛǘǎ ǘƘŜ ǎŀƭǘ ƛƻƴǎ ƻƴǘƻ ǘƘŜ ƳŜǘŀƭ ǎǘǊǳŎǘǳǊŜΩǎ ǎǳǊŦŀce the electrical 

conductivity of the electrolyte increases and therefore the rate of corrosion also increases. 

The chloride ions in the seawater are the component responsible for the salinity measurement with 

sodium chloride considered the most common chloride salt responsible in corrosion under insulation 

cases. Salinity is the measure of the saltiness of a body of water and is the weight in grams of dry salts 

dissolved in one kilogram of seawater. The concentrations of the various salt ions in oceans and seas are 

generally considered to be constant with a universally accepted average of 34.7 parts per thousand in 

oceans. Table 4.1 (Dhanak & Xiros, 2016) shows the varying salinity ranges in general regions and in 

specific locations an explains why the Atlantic Ocean has slightly saltier water than the Pacific Ocean due 

to the outflow of water from the Mediterranean Sea. The open oceans around the equator have higher 

levels of freshwater rainfall so in turn, have lower salinity readings in these respective areas (Dhanak & 

Xiros, 2016). 

Table 4.1 Varying Ocean and Sea Salinity (Dhanak & Xiros, 2016) 

Region or Location 
Minimum Salinity 

Measurement 
(parts per thousand) 

Maximum Salinity 
Measurement 

(parts per thousand) 

River Estuaries 0 30 

Polar Regions 0 30 

Coastal Areas 30 34 

Oceanic Average N/A 34.7 

Open Ocean 33 37 

Mediterranean Sea N/A 39 

Red Sea N/A 41 
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As mentioned, the proportions of the dissolved ion salts in seawater are considered constant, this means 

it is possible to obtain the respective concentrations of eight common ion salts if the salinity of the body 

of water is known. Table 4.2 breaks down the ion salt composition of a body of water with a salinity 

measurement of 34.4 parts per thousand (Dhanak & Xiros, 2016). 

Table 4.2 Ion Salt Composition of a Body of Water with Known Salinity (Dhanak & Xiros, 2016) 

Ion Salts Weight (parts per thousand) 

Chloride (Cl-) 18.98 

Sulphate (SO4-) 2.65 

Magnesium (Mg+) 1.272 

Calcium (Ca2+) 0.4 

Potassium (K+) 0.38 

Bicarbonate (HCO3-) 0.14 

Bromine 0.067 

Carbon 0.028 

In an offshore environment, the amount of ion salt particles making contact with the metal surface will 

have a massive influence on the rate of corrosion experienced by the structure due to an ineffective 

insulation and jacketing system. The deposition and transport of the ion salts are predominantly through 

the actions of sea spray, rain and wind forces. Once the seawater travels through the insulation layer and 

makes contact with the hot metal surface the water component will evaporate and begin the 

evaporation/condensation cycle and the salt particulate will remain on the metal. Through the continued 

ingress of water and the cyclic nature of the system, the ion salt concentrations will quickly rise and will 

affect the rate of corrosion experienced. Due to this continued action and the continuous gradual increase 

in the ion salt levels, it is clear that even with an originally weak salt concentration in the water it will very 

rapidly accumulate to much larger levels (Winnik, 2016).  
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4.3.6 Effect of Pollutants in the Air 

The presence and concentrations of certain pollutants in the air affects the rate of corrosion experienced 

under insulation materials. This is especially the case where there is any concentration of sulphur dioxide 

present as this can convert into sulphuric acid when combined with moisture in the atmosphere results 

in acid rain. When the protective jacketing layer has been breached the acid rain can enter and when 

combined with all the other components its presence can accelerate the rate of corrosion due to the 

lowering of the pH level. The burning of fossil fuels and general industrial activity are the main sources of 

sulphur dioxide and other contaminants such as hydrogen chlorides and nitrogen compounds like NOX in 

the atmosphere. The presence of these other contaminants also increases the rate of corrosion. Hydrogen 

chloride in a gaseous form present in water is considered to have a more strongly acidic character than 

dissolved chlorine salt anions in water (Roberge, 2000).  

4.3.7 Effect of pH 

The chemical composition of the water can have a major effect on the rate of corrosion as highly acidic 

water solutions result in higher levels of uniform and pitting corrosion.  The effect of the different pH 

values on the rate of annual corrosion of iron in the aerated water, which contains dissolved oxygen, at 

room temperature can be seen in Figure 4.4 (Integrated Publishing, 2018). It can be seen on the graph 

that between the pH values of four and ten the relative rate of corrosion remains the same and therefore 

can be considered independent of the actual pH value. The rate of corrosion is predominantly governed 

by the rate at which the dissolved oxygen reacts with atomic hydrogen, which results in the depolarization 

of the surface of the metal allowing the reduction reaction to continue. When the conditions become 

more acidic the ferrous oxide that is formed is highly soluble and is unable to deposit on the metal surface 

to create a protective film. The lack of protective film ensures the metal surface remains in constant 

contact with the acidic solution driving the rate of corrosion at a more rapid pace. At lower pH levels 

hydrogen is produced at high enough levels that the depolarization of oxygen does not solely govern the 

rate of corrosion alone but is now a combination of the two factors. At higher pH levels a protective ferric 

oxide film forms as the ferrous oxide reacts with the dissolved oxygen and decreases the rate of corrosion. 

At higher water temperatures this protective film effect is not noted (El-Sherik, 2017). 
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Figure 4.4 Effect of pH on the Corrosion Rate of Iron in Room Temperature Aerated Water 

(Integrated Publishing, 2018) 

Clean unpolluted rainwater usually has a pH around 5.6 an in areas with issues relating to acid rain the pH 

can drop to as low as 3.0 and the effect of acid rain can magnify the rate of corrosion due to the lowering 

of the pH. The deterioration of certain insulation materials and some sealants and caulks also result in the 

lowering of the pH as the contaminants leach of the materials and into the water and can potentially 

lower the pH even further. This effect is tempered slightly with the introduction of seawater spray which 

neutralises the acidic environment slightly as it usually has a pH of approximately 8.2. This effect is most 

likely nullified overall due to the introduction of salt ions which alter the rate of corrosion as discussed 

earlier (Dhanak & Xiros, 2016). 

4.3.8 Effect of Environmental Conditions 

Atmospheric conditions including temperature, relative humidity and levels of precipitation all have an 

effect on the rates of corrosion experienced. Depending on the specific conditions faced in a location 

corrosion engineers will select the best possible combination of insulation and protection materials to 

combat the effects of the environment (Popov, 2015). 

Increased levels of humidity mean that there are higher levels of moisture in the air which can potentially 

transport contaminants to the corrosion site. When the humidity is at a critical level it also prevents the 

potential for evaporation to occur, effectively blanketing the site and ensuring corrosion processes 

continue without interruption. The wetting cycle is prolonged should the external atmospheric 

temperature not rise above the dew point as no additional evaporation will occur. As the temperature 

rises the levels of relative humidity also decrease and at temperatures around 15oC above the dew point 

the rate of corrosion essentially ceases (Popov, 2015). Figure 4.5 (Winnik, 2016) gives an indication of the 

varying temperature and humidity conditions throughout the year in three locations corrosion engineers 

must battle against to attempt to prevent corrosion under insulation. 
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Figure 4.5 Influence of Annual Temperature and De Point Variation in Different Regions 

(Winnik, 2016) 

Prolonged precipitation in any form results in additional volumes of available water to begin the corrosion 

cycle. Periods were there are storm conditions and high winds may be responsible for damage and 

deterioration of the protective layers allowing for the ingress of water and contaminants, this can also be 

the case if there is severely cold weather which can cause expansion of trapped water due to icing (Popov, 

2015).  
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4.4 Locations Susceptible to Corrosion under Insulation  

One method by which corrosion engineers are focussing their efforts on the war against corrosion is by 

attempting to identify the likeliest areas where of corrosion under insulation may proliferate and 

remedying the issue before the ingress of water occurs and the corrosion cycle begins. An effective 

programme for monitoring corrosion must have a proactive element to prevent rather than solely resolve 

issues once they have initiated. Certain equipment and specific areas on an offshore platform, for 

example, may be at a higher risk of corrosion than other locations so should receive special consideration 

when developing a programme to combat the effects of corrosion. The following list details some areas 

that can be considered at a higher risk (Roberge, 2000) (Mather, 2000) (Singh, 2017):  

¶ Steel piping systems operating between -4oC and 175oC ς ideal conditions for the initiation of 

corrosion under insulation as discussed earlier in the section 

¶ Equipment and piping systems that are subjected to vibrations ς may damage the protective 

jacketing system 

¶ Irregularly shaped systems ς difficult to insulate efficiently and there may be gaps in the seals as 

they are difficult to close properly 

¶ Equipment and piping systems with numerous protrusions and attachments ς the insulation 

system will have numerous discontinuations and may not be correctly sealed and the protrusions 

create a temperature difference bridge between the hot pipe and cold support 

¶ Vertical piping runs that turn and becomes horizontal runs ς water may accumulate at the 

bottom on turns 

¶ Exposed areas with insufficient waterproofing ς likely to be unfit for purposes and deteriorate at 

a faster rate 

¶ Corrosion inspection areas ς incorrect sealing of plugs may contribute to water ingress 

¶ Missing or damaged jacketing systems and sealants 

¶ Systems insulated with wicking type insulation materials ς these materials such mineral wool 

once wetted can retain large volumes of water 

¶ Termination or joint sections of insulation ς may be subjected to more mechanical abuse and will 

deteriorate at a faster rate 
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Chapter Five: Insulation Systems 

The purpose of this chapter is to briefly introduce the concept of the insulation system and to explore in 

more detail the materials used in this project. Each insulation material has its own set of mechanical 

properties and each is most suited to a certain environment. These parameters will be discussed briefly 

and the mechanical properties used in the project will be provided. 

5.1 Introduction to Insulation Systems 

In its most general form, an insulation system is a material or group of materials whose main purpose is 

to prevent the transfer of heat from a hot area to a colder area. For example, a hot gas/liquid mix travelling 

inside a pipe which is submerged in the ocean. In the case of this project, an insulation system is simply 

an insulation material covered by a protective jacket affecting the buckling of steel structure component 

in perfectly dry conditions. In reality, there are a number of other considerations when designing a system 

such as protective coatings. For simplicity, these are not taken into account but are discussed below.  

Some of the main considerations for the building of an effective insulation system are as follows: 

¶ Reduction of heat loss ς reduce the amount of money wasted when energy is not conserved and 

efforts have to be made to return the system to the optimum conditions 

¶ Resistance to moisture ς decrease in the efficiency of heat loss reduction system if wet 

¶ Prevention of condensation ς condensation onto the outer surface of a metal component with a 

layer of insulation on top is the perfect condition for the mechanism of corrosion under insulation 

¶ Compressive Strength ς the system may be expected to support a load or may be subject to 

mechanical abuse such as foot traffic 

¶ Consideration of cost ς ensure that the correct thickness and grade of insulation materials are 

used for the intended purpose  
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There are additional auxiliary considerations such as: 

¶ Protection of Personnel ς prevent contact burns if a hot or cold system 

¶ Fireproofing ς some materials have the ability to withstand fire exposure whereas others may 

actually spread the flames or produce smoke 

¶ Removability and reusability ς ability to perform routine maintenance easily and without waste 

¶ Availability ς generally lower cost 

There has been an increase in the efficiency of insulation systems due to the development of more 

modern materials which have these heat conservation design concepts in mind. The oil and gas industry, 

however, does have a number of older structures in place with older insulation systems still in use. These 

older systems are of more interest in a sense as they are more susceptible to damage and then fail due to 

corrosion under insulation and other mechanisms. 

Each of the six insulation materials and two protective jacketing materials will now be discussed in more 

detail.  
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5.2 Insulation Materials 

There are a large variety of insulation materials available for engineers to select from depending on the 

intended application. Each material has its own set of characteristics with the associated advantages and 

disadvantages taken into account when being selected for use. Within the context of this project the main 

concern with regarŘǎ ǘƻ ŀƴ ƛƴǎǳƭŀǘƛƻƴ ƳŀǘŜǊƛŀƭΩǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŀǊŜ ǘƘŜ ǘǿƻ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ 

¸ƻǳƴƎΩǎ aƻŘǳƭǳǎΣ ǿƘƛŎƘ ƳŜŀǎǳǊŜǎ ǘƘŜ ǎǘƛŦŦƴŜǎǎ ƻŦ ŀ ǎƻƭƛŘ ƳŀǘŜǊƛŀƭΣ ŀƴŘ ǘƘŜ tƻƛǎǎƻƴΩǎ ratio, which is a 

measure of the ratio between the proportional decrease in the lateral measurement of a material when 

compared to the proportional increase in the same material when it has been stretched elastically. These 

characteristics are not commonly of great primary importance to engineers during the design of systems 

so it was quite challenging to find more than one reference of an accurate measurement for each 

property. Generally, engineers are interested in the properties relating to heat loss prevention, water 

absorption and the economic considerations of the material. For the purposes of diligence, these 

conditions were described earlier and there are a large number of sources where this type of data can be 

located.  

As this project was primarily focussed on the impact of the insulation material on the buckling strength 

these additional properties were not of primary interest and were therefore not taken into account when 

designing the computational models. According to the Corrosion under Insulation Guidelines (2016), the 

six insulation materials discussed in the next sections are some of the most commonly used within the 

industry.  A general description of each of the insulation materials will be presented along with a table 

ƘƛƎƘƭƛƎƘǘƛƴƎ ǎƻƳŜ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ Ƴŀƛƴ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŀƴŘ ǘƘŜ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ǊŜƭŜǾŀƴǘ ǘƻ ǘƘŜ 

project.  

Each of the insulation materials has its own recommended minimum and maximum layer thickness. To 

simplify for the purposes of comparison each of these six insulation materials were modelled where the 

thickness ranged from 0.01 metres up to 0.1 metres in 0.01 metre increments. It is possible in this situation 

that values that were generated could be either considerably higher or lower than what would be 

expected in real-world conditions. It was felt that keeping the parameters the same was important so as 

to view the effect of insulation layer thickness variation on the overall buckling strength.  
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5.2.1 Mineral Wool 

Mineral wool is a generic name attributed to a group of fibrous materials that have been formed by the 

extruding of a mineral in a molten state into a fibrous form which is then mixed with organic binders.  

These types of insulation materials are suitable for use in ambient to high-temperature conditions 

(Winnik, 2016). The exact optimum temperature ranges vary depending on the base material of the fibre 

wool, for example, glass, rock or silicon slag. The material composition of the wool fibres can also affect 

the rate of water absorption and there are also certain composition combinations that will actually break 

down in the presence of heat and water (NACE International, 2016). Once the material has broken down 

it has the potential to become a vehicle for wicking moisture and corrosive solutions towards the metal 

underneath. For the purposes of the project the material properties data used was for that of silicon wool 

and is shown in Table 5.1 (American Elements, 2018) (Winnik, 2016). 

Table 5.1 Material Property Data for Mineral Wool Insulation 

(American Elements, 2018) (Winnik, 2016) 

¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ό9ύ όPa) tƻƛǎǎƻƴΩǎ wŀǘƛƻ ό)˄ Additional Notes 

5.1E10 0.064 
Optimum service range of 20 to 650oC 

pH between 7 and 10.5 

5.2.2 Fibreglass 

Fibreglass is composed of layers of bound glass wool fibres; this formation technique results in a number 

of air and gas pockets within the materiŀƭΩǎ ŎƻƳǇƻǎƛǘƛƻƴΦ ¢Ƙƛǎ ƳŀƪŜǎ ŦƛōǊŜƎƭŀǎǎ ŀƴ ŜŦŦŜŎǘƛǾŜ ƛƴǎǳƭŀǘƛƻƴ 

material as these pockets can either trap heat inside or outside of the insulation depending on the 

requirement. This is a very commonly utilised insulation material within domestic homes due to this 

quality where it can trap heat in winter and let it out in the summer. The large availability of the material 

ensures that it is a relatively low-cost option but it can cause irritation when being worked with. One of 

the largest disadvantages of the material is that it is hygroscopic and readily absorbs water so it can be 

problematic if there are defects with an outer protective coating. The material property data for fibreglass 

insulation is shown in Table 5.2 (Katz & Milewski, 1987) (Nayyar, 2000). 

Table 5.2 Material Property Data for Fibreglass Insulation (Katz & Milewski, 1987) (Nayyar, 2000) 

¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ό9ύ όPa) tƻƛǎǎƻƴΩǎ wŀǘƛƻ ό)˄ Additional Notes 

7.2E10 0.22 Optimum service range of -5 to 454oC 
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5.2.3 Expanded Perlite 

Expanded perlite is a product made from the perlite mineral, which is a glassy volcanic rock formed during 

the hydration of obsidian. Whilst the perlite is being manufactured it is expanded by heating the water 

contained within the grains to produce pressurised steam. Sodium silicates are then added as binders and 

the resulting expanded perlite product has low density and high porosity due to the numerous air cells 

held in place by the vitrified perliteΦ Lǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ŘŜŎǊŜŀǎŜ ǘƘŜ ǇŜǊƭƛǘŜΩǎ ŀŦŦƛƴƛǘȅ ǘƻ ŀōǎƻǊō ǿŀǘŜǊ through 

the introduction of water-resistant additives (Watson, 2005). The material property data for expanded 

perlite insulation is shown in Table 5.3 (Allameh-Haery, Kisi, Pineda, Suwal, & Fiedler, 2017) (Nayyar, 

2000). 

Table 5.3 Material Property Data for Expanded Perlite Insulation 

(Allameh-Haery, Kisi, Pineda, Suwal, & Fiedler, 2017) (Nayyar, 2000) 

¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ό9ύ όPa) tƻƛǎǎƻƴΩǎ wŀǘƛƻ ό)˄ Additional Notes  

7.563E10 0.182 Optimum service range of 121 to 538oC 
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5.2.4 Syntactic Polypropylene 

Syntactic polypropylene manufacture results in a similar product physically to expanded perlite in the 

sense that it is a composite material where a metal, ceramic matrix or in this case thermoplastic polymer 

polypropylene is filled with hollow spheres. In the case of expanded perlite, it is non-hollow spheres. This 

manufacturing process results in a lower density and therefore also a higher specific strength. The 

introduction of the air pockets is what results in this material having a lower coefficient of thermal 

expansion and is, therefore, a good choice for insulation purposes (Shutov, 1986). These air pockets also 

increase the buoyancy which as mentioned previously is an important consideration when selecting 

insulation materials. The material property data for syntactic polypropylene insulation is shown in Table 

5.4 (Bouchonneau et al., 2007) (Socotherm, 2018). 

Please note that syntactic polypropylene is a layer within a system normally utilised in deepwater 

locations. Usually, there are two relatively thin layers of solid polypropylene on each side of the syntactic 

polypropylene. This syntactic polypropylene layer acts as the thermal insulator within the system which 

the polypropylene layers acting as protective coatings (Socotherm, 2018)Φ ¢ƘŜ ¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ŀƴŘ 

tƻƛǎǎƻƴΩǎ ratio for solid polypropylene is similar to syntactic polypropylene (Bouchonneau et al., 2007) so 

for the purposes of simplifying the procedure, these two layers have effectively been incorporated into 

the thickness of the syntactic polypropylene layer. 

Table 5.4 Material Property Data for Syntactic Polypropylene Insulation 

(Bouchonneau et al., 2007) (Socotherm, 2018) 

¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ό9ύ όPa) tƻƛǎǎƻƴΩǎ wŀǘƛƻ ό)˄ Additional Notes 

1.0812E9 0.32 
Optimum service range up to 150oC 
at sea depths of up to 3000 metres 
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5.2.5 Calcium Silicate 

Calcium silicate insulation is available either preformed or it can be cut from large blocks. The material is 

rigid with a well-opened internal structure and does not contain any asbestos. It is manufactured by 

mixing cement, silica and lime which is then reinforced with either organic or inorganic fibres. The mixture 

undergoes an autoclaving process where the mixture is subjected to high pressure and high temperature 

and cures to a very durable material with a high compressive strength.  The material is lightweight due to 

its open structure and can therefore potentially absorb large volumes of water under specific operating 

conditions (Winnik, 2016). The NACE Standard Practice 0198-2016 (2016) advises that this material is 

better utilised in lower temperature environments of approximately 150oC when applied in an outdoor 

location. The material property data for calcium silicate insulation is shown in Table 5.5 (Vermelfoort & 

Ng'andu, 2005) (Winnik, 2016) (Process Insulation, 1987). 

Table 5.5 Material Property Data for Calcium Silicate Insulation 

(Vermelfoort & Ng'andu, 2005) (Winnik, 2016) (Process Insulation, 1987) 

¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ό9ύ όPa) tƻƛǎǎƻƴΩǎ wŀǘƛƻ ό)˄ Additional Notes  

4E9 0.12 
Optimum service range of -150 to 730oC 

pH between 9 and 10 

5.2.6 Cellular Glass 

Cellular glass is available either in rigid blocks or in preformed coverings for pipes. The product is 

manufactured using no binder agents under molten conditions. This forms a closed cell structure which 

ensures the material does not absorb moisture or water at any rate under any condition. It is susceptible 

to water ingress at joint locations or cracks so care should be taken to ensure the security of these areas 

(NACE International, 2016). Consideration should be taken that although generally, cellular glass has good 

overall strength it can be brittle in certain circumstances when installing. The thermal conductivity value 

is higher as the product is made of glass. Despite these disadvantages, cellular glass is still often used 

offshore as it exhibits certain additional features discussed previously (Turner & Doty, 2007). The material 

property data for cellular glass insulation is shown in Table 5.6 (Winnik, 2016) (NACE International, 2016). 

Table 5.6 Material Property Data for Cellular Glass Insulation 

(Winnik, 2016) (NACE International, 2016) 

¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ό9ύ όPa) tƻƛǎǎƻƴΩǎ wŀǘƛƻ ό)˄ Additional Notes 

8E8 0.3 
Optimum service range of -25 to 200oC 

pH between 7 and 10.5 
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5.3 Jacketing Materials 

Earlier the importance of protecting the insulation material from weather exposure and mechanical abuse 

was discussed. Jacketing systems play the main role in this line of defence. Should the outer jacketing 

layer be breached the potential for wetting of the inner insulation layer is almost inevitable. This can over 

time result in corrosion of the metal component that is being protected and ultimately may lead to 

mechanical failure. Special care should be taken during the installation stages to ensure all joints are 

effectively sealed and that there are no gaps or tears that would allow water ingress. Generally, the choice 

of the jacketing system will be made on the basis of the application, the cost and the availability of 

materials. 

There are two types of the jacketing system which are classified as metallic or non-metallic. Metallic 

systems can include aluminium, steel or coated metal systems. This project focused solely on an 

aluminium system, due to its lower cost compared to steel, to give a general overview of the protection 

afforded by metal systems. Non-metallic systems can include plastics such as polycarbonate 

(Pojtanabuntoeng, Ehsani, Kinsella, & Brameld, 2017) and also more recently there has been a move 

towards UV-cured, fibre-reinforced materials (Winnik, 2016). This is due to the fact they are believed to 

be stronger against mechanical abuse, more resistant to UV radiation and have a higher melting point 

(Winnik, 2016). This project focused solely on polycarbonate jacketing to give a general overview of the 

protection afforded by not-metallic systems. It should be noted, however, that due to the issues 

mentioned earlier polycarbonate tubes are not recommended for external use (Winnik, 2016) but the 

relevant information was not readily available for the UV-cured, fibre-reinforced materials. It was felt that 

the mechanical properties of polycarbonate would give a sufficient indication of the expectations of the 

more appropriate material. 

The two jacketing materials have their own recommended minimum and maximum layer thickness. These 

layer thicknesses did not overlap at any point so entirely different values were used during the modelling 

phase. For the aluminium layer, the thickness ranged from 0.0005 metres up to 0.0015 metres in 0.00025 

metre increments. This value for the aluminium layer was chosen as the Corrosion under Insulation 

guidelines (2016) advised the thickness for varying metal configurations would be within this range. 

Therefore, as with the insulation layers, it is possible in this situation that values that were generated 

could be either considerably higher or lower than what would be expected in the real-world conditions as 

is the case with the thickness of the polycarbonate layer. The polycarbonate layer thickness ranged from 

0.002 metres to 0.1 metres in 0.002 metre increments. The data for this was taken from work performed 

by Pojtanabuntoeng et al. (2017). Again, the value used in the paper was within the overall range chosen 
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for the modelling phase. Although the parameters for the thickness of the jacketing differed it was 

believed that they represented acceptable potential real-world conditions to view the effect of jacketing 

layer thickness variation on the overall buckling strength. 

5.3.1 Aluminium Jacketing 

Aluminium jacketing can be found in a number of different thickness and sizes. Aluminium jacketing can 

be attached by a number of means including straps or screws. There is the option to have the sheeting 

with a smooth finish or it can be corrugated and there is also the option to have it with an additional 

moisture barrier attached or unbacked (Winnik, 2016). This barrier can also be useful if the insulation 

layer underneath leaches corrosive components when wetted as it will protect the aluminium sheeting 

from further disintegration (Watson, 2005). As mentioned previously this is one of the most commonly 

used metallic jacketing materials primarily due to its lower cost. The material property data for the 

aluminium jacketing is shown in Table 5.7 (The Engineering Toolbox, 2018a; 2018b). 

Table 5.7 Material Property Data for Aluminium Jacketing (The Engineering Toolbox, 2018a; 2018b) 

¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ό9ύ όPa) tƻƛǎǎƻƴΩǎ wŀǘƛƻ ό)˄ 

6.9E10 0.334 

5.3.2 Polycarbonate Jacketing 

Polycarbonate is one of many thermoplastic jacketing materials used in the oil and gas industry. Other 

options include polyvinyl chloride and polyvinyl fluoride tubing (NACE International, 2016). Despite the 

disadvantages discussed previously with regards to plastic jacketing there are a few general characteristics 

of thermoplastics which make them a useful material. They are easily mouldable and can be 

thermoformed so this makes them a good material for easy use and adaptability. Polycarbonate is a very 

durable product with a high impact resistance, it is however very susceptible to scratching and is therefore 

occasionally coated to protect against this. Should the polycarbonate jacket be subjected to either too 

high a temperature or a damaged by mechanical abuse and damaged they can be easily and quickly 

replaced because they are a relatively cheap option. The material property data for the polycarbonate 

jacketing is shown in Table 5.8 (Goodfellow, 2018). 

Table 5.8 Material Property Data for Polycarbonate Jacketing (Goodfellow, 2018) 

¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ό9ύ όPa) tƻƛǎǎƻƴΩǎ wŀǘƛƻ ό)˄ 

2.4E9 0.37 
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Chapter Six: The Finite Element Method 

This section will serve as a brief introduction to the finite element method and also the ANSYS Mechanical 

APDL programme which is one of a number of software options commercially available to perform finite 

element analysis mathematical techniques.  

The concept of the finite element method was first described in 1956 by Turner et al. and involved the 

solving of equations by hand. In the 1980s a number of commercial software packages became available 

which boosted the ability for engineers to quickly and accurately solve much more complex equations. 

6.1 Fundamentals of the Finite Element Method 

The finite element method is a mathematical technique in which a number of partial differential equations 

are created by a computer programme and are then solved. These equations would be either very difficult 

and time-consuming or impossible to complete by analytical methods. The differential equations together 

describe the displacement field of a structure, or domain, where the behaviour of the full displacement 

field of the element cannot be forecast with the use of closed equations and in its full state. The system 

must be subdivided into smaller sections, or finite elements, where the solution of each of these 

subdomains is either already known or can be closely approximated (Logan, 2012). 

One stipulation is that the geometry of the system must be fully defined and this is achieved through the 

use of nodes and elements. Nodes are prescribed points in space which can either be on the lines denoting 

the boundaries of the structure or within the structure internal space itself. The displacement field is 

approximated by polynomials which are created through mathematical functions related to the known 

nodes. In turn, they effectively generate data to fill in the gaps. For the data to be generated accurately 

each node has a set of degrees of freedom relating to itself, as defined but the user, such as displacement 

data and temperature data. Elements are formed when these individual nodes are connected and their 

function is to define the mathematical interactions of each of the degrees of freedom relating to the nodes 

(Logan, 2012). Figure 6.1 (Stochastic Simulation and Lagrangian Dynamics, 2018) depicts some of the 

options available for element types in one, two and three dimensions.  
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Figure 6.1 Types of Finite Elements in Three Varying Dimensions 

(Stochastic Simulation and Lagrangian Dynamics, 2018) 

Figure 6.2 (Madenci & Guven, 2015) ƛǎ ŀ ǊŜǿƻǊƪƛƴƎ ƻŦ ŀƴ ƛƭƭǳǎǘǊŀǘƛƻƴ ŦǊƻƳ aŀŘŜƴŎƛΩǎ ōƻƻƪ ǘƘŜ CƛƴƛǘŜ 

Element Method and Applications in Engineering using ANSYS. It has been altered slightly with the 

addition of colouring and numbering to draw attention to the details discussed in relation to the division 

of a complex shaped domain into a number of smaller subdomains. The nodes have been coloured red 

and the three finite elements have been coloured and numbered separately. 

 

Figure 6.2 Division of a Complex Shaped Domain into Three Subdomains (Elements)  

(Madenci & Guven, 2015) 

In certain circumstances, the relationship between individual degrees of freedom is known and in others, 

these interactions can be estimated by numerical integration over each of the elements. Combining all of 

the equations generated for all of the individual elements generates an overall representation of the 

entire system being analysed. Relevant information defining the behaviour of the entire system can be 

generated by solving all of the generated equations (Madenci & Guven, 2015). 
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6.2 Advantages and Disadvantages of the Finite Element Method  

As with any concept, there are a number of advantages and disadvantages associated with its use. The 

finite element method can and has been applied to numerous different types of structural and non-

structural problems. Some of the advantages that have made it very popular include (Logan, 2012): 

¶ The ability to model a wide variety of engineering problems ς structural problems, heat transfer, 

fluid mechanics etc. 

¶ The ability to model complex and irregular geometries simply 

¶ Can handle problems with complex loading 

¶ Can analyse models made of different materials ς element equations solved individually 

¶ Can solve problems with various numbers of boundary condition and varying types  

¶ Option to vary element size depending on the problem and the degree of accuracy of the solution 

versus computation time 

¶ The concept can easily commutate nonlinear behaviour and large deformations 

Despite all of the advantages of the concept, there are also a few disadvantages (Madenci & Guven, 2015): 

¶ Finite element results are approximate ς a number of factors such as the type and number of 

elements as well as the adopted assumptions alter the accuracy of the result 

¶ The experience of the user affects the accuracy ς it is an engineering programme, not an 

engineer, therefore any inputted errors or any information not entirely suited for the application 

will still generate results and it is up to the user to confirm the accuracy 

¶ The concept contains inherent errors ς the system makes a number of assumptions and 

approximates certain values of the data as it is impossible to divide the system up into an infinite 

number of subdomains to generate results with perfect accuracy  
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6.3 Finite Element Analysis Procedure 

Finite element analysis is the name given to the practical use of the finite element method and is made 

ǳǇ ƻŦ ǘŜƴ ōŀǎƛŎ ǎǘŜǇǎΦ ¢ƘŜǊŜ ƛǎ ǘƘŜ ƻǇǘƛƻƴ ǘƻ ƻƳƛǘ ŎŜǊǘŀƛƴ ǎǘŜǇǎ ŀƴŘ ǳǘƛƭƛǎŜ ǘƘŜ ŎƻƳǇǳǘŜǊ ǇǊƻƎǊŀƳƳŜΩǎ 

default options if a simple problem is being solved. It should also be noted that it is not necessary to follow 

these steps in this exact order. Certain steps must be completed in sequence as they lead onto other steps 

but others can be completed in any order depending on the preferences of the user (Madenci & Guven, 

2015). Figure 6.3 (Madenci & Guven, 2015) has been created to illustrate the most common sequence of 

events and each step will be discussed briefly. The first four steps, in blue, are performed in the pre-

processor section of the ANSYS Mechanical APDL programme. The next four steps, in green, are 

performed in the solution processor section with the final two, in orange, performed in one of the two 

postprocessor sections depending on the requirement (Madenci & Guven, 2015).  

 

Figure 6.3 Finite Element Analysis Procedure (Madenci & Guven, 2015)  
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Step 1 ς Create the structure of the model to be solved 

Step 2 ς Select the element type best suited to modelling the physical problem  

Step 3 ς Define the relevant mechanical and physical data for the materials used in the model 

Step 4 ς Discretise the model into the individual nodes and finite elements, the finer the mesh the longer 

the computation time but the more accurate the model 

Step 5 ς Provide the data for the support conditions and set several nodal values to known values 

Step 6 ς Set the values for the external uniform or concentrated forces or moments that will be exerted 

on the model 

Step 7 ς Set any specific solve requirements relating to the results needed 

Step 8 ς Computationally solve the simultaneous algebraic equations 

Step 9 ς Manipulate the raw data to reproduce the results in the required format 

Step 10 ς Comparison with data acquired by other means is necessary to confirm the accuracy of the 

results  
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6.4 Introduction to ANSYS Mechanical APDL  

ANSYS Mechanical APDL is a computer programme that is often used to perform and solve finite element 

analysis problems. In this project, it is used to calculate the difference in buckling values of a corroded 

structure when that structure has a layer of insulation and protective jacketing at various thicknesses and 

where there is no additional layering at all.  

This section includes a very brief introduction to the ANSYS Mechanical APDL software product input 

options and in later chapters more of the specific functions will be described and explored in the context 

of the requirements of the project. It should be noted that although the ANSYS Mechanical APDL can 

appear overwhelming at first there are a number of resources available online and in textbook format.  

Combining these resources with experience using the programme will give novice users a much better 

understanding of the programme itself and the finite element method as a whole. This section only serves 

as a very basic introduction to the programme.  
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6.5 Inputting Information into ANSYS Mechanical APDL 

There are four methods by which the user can issue commands to ANSYS to input information or 

numerical data which is required to solve a problem; the ANSYS command prompt, the graphical user 

interface or by uploading batch and input files. The choice of which is used is based upon personal 

preference though new users often gain a better understanding of the system initially using the graphical 

user interface before graduating onto the command prompt option. Using the command prompt option 

is much quicker once a level of understanding has been reached and allows for easier and quicker 

remedying of any errors. The batch file input option was not used in this project so only the other three 

methods are looked at individually in the next sections. 

6.5.1 Graphical User Interface 

The graphical user interface allows the user to interact with the programme through a collection of 

windows, taskbars and buttons. When ANSYS first starts up there are two windows that open, the smaller 

window is the output window which displays all the actions that have occurred in ANSYS in a text format. 

The larger window is the graphical user interface which contains all the elements described earlier and 

can be seen in Figure 6.4 (Madenci & Guven, 2015). 

 

Figure 6.4 Graphical User Interface of ANSYS Mechanical APDL (Madenci & Guven, 2015)  
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Users select from the main menu and submenus the information they wish to input and then using the 

mouse and keyboard either select the tick boxes or type in the required information as needed. An 

example of one of the procedures that may occur will be the inputting of linear material properties for a 

material. Figures 6.5 and 6.6 detail in written and pictorial format the options to click and the information 

that needs to be typed into the graphical user interface to provide the following data: material number 

one (1) with ̧ ƻǳƴƎΩǎ modulus value of 2.0589мм ŀƴŘ ŀ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƻŦ лΦоΦ Lƴ ǘƘŜ ƴŜȄǘ section, the 

entering of the same data will be explained through the command prompt option. 

 

Figure 6.5 Written Form of Graphical User Interface Information Input 

 

Figure 6.6 Pictorial Form of Graphical User Interface Information Input 
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Please note that the command prompt option can be used in conjunction with the graphical user interface 

if needed. 

6.5.2 Command Prompt 

The command language used contains alphanumeric strings that provide the necessary information or 

instruction to the system. Each command is made from a combination of an ANSYS verb and the related 

argument, this verb along with the arguments that follow inform the system of the information to input 

or the action that is to occur.  

An example of a command and its argument is shown in Figure 6.7 taken from one of the code protocols 

ǿǊƛǘǘŜƴ ŦƻǊ ǘƘŜ ǇǊŀŎǘƛŎŀƭ ŜƭŜƳŜƴǘ ƻŦ ǘƘƛǎ ǇǊƻƧŜŎǘΦ Lƴ ǘƘŜ ŜȄŀƳǇƭŜ ǎƘƻǿƴ ǘƘŜ άatέ ŘŜƴƻǘŜǎ ǘƘŜ ŎƻƳƳŀƴŘ 

verb, which in this case relates to the specification of linear material properties. Following the ANSYS verb 

the argument details what material properties are to be attributed, to which material and the value of 

the property. In the first line, the material property being attributed is ̧ƻǳƴƎΩǎ modulus (EX), it is being 

atǘǊƛōǳǘŜŘ ǘƻ ƳŀǘŜǊƛŀƭ ƴǳƳōŜǊ ƻƴŜ όάмέύ ŀƴŘ ǘƘŜ ǾŀƭǳŜ ƛǎ άнΦлру9ммέΦ ¢ƘŜ ǳƴƛǘ ǳǎŜŘ Ƙŀǎ ōŜŜƴ ƎƛǾŜƴ ƛƴ ŀ 

ǇǊŜǾƛƻǳǎ ƭƛƴŜ ŀƴŘ ƛǎ ǇŀǎŎŀƭǎΦ ¢ƘŜ ǎŜŎƻƴŘ ƭƛƴŜ ŀǘǘǊƛōǳǘŜǎ ŀ ǾŀƭǳŜ ƻŦ άлΦоέ ǘƻ ƳŀǘŜǊƛŀƭ ƴǳƳōŜǊ ƻƴŜ ŦƻǊ ǘƘŜ 

tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ όPRXY). Each of the fields needs to be separated by a comma and the enter key must be 

pressed after each command to enter the details into the software. 

 

Figure 6.7 Example of an ANSYS Command Prompt 

The style of the commands whether in upper or lower case is personal preference and has no effect on 

ǘƘŜ ƻǳǘŎƻƳŜΦ ¢Ƙƛǎ ƛǎ ŀƭǎƻ ǘƘŜ ŎŀǎŜ ǿƘŜƴ ƛƴǇǳǘǘƛƴƎ ƴǳƳŜǊƛŎŀƭ ŘŀǘŀΤ ƛƴǇǳǘǘƛƴƎ άм9нέ ƛǎ ǘƘŜ ǎŀƳŜ ŀǎ άмΦл9нέ 

ƻǊ άмллέΦ /ƻƳƳŀƴŘǎ ǘƘŀǘ Ŏƻƴǘŀƛƴ ōƭŀƴƪ ǎǇŀŎŜǎ ŀǊŜ ƛƎƴƻǊŜŘ ǎƻ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ǇǊƻǾƛŘŜ ŀƭƭ ǘƘŜ ǊŜƭŜǾŀƴǘ ƛƴǇǳǘ 

data specific to a problem but use the default settings for certain parts of the input. ANSYS will flag any 

warnings or errors to the user and they will be required to clear all the commands, correct these errors 

and input all of the commands again to generate the information.  
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6.5.3 Input Files 

Input files are essentially a collection of commands written line by line on a plain text document and then 

the full document is uploaded to the programme whilst in the interactive mode used by the other two 

input options. It means that a document containing numerous command prompts does not have to be 

individually entered line by line. The use of an exclamation point (!) before any writing denotes the 

information is a comment and informs ANSYS to disregard anything to the right of the exclamation point 

on that line. These comments can be utilised by new users to describe the action of the command prompt 

for learning purposes or to explain actions to readers. Figure 6.8 illustrates the example of inputting the 

material data used previously. 

 

Figure 6.8 Example of a Section of an Input File 
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Chapter Seven: Validation of Coding Style 

Each user of the ANSYS mechanical APDL software programme develops their own style of coding based 

on their experience level and their personal preferences. The author of this thesis had no experience in 

the use of ANSYS Mechanical APDL before undertaking this piece of research and it was felt that a useful 

technique to help develop their coding style would be to compare and contrast their style of coding and 

the results generated with a published example. 

The University of Strathclyde uses aŀŘŜƴŎƛΩǎ όнлмрύ ōƻƻƪ ά¢ƘŜ CƛƴƛǘŜ 9ƭŜƳŜƴǘ aŜǘƘƻŘ ŀƴŘ !ǇǇƭƛŎŀǘƛƻƴ ƛƴ 

9ƴƎƛƴŜŜǊƛƴƎ ǳǎƛƴƎ !b{¸{έ ƛƴ ǎƻƳŜ ƻŦ ǘƘŜƛǊ ǘŜŀŎƘƛƴƎ ŎƭŀǎǎŜǎΦ Lǘ ǿŀǎ ŦŜƭǘ ǘƘŀǘ ŀƴ ŜȄŀƳǇƭŜ ŦǊƻƳ ǘƘƛǎ ōƻƻƪ 

would be a good starting point for the author to develop their style using the example from the book as 

a template. 

The plan for the project was to focus on non-linear deformation analyses so an appropriate example was 

selected from the book. Initially, the author produced a copy of the example from the book to present in 

this chapter and then created their version of the problem which will be broken down and described 

before the results from each version are compared. The example in the Madenci (2015) book is a 2-D 

problem, the author created a 2-D example for comparison and then created a 3-D version to further 

validate the code. In later chapters, 2-D and 3-D models were created to ensure validation of the results 

generated. 

For the purposes of the thoroughness, the example in the book was also completed with a small variation. 

In the book, the problem had a maximum applied load of forty thousand Newtons. To complete this 

comparison of coding it was decided to also create the two code variations to include a maximum load of 

forty Newtons instead of the forty thousand Newtons. In doing this it ensured the code would also 

function for regular linear analysis as well as for large deformation non-linear analysis. 

Further validation of the coding style was completed through the development of a modified version of 

the Madenci (2015) example. In this example, changes were made to the geometric and material 

properties of the plate and the nodes on the right-hand side of the plate were coupled. These 

modifications reflect the future plate configurations that will be modelled in later chapters and also serve 

as additional validation of the coding style.  
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7.1 Large Deformation Analysis of a Plate using 2-D Shell Elements 

As mentioned, the problem from the book has the maximum load given as forty thousand Newtons. This 

version will be presented first and then followed by an additional example with a maximum load of forty 

Newtons. 

The following excerpt is taken directly from the Madenci (2015) book along with Figure 7.1 to illustrate 

ǘƘŜ ǇǊƻōƭŜƳΦ ¢ƘŜ ŎƻŘŜ ǘƛǘƭŜŘ άExact Coding from Madenci Book: 40 kN Loadέ ƛǎ ŜȄŀŎǘƭȅ ŀǎ ƎƛǾŜƴ ƛƴ ǘƘŜ 

book but rewritten in a similar style to the author for easier contrast and comparison. Please note the 

figure has been renumbered from the original text to the appropriate numbering in the thesis. 

ά/ƻƴǎƛŘŜǊ ǘƘŜ ŎŀƴǘƛƭŜǾŜǊ Ǉƭŀǘe with a transverse force at one corner shown in Figure 7.1. The plate has 

length, width and thickness of 40, 30 and 0.4 metres, respectively. Its elastic modulus is 120 MPa, and the 

tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƛǎ лΦоΦ ¢ƘŜ ƳŀȄƛƳǳƳ ŀǇǇƭƛŜŘ ƭƻŀŘ ƻŦ пл kN is reached in five equal increments. The non-

linear geometry option is used in the ANSYS solution. This is achieved by writing load step files for each 

increment and obtaining the solution from these files (LSSOLVE command). The goal is to find the 

displacement components as the applied load increases, at points A and B shown ƛƴ CƛƎǳǊŜ тΦмέΦ 

 

Figure 7.1 Cantilever Plate with a Transverse Force at One Corner (Madenci, 2015)   
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7.1.1 aŀŘŜƴŎƛΩǎ н-D Coding Style 

The Madenci code was recreated using the exact information from the book and can be found in Appendix 

A as code A.1. It was modified slightly from the book to conform to a similar coding style to the author for 

easier comparison. The left-hand column contains the coding information for the ANSYS programme and 

the right-hand column contains the description of each action for the benefit of the author to explain their 

actions. 

Instead of reproducing an almost exact replica of the code for the example where the maximum load is 

forty Newtons rather than forty thousand Newtons the author thought it would be more sensible to 

highlight the changes between the two codes. 

In Code A.1, when the load value is forty Newtons, the portion of the code required to inform ANSYS that 

the non-linear geometry functions are needed to produce a result can be deleted. In the example where 

the maximum load is only forty Newtons, there are no large deformations so it is an unnecessary step and 

can be omitted. 

Further explanation of any of the aspects of the Madenci (2015) code can be found in the book for any 

required clarification.  
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7.1.2 !ǳǘƘƻǊΩǎ н-D Coding Style 

The code designed by the author shall now be presented and each section shall be described individually 

before the complete code is presented in Appendix A as Code A.2. As with the Madenci code presented 

in section 7.1.1, where the information differs between the two maximum loads this will be highlighted 

ǘƻ ǘƘŜ ǊŜŀŘŜǊΦ ¢ƘŜ ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ǘƘŜ aŀŘŜƴŎƛ ŎƻŘŜ ŀƴŘ ŀǳǘƘƻǊΩǎ ŎƻŘŜ ǿƛƭƭ ŀƭǎƻ ōŜ ƘƛƎƘƭƛƎƘǘŜŘ ŀƴŘ 

compared. Please note that the Madenci code utilises an alternative version of the coding language, 

where the main command only contains the first four letters. An example would be where the Madenci 

ŎƻŘŜ ǊŜŀŘǎ ά{9/¢Σм,SHELLέ ŀǎ ƻǇǇƻǎŜŘ ǘƻ ǘƘŜ ŀǳǘƘƻǊ ŎƻŘŜ ǊŜŀŘƛƴƎ ά{9/¢¸PE,1,SHELLέΦ ¢ƘŜǎŜ ŀǊŜ ŜȄŀŎǘƭȅ 

the same and have no effect on the programme. 

The code written by the author only contains one difference at the beginning of the code. The units used 

are determined to be SI units, this was primarily done to prevent confusion for any reader. 

In the material properties section, all of the information is the same. The first line denotes that the 

element type used will be a SHELL181 element and that it has been given the arbitrary element number 

one. In this example, there is only one element, but later there will be examples with more than one 

element and each type would be given its own local arbitrary local element type number. The next two 

ƭƛƴŜǎ ŘŜŦƛƴŜ ǘƘŜ ƳŀǘŜǊƛŀƭ ǇǊƻǇŜǊǘƛŜǎ ŦƻǊ ǘƘŜ ƳŀǘŜǊƛŀƭΥ ά9·έ ŘŜƴƻǘŜǎ the YouƴƎΩǎ aƻŘǳƭǳǎ ǾŀƭǳŜ ŀƴŘ άPRXYέ 

ŘŜƴƻǘŜǎ ǘƘŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ǾŀƭǳŜΦ ¢ƘŜ ǘȅǇŜ ƻŦ ǎŜŎǘƛƻƴ ƛǎ ŘŜŦƛƴŜŘ ŀǎ ŀ ǎƘŜƭƭ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ŀƴŘ ǘƘŜ ǘƘƛŎƪƴŜǎǎ 

is defined as well as the material type.  

The geometry of the structure is detailed in a different way to the Madenci code but produces the same 

shape. The code is written in a longer form as later when the geometries become more complex the same 

style could be used to illustrate the data in a written format for the reader. The keypoints are created and 

joined together by lines. The four lines are selected to confirm the full rectangular area of the structure. 

The code advises ANSYS to divide each of the lines a given number of times before applying a mapped 

mesh to the structure. 

The function of the following section is to apply the same action as the Madenci example where there is 

an equal application of one-fifth of the load at five separate time points. Rather than individually 

specifying the load step the underlined lines of code replace the need for these multiple commands. 

!ƭǘŜǊƛƴƎ ǘƘŜ ƴǳƳōŜǊǎ ǿƛǘƘƛƴ ǘƘŜ άb{¦.{¢έ ŎƻƳƳŀƴŘ ƭƛƴŜ ǿƻǳƭŘ ǊŜǎǳƭǘ ƛƴ ŘƛŦŦŜǊŜƴǘ ƭƻŀŘ ǎǘŜǇ ƻǇǘƛƻƴǎΦ ¢ƘŜ 

first number denotes the total number of sub-steps with the following two numbers denoting the 

maximum and the minimum number of sub-steps respectively if the auto-stepping function is used.  
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ANSYS Mechanical APDL can determine the best combination of sub-steps and timings if the user requires 

this option. By ensuring the three numbers are the same it prevents ANSYS from altering the sub-steps 

frequency and ensures, in this case, that the load is added in five equal increments. In later examples, the 

loading patterns are much more complex and would involve too many lines of code to write the required 

loading increment steps as done by Madenci. 

The two code variations have a couple of lines that are the same, and they are there to ensure the relevant 

data collected is stored and that there is a maximum number of equilibrium iterations allowed at each 

sub-step. 

The analysis type is specified as static and as with the Madenci example; the non-linear geometry function 

has been turned on in this section and is seen in Code A.2. If the load was the forty Newtons then this part 

of the code would be omitted as before.  

The relevant boundary conditions were then applied to constrain the model. When compared to the 

aŀŘŜƴŎƛ ŎƻŘŜ ŜŀŎƘ ǾŀǊƛŀōƭŜ ƛǎ ǎǇŜŎƛŦƛŜŘ ƛƴŘƛǾƛŘǳŀƭƭȅ ƛƴ ǘƘŜ ŀǳǘƘƻǊΩǎ ŎƻŘŜΦ !ǎ ōŜŦƻǊŜΣ ǘƘŜ ǊŜŀǎƻƴ ŦƻǊ ǘƘƛǎ ƛǎ 

due to the future complexity of the computational models. Having the option to alter each individual 

boundary condition option was an important consideration.  

The portion of the code regarding degrees-of-ŦǊŜŜŘƻƳ ŦƻǊ ŘƛǎǇƭŀŎŜƳŜƴǘǎ ŀǊŜ ά¦·έΣ ά¦¸έ ŀƴŘ ά¦½έ ŀƴŘ ŦƻǊ 

rotations, ƛǘ ƛǎ άwh¢·έΣ άwh¢¸έ ŀƴŘ άwh¢½έΦ ¢ƘŜ ƭŀǎǘ ƭŜǘǘŜǊ ŘŜƴƻǘŜǎ ǘƘŜ ŘƛǊŜŎtion of the degree-of-freedom. 

¢ƘŜ ά5έ ŎƻƳƳŀƴŘ ƻŦŦŜǊŜŘ ǘƘŜ ƎǊŜŀǘŜǎǘ ŀŎŎǳǊŀŎȅ ǿƘŜƴ ǎŜƭŜŎǘƛƴƎ ǘƘŜ ƴƻŘŜǎ ǘƻ ŎƻƴǎǘǊŀƛƴ ǎƻ ƛǎ ǳǎŜŘ ƛƴ ǘƘŜǎŜ 

early simpler examples as well as the latter more complex problems. 

The first two lines of code select the nodes in the areas defined; all nodes in the x-direction between (0-

0.0001) and (0+0.0001) are selected. From this collection of nodes, an additional selection is made; this is 

the nodes between the locations of (0-0.0001) and (30+0.0001) in the y-direction. It can be seen in Figure 

7.1 the selection made from this piece of coding. 
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¢ƘŜ Ŧƛƴŀƭ ǎŜŎǘƛƻƴ ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ ŎƻŘŜ ŘŜǎŎǊƛōŜǎ ǘƘŜ ƭƻŀŘ ƭƻŎŀǘƛƻƴ ǇƻƛƴǘΣ ƛƴ ǘƘŜ ǎŀƳŜ ǎǘȅƭŜ ŀǎ ōŜŦƻǊŜΣ ŀƴŘ 

the maximum value of the load applied to the model and informs ANSYS to solve the model. Due to the 

earlier coding informing ANSYS of the relevant sub-steps only a single value of the maximum load is now 

required.  

In later chapters, any new sections of code not seen in the previous examples will be highlighted and their 

function will be described. Coding information that has been presented in this section will not be 

ŘŜǎŎǊƛōŜŘ ƛƴ ŦǳǘǳǊŜ ǎŜŎǘƛƻƴǎΦ ¢ƘŜ Ŧǳƭƭ ǾŜǊǎƛƻƴ ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ ŎƻŘŜ ŘƛǎŎǳǎǎŜŘ ƛƴ ǘƘƛǎ ǎŜŎǘƛƻƴ ƛǎ ǇǊŜǎŜƴǘŜŘ ƛƴ 

Appendix A as Code A.2 where the total load applied is forty thousand Newtons. As before the code can 

be simply altered to represent the maximum loading of forty Newtons.  

7.1.3 2-D Post Processor Coding 

To generate the results data for the two different 2-D coding styles the displacements values at two 

different points are needed. Referring to Figure 7.1 it can be seen that point A is the location of the node 

at which the load is applied. Point B is in the same coordinate with regards to the x-axis location of point 

A and is plus thirty with regards to the y-axis coordinate location of point A. Point A is (40,0) and point B 

is (40,30) with respect to the origin. 

The displacement data of points A and point B in the x, y and z directions are needed to compare the two 

coding styles and if the results generated match then it is acceptable to validate the authors coding style 

in a 2-D shell model. 

To use the code the node number at that position in numeral format must be entered. For example, if the 

ƛŘŜƴǘƛŦȅƛƴƎ ƴƻŘŜ ƴǳƳōŜǊ ŀǘ Ǉƻƛƴǘ ! ǿŀǎ άнέ ŀƴŘ ǘƘŜ ƴƻŘŜ ƴǳƳōŜǊ ŀǘ Ǉƻƛƴǘ . ǿŀǎ άннέ ǘƘŜƴ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ 

sections of code would be as shown in Code A.3 in Appendix A. 

Displacement values were collected in the x, y and y directions at points A and B and tables of raw 

displacement data were compiled for each of the four model types: 

¶ Madenci Coding with a forty Newton load applied 

¶ Author Coding with a forty Newton load applied 

¶ Madenci Coding with a forty thousand Newton load applied 

¶ Author Coding with a forty thousand Newton load applied 
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7.1.4 Results and Discussion of the 2-D Coding Validation 

The tables of raw displacement data were then converted into graphical representations for easier 

comparison. The raw data tables can be found in Appendix A and the graphs are presented in this chapter. 

Table A.1 and Figure 7.2 present the data for the Madenci 2-D Code with a forty Newton load applied. 

Table A.2 and Figure 7.2 present the data for the Author 2-D Code with a forty Newton load applied. 

Table A.3 and Figure 7.3 present the data for the Madenci 2-D Code with a forty thousand Newton load 

applied. 

Table A.4 and Figure 7.3 present the data for the Author 2-D Code with a forty thousand Newton load 

applied. 

When the graphical results of the rewritten Madenci code, shown in Figure 7.3, were compared to the 

results in the book it was decided that the results were comparably similar and it was agreed that the 

rewritten code acceptably mimicked the original code in the book (Madenci, 2015). 

After reviewing and comparing the results for the different coding styles in the two loading applications 

ƛǘ ǿŀǎ ŎƻƴŎƭǳŘŜŘ ǘƘŀǘ ǘƘŜ ǊŜǎǳƭǘǎ ǿŜǊŜ ŎƻƳǇŀǊŀōƭȅ ǎƛƳƛƭŀǊ ǘƻ ǾŀƭƛŘŀǘŜ ǘƘŜ ǳǎŜ ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ ŎƻŘƛƴƎ ǎǘȅƭŜΦ 

Comparison of the raw data tables as well as the graphical representations provided no discernible 

deviation from the expected result.  
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Figure 7.2 Displacement Data Graph for the Madenci and Author 2-D Codes  

with Forty Newton Load Applied  
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Figure 7.3 Displacement Data Graph for the Madenci and Author 2-D Codes 

with Forty Thousand Newton Load Applied  
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7.2 Large Deformation Analysis of a Plate using 3-D Solid Elements 

The next stage required the creation of a 3-D version of the code using solid elements to validate the 

ŀǳǘƘƻǊΩǎ ǎǘȅƭŜ ǿƛǘƘ ǊŜƎŀǊŘǎ ǘƻ о-D solid coding. In later chapters, the use of 3-D solid models is required 

to validate the results generated by 2-D shell element models when the models are subjected to different 

corrosion degradation configurations. 2-D models are much quicker to analyse through ANSYS so it was 

important to ensure that these models accurately depicted the conditions they were subjected to. A 3-D 

model allows for easier visualisation of the physical problem compared to a 2-D model. 

There are two options for 3-D solid modelling; which are SOLID185 and SOLID186. These two element 

types differ in the number of nodes they each have, SOLID185 has eight nodes in 3-D space and SOLID186 

has twenty nodes in 3-D space. Figure 7.4 (SHARCNET,2018a) shows a visual representation of the 

SOLID185 element and Figure 7.5 (SHARCNET, 2018b) shows a visual representation of the SOLID186 

element. 

Two versions of the 3-D code were created to see if there was any discernible difference with the results 

depending on the element type used. The number of line divisions was also increased to see if the fineness 

of the mesh had any effect on the results produced (only in the forty thousand Newton loading model). 

In theory, a finer mesh produces a more accurate result but the time required for analysis is much greater. 

A balancing act to determine the most accurate result versus the time required to produce this result is 

important. When the 3-D code is broken down the alterations to the coding will be highlighted at the 

relevant points as before. The three alterations explored in the 3-D validation model were: 

¶ The maximum loadings - forty Newtons and forty thousand Newtons 

¶ The element type ς SOLID185 and SOLID186 

¶ The number of line divisions ς twenty in the original coarser mesh and forty in the finer mesh   
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Figure 7.4 SOLID185 Element with Eight Nodes (SHARCNET,2018a) 

 

Figure 7.5 SOLID186 Element with Twenty Nodes (SHARCNET,2018b)   
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7.2.1 !ǳǘƘƻǊΩǎ о-D Coding Style 

The 3-D code designed by the author shall now be presented and each new section shall be described 

individually before the complete code is presented in Appendix A as Code A.4. Aǎ ǿƛǘƘ ǘƘŜ ŀǳǘƘƻǊΩǎ н-D 

code presented in section 7.1.2, where the information differs between the two maximum loads, the 

element types and the line divisions this will be highlighted to the reader. The differences between the 

ŀǳǘƘƻǊΩǎ н-D code and 3-D code will also be highlighted and compared. 

As before the title would vary depending on the maximum load applied, this would be altered to read 

άκ¢L¢[9,Author /ƻŘƛƴƎ ŦǊƻƳ aŀŘŜƴŎƛ .ƻƻƪΥ плb [ƻŀŘέΦ ¢ƘŜ ǇŀǊǘ ƻŦ ǘƘŜ ŎƻŘŜ relating to the element type 

ǿƻǳƭŘ ōŜ ŎƘŀƴƎŜŘ ǘƻ ǘŀƪŜ ƛƴǘƻ ŀŎŎƻǳƴǘ ǘƘŜ ŀƭǘŜǊƴŀǘƛǾŜ ŜƭŜƳŜƴǘ ǘȅǇŜ ŀƴŘ ǿƻǳƭŘ ǊŜŀŘ ά9¢Σм,SOLID186έ 

instead. 

The material properties portion of the code is as before but the geometry sections are altered slightly 

with the inclusion of the z-direction coordinates and a line of code at the bottom of the section instructing 

the model to be extruded to create a volume and therefore exist in 3-D.  

The divisions of the lines are slightly different than before as there are now many more and there are also 

lines defining the thickness. The lines defining the length and width are selected separately from the 

thickness lines and are divided appropriately. To model the finer mesh variation the number of line 

divisions ǿƻǳƭŘ ōŜ ŎƘŀƴƎŜŘ ŦǊƻƳ ǘƘŜ ƴǳƳōŜǊ άнлέ ǘƻ άплέ. 

The thickness lines were divided into four sections. The reason for this was a consideration for later more 

complex models that include pits at three different depths. By creating the early code with this 

consideration, it would make later complex codes easier to create and they would also share as much 

commonality as possible with these early models. As before the last part of the code advises ANSYS to 

model with a volume mapped mesh as it is now a 3-D model.  

There are no changes to the section advising ANSYS of the load and time stepping static analysis. 

Additional information is required to advise ANSYS of the boundary conditions relating to the z-direction. 

Please note that in a 3-D model there are no degrees of freedom related to the rotations so these are 

omitted from the code. As before, a portion of the code can be ŀƭǘŜǊŜŘ ǘƻ ǊŜŀŘ άC,ALL,FZ,-плέ ŦƻǊ ǘƘŜ ŦƻǊǘȅ 

Newton maximum loading condition.  
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7.2.2 3-D Post Processor Coding 

The coding style originally presented in section 7.1.3 is utilised to collect the relevant displacement values 

in the x, y and z directions at points A and B and tables of raw displacement data were compiled for each 

of the six model types: 

¶ 3-D Coding with a forty Newton load applied to a SOLID185 element type model 

¶ 3-D Coding with a forty Newton load applied to a SOLID186 element type model 

¶ 3-D Coding with a forty thousand Newton load applied to a SOLID185 element type model 

¶ 3-D Coding with a forty thousand Newton load applied to a SOLID186 element type model 

¶ 3-D Coding with a forty thousand Newton load applied to a SOLID185 element type model with 

a finer mapped meshing 

¶ 3-D Coding with a forty thousand Newton load applied to a SOLID186 element type model with 

a finer mapped meshing 

7.2.3 Results and Discussion of the 3-D Coding Validation 

The tables of raw displacement data were then converted into graphical representations for easier 

comparison. As before, the raw data tables can be found in Appendix A and the graphs are presented in 

this chapter. 

Table A.5 and Figure 7.6 present the data for the 3-D code with a forty Newton load applied to a SOLID185 

element type model. 

Table A.6 and Figure 7.6 present the data for the 3-D code with a forty Newton load applied to a SOLID186 

element type model. 

Table A.7 and Figure 7.7 present the data for the 3-D code with a forty thousand Newton load applied to 

a SOLID185 element type model. 

Table A.8 and Figure 7.7 present the data for the 3-D code with a forty thousand Newton load applied to 

a SOLID186 element type model. 

Table A.9 and Figure 7.8 present the data for the 3-D code with a forty thousand Newton load applied to 

a SOLID185 element type model with a finer mapped meshing. 

Table A.10 and Figure 7.8 present the data for the 3-D code with a forty thousand Newton load applied to 

a SOLID186 element type model with a finer mapped meshing.  
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It can be seen in graphical data depicting the three SOLID185 models, Figures 7.6, 7.7 and 7.8; the results 

generated do not match closely enough with the 2-D models generated in section 7.1.3. The reason for 

this is believed to be the lower number of nodes on a SOLID185 element. Essentially due to the lower 

number of nodes, many more approximations are made by the ANSYS programme and because of this 

the accuracy of the result is lost. For this reason, no 3-D models from this point will use the SOLID185 

element type. Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ǘƘŀǘ ǘƘŜ ƭƻǎǘ ŀŎŎǳǊŀŎȅ Ƴŀȅ ƻƴƭȅ ōŜ ƛƴ ŀƴ ƛǎǎǳŜ ǿƘŜƴ ǘƘŜ άōŜƴŘƛƴƎέ 

capability of the model is important. It is possible that if the problem involved the structure beƛƴƎ άǇǳƭƭŜŘέ 

then a model with SOLID185 elements may be acceptable. 

The 3-D models created using the SOLID186 element, Figures 7.6, 7.7 and 7.8, do exhibit similar results to 

the 2-D models generated in section 7.1.3. It was concluded that the results were comparably similar to 

ǾŀƭƛŘŀǘŜ ǘƘŜ ǳǎŜ ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ о-D coding style. Figure 7.9 confirms the validation of the 3-D where the 

load applied is forty Newtons. The forty thousand Newton load 3-D validation is depicted in Figure 7.10. 

The finer mesh in the SOLID186 did not increase the level of accuracy to a considerably noticeable degree 

to necessarily warrant the additional analysis time. It was decided that the best course of action would be 

to perform a mesh convergence study for both the 2-D SHELL181 and 3-D SOLID186 models with more 

complex geometries to ascertain the best combination of mapped mesh coarseness versus computation 

time and this data is presented in Chapter Eight.  



University of Strathclyde  Daniel Richard Hugh Mancini 
Department of Naval Architecture, Ocean and Marine Engineering  Chapter Seven: Validation of Coding Style 
 

89 

 

Figure 7.6 Displacement Data Graph for 3-D Code with a Forty Newton Load Applied to a SOLID185 

and SOLID186 Element Type Model 
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Figure 7.7 Displacement Data Graph for 3-D Code with a Forty Thousand Newton Load Applied to a 

SOLID185 and SOLID186 Element Type Model 
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Figure 7.8 Displacement Data Graph for 3-D Code with a Forty Thousand Newton Load Applied to a 

SOLID185 and SOLID186 Element Type Model with a Finer Mapped Mesh 
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Figure 7.9 Displacement Data Graph to Confirm the Validation of the 3-D Code  

with Forty Newton Load Applied 
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Figure 7.10 Displacement Data Graph to Confirm the Validation of the 3-D Code 

with Forty Thousand Newton Load Applied 
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7.3 Further Model Validation 

In sections 7.1 and 7.2, ǘƘŜ ŀǳǘƘƻǊΩǎ н-D and 3-D buckling models have been compared to each other as 

ǿŜƭƭ ŀǎ ǘƻ ŀ ǇǳōƭƛǎƘŜŘ ŜȄŀƳǇƭŜ ǘƻ ŎƻƴŦƛǊƳ ǘƘŜ ǾŀƭƛŘƛǘȅ ŀƴŘ ŀŎŎǳǊŀŎȅ ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ ǎǘȅƭŜΦ Lƴ ǘƘƛǎ section, 

the plate geometries and the material properties discussed in Chapter One for the steel plate have 

replaced the Madenci (2015) published model data. The data from Chapter One that is relevant to these 

validation procedures have been presented in Table 7.1 (Paik et al., 2003; 2004). 

Table 7.1 Steel Plate Geometric and Material Properties (Paik et al., 2003; 2004) 

Geometric or Material Property Value 

Plate Width (m) 0.8 

Plate Length (m) 0.8 

Plate Thickness (m) 0.01 

¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ό9ύ (GPa)  205.8 

tƻƛǎǎƻƴΩǎ wŀǘƛƻ ό)˄ 0.3 

The model is still fully constrained as before but this time the nodes between points A and B have been 

coupled to ensure the model behaves as is expected in future computational work where the load is 

applied in the x-direction rather than the z-direction. In the following validation procedures, it is expected 

that the displacement measurements at point B should exactly mimic that of point A. Figure 7.11 is a 

modified version of Figure 7.1 taken from the Madenci (2015) publication to illustrate the model used in 

this final validation section.  

 

Figure 7.11 Further Validation Model Illustration (Madenci, 2015)  
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The author decided to create and compute two further models to fully validate the 2-D and 3-D models 

to be used in the main results chapters of this project. The Madenci (2015) example and subsequent 

author code variations discussed in sections 7.1 and 7.2 modelled the non-linear buckling of the plate. 

This analysis type will be repeated two more times with the new model shown in Figure 7.11, once for the 

SHELL181 element and once for the SOLID186 element type and will be presented in this section of the 

chapter.  

The two models presented in this section will have an arbitrary maximum load of forty thousand Newtons 

applied on both occasions as before. It is felt that the codes for these two models do not need much 

further explanation as they are very similar to the models explored previously. The two differences that 

can be highlighted are the new coding option for creating the geometry where a block option is used 

instead of the keypoint, line and area functions as before and also the code to include the coupling of the 

nodes. Please note that the load stepping has also been altered from the previous examples. 

In the 2-D example, ǘƘŜ ά.[/пέ ŎƻƳƳŀƴŘ is used, along with a different style of line division where it is 

the element size that is specified rather than the line size. In the 3-D example, ǘƘŜ ά.ƭƻŎƪέ ŎƻƳƳŀƴŘ ƛǎ 

used and includes the z coordinate to produce the model in 3-D without the need for a second command 

line. Here due to the complexity, the line size command is used again as before afterwards. In both models 

the line command to couple the nodes are very similar, the only difference is the additional line relating 

to the z-axis node selection in the 3-D model.  
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The full code variations are shown in Appendix A with Code A.5 denoting the 2-D code and 3-D code shown 

in Code A.6.  and the post-processor code introduced in section 7.1.3 is used to generate the displacement 

data values in the x, y and z directions at points A and B. Tables of raw displacement data were compiled 

for the two model types: 

¶ 2-D Coding with an arbitrary forty thousand Newton load applied  

¶ 3-D Coding with an arbitrary forty thousand Newton load applied  

The tables of raw displacement data were then converted into graphical representations for easier 

comparison. The raw data tables can be found in Appendix A and the graphs are presented in this chapter. 

¶ Table A.11 and Figure 7.12 present the data for the 2-D code with an arbitrary forty thousand 

Newton load applied  

¶ Table A.12 and Figure 7.12 present the data for the 3-D code with an arbitrary forty thousand 

Newton load applied  

The graphical representations of the 2-D and 3-D models created with the altered validation conditions 

shown in Figure 7.12 exhibit similar results to each other. It was concluded that the results were 

ŎƻƳǇŀǊŀōƭȅ ǎƛƳƛƭŀǊ ǘƻ ǾŀƭƛŘŀǘŜ ǘƘŜ ǳǎŜ ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ ŎƻŘƛƴƎ ǎǘȅƭŜ ŀnd that the next stage can begin, 

whereby a mesh convergence study is completed. 
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Figure 7.12 Displacement Data Graph for 2-D and 3-D Code with an Arbitrary Forty Thousand Newton 
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Chapter Eight: Mesh Convergence Study 

The final piece of validation work involved the completion of a mesh convergence study for a fully intact 

plate and a plate with a hole in 2-D and 3-D. It is well known that as a mesh is made finer the solution 

produced is more accurate but to generate this more accurate result a longer computation time is 

required. Therefore, by performing a mesh convergence study it was possible to deduce the best balance 

between accurate results and computation time. To complete the convergence study for this project the 

finest mesh was analysed first and was made incrementally coarser until the fourth and final iteration had 

approximately one quarter the number of the elements of the finest mesh. 

The SHELL181 element type was used for the 2-D analysis and from the validation work completed in 

Chapter Seven it was decided that the SOLID186 element type would be used for the 3-D model. Figures 

8.1 and 8.2 show the two plate configurations used in the convergence study and the position where the 

load is applied. The geometric and material properties of the plates are as in Chapter One and are 

presented in Table 8.1 (Paik et al., 2003; 2004). 

 

Figure 8.1 Intact Plate Configuration 

 

Figure 8.2 Plate with a Hole Configuration  
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Table 8.1 Steel Plate Geometric and Material Properties (Paik et al., 2003; 2004) 

Geometric or Material Property Value 

Plate Width (m) 0.8 

Plate Length (m) 0.8 

Plate Thickness (m)  0.01 

Shape of Hole Circular 

Diameter of Hole (m) 0.1 

¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ό9ύ (GPa)  205.8 

tƻƛǎǎƻƴΩǎ wŀǘƛƻ ό)˄ 0.3 

For each plate configuration and mesh coarseness, the Eigenvalue buckling was deduced and in the 

appropriate section, the results are shared. Using the Eigenvalue result the next stage was to simulate a 

non-linear analysis run where the Eigenvalue buckling load was incrementally added in 10 individual step 

points.  

As before, in Chapter Seven, the nodes on the right-hand side had been coupled to ensure the 

displacement was the equal at the three measured points A, B and C. The nodes on the left-hand side 

were again fully constrained and the load was applied to the centre node on the right-hand side of the 

plate denoted as point B in Figures 8.1 and 8.2. 

In sections 8.1 and 8.2, the shell convergence study will be documented and the solid convergence study 

will be documented in sections 8.3 and 8.4. The first part of each section will focus on the fully intact plate 

and the results before considering the plate with a hole configuration. As in the previous chapter, any new 

lines of coding will be introduced with the full version of the respective code presented in Appendix B.  
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8.1 Intact Shell Convergence Study 

The purpose of an Eigenvalue buckling analysis is to produce an estimated Eigenvalue buckling result 

which can then be used in the non-linear analysis code to produce a node displacement result. In the 

previous chapter, the maximum load value was an arbitrary value, by completing an Eigenvalue buckling 

analysis a much more accurately predicted result is produced that relates exactly to the model under 

inspection. The result produced by the Eigenvalue analysis is applied to a non-linear analysis at 110% of 

the load predicted in the appropriate load direction with a 0.5% load applied in a transverse direction to 

initiate the buckling mechanism. 

The first stage is to create the conditions to predict the Eigenvalue buckling value. Taking the example of 

the finest mesh configuration; the first part of the code is effectively exactly as seen before and the 2-D 

model is created with the appropriate geometric and material properties. The boundary conditions and 

node coupling matched the styles used before.  

The loading portion of the code and the analysis options of the code differ from what has been introduced 

previously. The load applied is one Newton and through the analysis options selected by the user ANSYS 

essentially continually increases the load by one newton until the buckling point is reached and the model 

fails.  

To generate the Eigenvalue buckling result, a deflected shape model is generated that the user can use to 

validate the buckling mechanism along with a text box detailing the Eigenvalue buckling value. The code 

written in full for the 2-D intact plate using a SHELL181 element type with a very fine mesh is presented 

in Appendix B as Code B.1.  
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8.1.1 Mesh Fineness Variation for the 2-D Intact Plate 

As mentioned, the fineness of the mesh is the only property altered in the convergence study. For the 2-

D fully intact SHELL181 model this requires an alteration to only one line of the code relating to the mesh 

element size to produce the four various options 

As well as changing the title of the code the value inserted into the code is altered to one of the four 

following options depending on the mesh fineness required: 

¶ Very fine mesh  = 0.02 

¶ Fine mesh  = 0.027 

¶ Coarse mesh  = 0.04 

¶ Very coarse mesh = 0.08  

The results of the Eigenvalue buckling at each mesh fineness is presented in Table 8.2. The results are very 

comparable so when the total load of 110% and a transverse load of 0.5% were calculated for the non-

linear analysis the results for each meshing fineness was the same at -61550 N and 308 N, respectively. 

Table 8.2 Eigenvalue Buckling Results for the 2-D Intact Plate 

Mesh Type Eigenvalue Buckling Result (N) 

Very Fine Mesh 55937 

Fine Mesh 55952 

Coarse Mesh 55990 

Very Coarse Mesh 56184 
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8.1.2 Non-Linear Analysis for the 2-D Intact Plate  

As discussed in section 7.1 the only alteration to the non-linear analysis coding styles presented in the 

previous chapter is the style of the maximum loading and the addition of the transverse load to initiate 

buckling.  

The full code for the non-linear analysis of the fully intact 2-D plate with a very fine mesh is shown as Code 

B.2 in Appendix B; please note as before the element size must be altered as per section 8.1.1 depending 

on the fineness of the mesh required. 

The post-processor used in the convergence studies is very similar to the one used in the previous chapter. 

The only difference is the addition of a section of coding to generate the displacement values for the 

additional point C that was not present before. Please note point B has moved from the top edge of the 

right-hand side of the plate to the centre loading point with point C in the old location. The post-processor 

requires the insertion of the specific node numbers to replace the respective parts of the code as was the 

case in the previous chapter. The full post processor code is presented as Code B.3 in Appendix B. 

8.1.3 Results for the 2-D Intact Plate 

The four levels of mesh fineness will be presented in this section where each has a table denoting the 

displacement values at each time step at each point. A load-deflection graph for each level of mesh 

fineness is also presented which shows the accuracy of the predicted buckling value to the failure point 

as expected. If the Eigenvalue buckling value predicted is accurate the graph will show a sudden dip at 

this load point as the model has buckled and failed. The table discussed will be presented in Appendix B 

and the figures will be presented in the relevant chapter sub-section. 

Three graphs will also be presented to better illustrate the data presented in the table. These graphs show 

the displacement at each point, A, B and C, at each time step relative to the load applied at each time 

step. If the coupling applied to the model has been successful each of the three graphs will be identical.  
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8.1.3.1 Very Fine Mesh Results 

Table B.1 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.3. The individual graphs for the 

node displacement values generated at points A, B and C are shown in Figures 8.4, 8.5 and 8.6, 

respectively. 

 

Figure 8.3 Load ς Deflection Graph for an Intact Shell Plate with a Very Fine Mesh 
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Figure 8.4 Intact Shell Plate with a Very Fine Mesh Node Displacement at Point A 

 

Figure 8.5 Intact Shell Plate with a Very Fine Mesh Node Displacement at Point B 
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Figure 8.6 Intact Shell Plate with a Very Fine Mesh Node Displacement at Point C  
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8.1.3.2 Fine Mesh Results 

Table B.2 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.7. The individual graphs for the 

displacement values generated at points A, B and C are shown in Figures 8.8, 8.9 and 8.10, respectively. 

 

Figure 8.7 Load ς Deflection Graph for an Intact Shell Plate with a Fine Mesh 
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Figure 8.8 Intact Shell Plate with a Fine Mesh Node Displacement at Point A 

 

Figure 8.9 Intact Shell Plate with a Fine Mesh Node Displacement at Point B 
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Figure 8.10 Intact Shell Plate with a Fine Mesh Node Displacement at Point C  
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8.1.3.3 Coarse Mesh Results 

Table B.3 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.11. The individual graphs for the 

displacement values generated at points A, B and C are shown in Figures 8.12, 8.13 and 8.14, respectively. 

 

Figure 8.11 Load ς Deflection Graph for an Intact Shell Plate with a Coarse Mesh  
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Figure 8.12 Intact Shell Plate with a Coarse Mesh Node Displacement at Point A 

 

Figure 8.13 Intact Shell Plate with a Coarse Mesh Node Displacement at Point B 
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Figure 8.14 Intact Shell Plate with a Coarse Mesh Node Displacement at Point C  
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8.1.3.4 Very Coarse Mesh Results 

Table B.4 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.15. The individual graphs for the 

displacement values generated at points A, B and C are shown in Figures 8.16, 8.17 and 8.18, respectively. 

 

Figure 8.15 Load ς Deflection Graph for an Intact Shell Plate with a Very Coarse Mesh 
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Figure 8.16 Intact Shell Plate with a Very Coarse Mesh Node Displacement at Point A 

 

Figure 8.17 Intact Shell Plate with a Very Coarse Mesh Node Displacement at Point B 
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Figure 8.18 Intact Shell Plate with a Very Coarse Mesh Node Displacement at Point C  
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8.2 Plate with a Hole Shell Convergence Study 

In section 8.1 the reasons and the procedure for producing an Eigenvalue buckling value were discussed 

so in this section only the variations in the written code will be discussed before focussing on how the 

variation in meshing fineness is applied. The variations in the code for the non-linear analysis will then be 

introduced before the results are presented. 

The geometrical configuration of a plate with a hole is much more complex than the intact model so the 

code uses the keypoint, line and area creation style seen previously to allow for finer detailing. The fifth 

keypoint becomes the centre of a circular area that is created and then removed to produce a hole in the 

centre of the plate.  

The lines that are formed when this circle is created must be merged to produce a smaller number of lines 

as ANSYS has a limitation with regards to the number of lines that can be used to create an area. Without 

combining the lines on the circumference of the circle then there would be too many to allow ANSYS to 

create the individual areas.  

As seen in Chapter Seven, for the solid example, the individual lines are divided into a given number to 

allow for the mapped meshing to be applied. The remaining portion of the code is similar to the 2-D shell 

mesh convergence example from section 8.1. The full code for the 2-D shell plate with a hole including 

the post-processor step to produce the visual check and the actual Eigenvalue buckling result is presented 

in Appendix B as Code B.4. 
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8.2.1 Mesh Fineness Variation for the 2-D Plate with a Hole 

As mentioned, the fineness of the mesh is the only property altered in the convergence study. For the 2-

D plate with a hole SHELL181 model, this requires alterations to three lines of the code to produce the 

four various options. The sites of the variations are ƛƴ ǘƘŜ ǎŜŎǘƛƻƴǎ ŘŜǘŀƛƭƛƴƎ ǘƘŜ ƭƛƴŜ ǎƛȊŜ ƻŦ ǘƘŜ άhǳǘŜǊ [ƛƴŜ 

5ƛǾƛǎƛƻƴǎέΣ άLƴƴŜǊ [ƛƴŜ 5ƛǾƛǎƛƻƴǎ ŀƴŘ {ǇŀŎƛƴƎέ ŀƴŘ ǘƘŜ ά/ƛǊŎƭŜ 5ƛǾiǎƛƻƴǎέ ǎŜŎǘƛƻƴǎ ƻŦ /ƻŘŜ .ΦпΦ 

As well as changing the title of the code the inserted values of the code as detailed above are altered to 

one of the four following combinations of options depending on the mesh fineness required: 

¶ Very fine mesh  = 40 ς 50 ς 20  

¶ Fine mesh  = 30 ς 37 ς 15 

¶ Coarse mesh  = 20 ς 25 ς 10 

¶ Very coarse mesh = 10 ς 12 ς 5 

The results of the Eigenvalue buckling at each mesh fineness is presented in Table 8.3. The results are very 

comparable so when the total load of 110% and a transverse load of 0.5% were calculated for the non-

linear analysis the results for each meshing fineness was the same at -55750 N and 278 N, respectively. 

Table 8.3 Eigenvalue Buckling Results for the 2-D Plate with a Hole 

Mesh Type Eigenvalue Buckling Result (N) 

Very Fine Mesh 50667 

Fine Mesh 50667 

Coarse Mesh 50703 

Very Coarse Mesh 50831 

8.2.2 Non-Linear Analysis for the 2-D Plate with a Hole 

The code for the non-linear analysis of the 2-D plate with a hole does not contain any lines of code not 

seen previously so it is presented in full with a very fine mesh in Appendix B as Code B.5; please note as 

before the line sizes must be altered as per section 8.2.1 depending on the fineness of the mesh. 

The post-processor code is exactly as before, please see Code B.3 in Appendix B for the full code. 
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8.2.3 Results for the 2-D Plate with a Hole 

The four levels of mesh fineness will be presented in this section where each has a table denoting the 

displacement values at each time step at each point. A load-deflection graph for each level of mesh 

fineness is also presented which shows the accuracy of the predicted buckling value to the failure point 

as expected. If the Eigenvalue buckling value predicted is accurate the graph will show a sudden dip at 

this load point as the model has buckled and failed. The table discussed will be presented in Appendix B 

and the figures will be presented in the relevant chapter sub-section. 

Three graphs will also be presented to better illustrate the data presented in the table. These graphs show 

the displacement at each point, A, B and C, at each time step relative to the load applied at each time 

step. If the coupling applied to the model has been successful each of the three graphs will be identical.  
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8.2.3.1 Very Fine Mesh Results 

Table B.5 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.18. The individual graphs for the 

node displacement values generated at points A, B and C are shown in Figures 8.19, 8.20 and 8.21, 

respectively. 

 

Figure 8.18 Load ς Deflection Graph for a Shell Plate with a Hole and a Very Fine Mesh 
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Figure 8.19 Shell Plate with a Hole and a Very Fine Mesh Node Displacement at Point A 

 

Figure 8.20 Shell Plate with a Hole and a Very Fine Mesh Node Displacement at Point B 
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Figure 8.21 Shell Plate with a Hole and a Very Fine Mesh Node Displacement at Point C  
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8.2.3.2 Fine Mesh Results 

Table B.6 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.22. The individual graphs for the 

displacement values generated at points A, B and C are shown in Figures 8.23, 8.24 and 8.25, respectively. 

 

Figure 8.22 Load ς Deflection Graph for a Shell Plate with a Hole and a Fine Mesh 
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Figure 8.23 Shell Plate with a Hole and a Fine Mesh Node Displacement at Point A 

 

Figure 8.24 Shell Plate with a Hole and a Fine Mesh Node Displacement at Point B 
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Figure 8.25 Shell Plate with a Hole and a Fine Mesh Node Displacement at Point C  
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8.2.3.3 Coarse Mesh Results 

Table B.7 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.26. The individual graphs for the 

displacement values generated at points A, B and C are shown in Figures 8.27, 8.28 and 8.29, respectively. 

 

Figure 8.26 Load ς Deflection Graph for a Shell Plate with a Hole and a Coarse Mesh  
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Figure 8.27 Shell Plate with a Hole and a Coarse Mesh Node Displacement at Point A 

 

Figure 8.28 Shell Plate with a Hole and a Coarse Mesh Node Displacement at Point B 
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Figure 8.29 Shell Plate with a Hole and a Coarse Mesh Node Displacement at Point C  
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8.2.3.4 Very Coarse Mesh Results 

Table B.8 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.30. The individual graphs for the 

displacement values generated at points A, B and C are shown in Figures 8.31, 8.32 and 8.33, respectively. 

 

Figure 8.30 Load ς Deflection Graph for a Shell Plate with a Hole and a Very Coarse Mesh 
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Figure 8.31 Shell Plate with a Hole and a Very Coarse Mesh Node Displacement at Point A 

 

Figure 8.32 Shell Plate with a Hole and a Very Coarse Mesh Node Displacement at Point B 
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Figure 8.33 Shell Plate with a Hole and a Very Coarse Mesh Node Displacement at Point C  
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8.3 Intact Solid Convergence Study 

In section 8.1 the reasons and the procedure for producing an Eigenvalue buckling value were discussed. 

In this section, there are no new lines of the written code that need to be discussed so the Eigenvalue 

buckling code will be presented in full before focussing on how the variation in meshing fineness is 

applied. There are also no new variations in the code for the non-linear analysis, so again, it will be 

presented in full before the results are shown. 

The full Eigenvalue buckling code is shown in Code B.6 in Appendix B for the intact 3-D solid plate with a 

very fine mesh including the post-processor step to produce the visual check and the actual Eigenvalue 

buckling result. 

8.3.1 Mesh Fineness Variation for the Intact 3-D Plate 

As mentioned, the fineness of the mesh is the only property altered in the convergence study. For the 

fully intact 3-D SOLID186 model this requires an alteration to a single line of the code to produce the four 

various options.  

As well as changing the title of the code the inserted value of the code highlighted above is altered to one 

of the four following options depending on the mesh fineness required: 

¶ Very fine mesh  = 40   

¶ Fine mesh  = 30  

¶ Coarse mesh  = 20  

¶ Very coarse mesh = 10  

The results of the Eigenvalue buckling at each mesh fineness is presented in Table 8.4. The results are very 

comparable so when the total load of 110% and a transverse load of 0.5% were calculated for the non-

linear analysis the results for each meshing fineness was the same at -61550 N and 308 N, respectively. 

Table 8.4 Eigenvalue Buckling Results for the Intact 3-D Plate 

Mesh Type Eigenvalue Buckling Result (N) 

Very Fine Mesh 55942 

Fine Mesh 55945 

Coarse Mesh 55953 

Very Coarse Mesh 55984 



University of Strathclyde  Daniel Richard Hugh Mancini 
Department of Naval Architecture, Ocean and Marine Engineering  Chapter Eight: Mesh Convergence Study 
 

131 

8.3.2 Non-Linear Analysis for the Intact 3-D Plate  

The code for the non-linear analysis of the Intact 3-D plate does not contain any lines of code not seen 

previously so it is presented in full as Code B.7 on Appendix B with a very fine mesh; please note as before 

the line sizes must be altered as per section 8.3.1 depending on the fineness of the mesh. 

The post-processor code is exactly as before, please see Code B.3 in Appendix B for the full code. 

8.3.3 Results for the Intact 3-D Plate  

The four levels of mesh fineness will be presented in this section where each has a table denoting the 

displacement values at each time step at each point. A load-deflection graph for each level of mesh 

fineness is also presented which shows the accuracy of the predicted buckling value to the failure point 

as expected. If the Eigenvalue buckling value predicted is accurate the graph will show a sudden dip at 

this load point as the model has buckled and failed. The table discussed will be presented in Appendix B 

and the figures will be presented in the relevant chapter sub-section. 

Three graphs will also be presented to better illustrate the data presented in the table. These graphs show 

the displacement at each point, A, B and C, at each time step relative to the load applied at each time 

step. If the coupling applied to the model has been successful each of the three graphs will be identical.  
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8.3.3.1 Very Fine Mesh Results 

Table B.9 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.34. The individual graphs for the 

node displacement values generated at points A, B and C are shown in Figures 8.35, 8.36 and 8.37, 

respectively. 

 

Figure 8.34 Load ς Deflection Graph for an Intact Solid Plate with a Very Fine Mesh 
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Figure 8.35 Intact Solid Plate with a Very Fine Mesh Node Displacement at Point A 

 

Figure 8.36 Intact Solid Plate with a Very Fine Mesh Node Displacement at Point B 
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Figure 8.37 Intact Solid Plate with a Very Fine Mesh Node Displacement at Point C  
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8.3.3.2 Fine Mesh Results 

Table B.10 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.38. The individual graphs for the 

displacement values generated at points A, B and C are shown in Figures 8.39, 8.40 and 8.41, respectively. 

 

Figure 8.38 Load ς Deflection Graph for an Intact Solid Plate with a Fine Mesh 
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Figure 8.39 Intact Solid Plate with a Fine Mesh Node Displacement at Point A 

 

Figure 8.40 Intact Solid Plate with a Fine Mesh Node Displacement at Point B 
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Figure 8.41 Intact Solid Plate with a Fine Mesh Node Displacement at Point C  



University of Strathclyde  Daniel Richard Hugh Mancini 
Department of Naval Architecture, Ocean and Marine Engineering  Chapter Eight: Mesh Convergence Study 
 

138 

8.3.3.3 Coarse Mesh Results 

Table B.11 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.42. The individual graphs for the 

displacement values generated at points A, B and C are shown in Figures 8.43, 8.44 and 8.45, respectively. 

 

Figure 8.42 Load ς Deflection Graph for an Intact Solid Plate with a Coarse Mesh  
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Figure 8.43 Intact Solid Plate with a Coarse Mesh Node Displacement at Point A 

 

Figure 8.44 Intact Solid Plate with a Coarse Mesh Node Displacement at Point B 
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Figure 8.45 Intact Solid Plate with a Coarse Mesh Node Displacement at Point C  
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8.3.3.4 Very Coarse Mesh Results 

Table B.12 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.46. The individual graphs for the 

displacement values generated at points A, B and C are shown in Figures 8.47, 8.48 and 8.49, respectively. 

 

Figure 8.46 Load ς Deflection Graph for an Intact Solid Plate with a Very Coarse Mesh 
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Figure 8.47 Intact Solid Plate with a Very Coarse Mesh Node Displacement at Point A 

 

Figure 8.48 Intact Solid Plate with a Very Coarse Mesh Node Displacement at Point B 
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Figure 8.49 Intact Solid Plate with a Very Coarse Mesh Node Displacement at Point C  
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8.4 Plate with a Hole Solid Convergence Study 

In section 8.1 the reasons and the procedure for producing an Eigenvalue buckling value were discussed. 

In this section, there are no new lines of the written code that need to be discussed so the Eigenvalue 

buckling code will be presented in full before focussing on how the variation in meshing fineness is 

applied. There are also no new variations in the code for the non-linear analysis, so again, it will be 

presented in full before the results are shown. 

The full Eigenvalue buckling code is shown in Appendix B as Code B.8 for the 3-D solid plate with a hole 

with a very fine mesh including the post-processor step to produce the visual check and the actual 

Eigenvalue buckling result. 

8.4.1 Mesh Fineness Variation for the 3-D Plate with a Hole 

As mentioned, the fineness of the mesh is the only property altered in the convergence study. For the 3-

D plate with a hole SOLID186 model, this requires alterations to three lines of the code to produce the 

four various options. The sites of the variations are ƛƴ ǘƘŜ ǎŜŎǘƛƻƴǎ ŘŜǘŀƛƭƛƴƎ ǘƘŜ ƭƛƴŜ ǎƛȊŜ ƻŦ ǘƘŜ άhǳǘŜǊ [ƛƴŜ 

5ƛǾƛǎƛƻƴǎέΣ άLƴƴŜǊ [ƛƴŜ 5ƛǾƛǎƛƻƴǎ ŀƴŘ {ǇŀŎƛƴƎέ ŀƴŘ ǘƘŜ ά/ƛǊŎƭŜ 5ƛǾiǎƛƻƴǎέ ǎŜŎǘƛƻƴ ƻŦ /ƻŘŜ .ΦуΦ 

As well as changing the title of the code the inserted values of the code as detailed above are altered to 

one of the four following combinations of options depending on the mesh fineness required: 

¶ Very fine mesh  = 40 ς 50 ς 20  

¶ Fine mesh  = 30 ς 37 ς 15 

¶ Coarse mesh  = 20 ς 25 ς 10 

¶ Very coarse mesh = 10 ς 12 ς 5 

The results of the Eigenvalue buckling at each mesh fineness is presented in Table 8.5. The results are very 

comparable so when the total load of 110% and a transverse load of 0.5% were calculated for the non-

linear analysis the results for each meshing fineness was the same at -55750 N and 278 N, respectively. 

Table 8.5 Eigenvalue Buckling Results for the 3-D Plate with a Hole 

Mesh Type Eigenvalue Buckling Result (N) 

Very Fine Mesh 50669 

Fine Mesh 50672 

Coarse Mesh 50677 

Very Coarse Mesh 50718 
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8.4.2 Non-Linear Analysis for the 3-D Plate with a Hole 

The code for the non-linear analysis of the 3-D plate with a hole does not contain any lines of code not 

seen previously so it is presented in full as Code B.9 in Appendix B with the option for a very fine mesh; 

please note as before the line sizes must be altered as per section 8.4.1 depending on the fineness of the 

mesh. 

The post-processor code is exactly as before, please see Code B.3 in Appendix B for the full code. 

8.4.3 Results for the 3-D Plate with a Hole 

The four levels of mesh fineness will be presented in this section where each has a table denoting the 

displacement values at each time step at each point. A load-deflection graph for each level of mesh 

fineness is also presented which shows the accuracy of the predicted buckling value to the failure point 

as expected. If the Eigenvalue buckling value predicted is accurate the graph will show a sudden dip at 

this load point as the model has buckled and failed. The table discussed will be presented in Appendix B 

and the figures will be presented in the relevant chapter sub-section. 

Three graphs will also be presented to better illustrate the data presented in the table. These graphs show 

the displacement at each point, A, B and C, at each time step relative to the load applied at each time 

step. If the coupling applied to the model has been successful each of the three graphs will be identical. 
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8.4.3.1 Very Fine Mesh Results 

Table B.13 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.50. The individual graphs for the 

node displacement values generated at points A, B and C are shown in Figures 8.51, 8.52 and 8.53, 

respectively. 

 

Figure 8.50 Load ς Deflection Graph for a Solid Plate with a Hole and a Very Fine Mesh 
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Figure 8.51 Solid Plate with a Hole and a Very Fine Mesh Node Displacement at Point A 

 

Figure 8.52 Solid Plate with a Hole and a Very Fine Mesh Node Displacement at Point B 
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Figure 8.53 Solid Plate with a Hole and a Very Fine Mesh Node Displacement at Point C  



University of Strathclyde  Daniel Richard Hugh Mancini 
Department of Naval Architecture, Ocean and Marine Engineering  Chapter Eight: Mesh Convergence Study 
 

149 

8.4.3.2 Fine Mesh Results 

Table B.14 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.54. The individual graphs for the 

displacement values generated at points A, B and C are shown in Figures 8.55, 8.56 and 8.57, respectively. 

 

Figure 8.54 Load ς Deflection Graph for a Solid Plate with a Hole and a Fine Mesh 
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Figure 8.55 Solid Plate with a Hole and a Fine Mesh Node Displacement at Point A 

 

Figure 8.56 Solid Plate with a Hole and a Fine Mesh Node Displacement at Point B 
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Figure 8.57 Solid Plate with a Hole and a Fine Mesh Node Displacement at Point C  
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8.4.3.3 Coarse Mesh Results 

Table B.15 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.58. The individual graphs for the 

displacement values generated at points A, B and C are shown in Figures 8.59, 8.60 and 8.61, respectively. 

 

Figure 8.58 Load ς Deflection Graph for a Solid Plate with a Hole and a Coarse Mesh  
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Figure 8.59 Solid Plate with a Hole and a Coarse Mesh Node Displacement at Point A 

 

Figure 8.60 Solid Plate with a Hole and a Coarse Mesh Node Displacement at Point B 
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Figure 8.61 Solid Plate with a Hole and a Coarse Mesh Node Displacement at Point C  
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8.4.3.4 Very Coarse Mesh Results 

Table B.16 presents the data collected from the non-linear analysis and can be found in Appendix B. The 

load-deflection graph generated from this data is presented in Figure 8.62. The individual graphs for the 

displacement values generated at points A, B and C are shown in Figures 8.63, 8.64 and 8.65, respectively. 

 

Figure 8.62 Load ς Deflection Graph for a Solid Plate with a Hole and a Very Coarse Mesh 
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Figure 8.63 Solid Plate with a Hole and a Very Coarse Mesh Node Displacement at Point A 

 

Figure 8.64 Solid Plate with a Hole and a Very Coarse Mesh Node Displacement at Point B 
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Figure 8.65 Solid Plate with a Hole and a Very Coarse Mesh Node Displacement at Point C  
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8.5 Result of the Mesh Convergence Study 

As can be seen from the results of the mesh convergence study the effect of the coarseness of the mesh 

has very little impact on the Eigenvalue buckling and the non-linear analysis displacement results 

generated. It would be recommended to use as fine a mesh as possible that still has an acceptable 

computation time.  

For the 2-D analysis, the fineness of the mesh makes little difference to the overall computation time so 

the finest mesh is advised for accuracy. In the next chapter, it will be seen that the line division values 

introduced in this chapter required altering. This was due to the ANSYS programme requiring specific 

values to ensure the elements in different areas had equal numbers of nodes and could line up correctly. 

The values are not vastly different but this change should be noted. 

The 3-5 ŀƴŀƭȅǎƛǎ ŘƻŜǎ ƛƴŎǳǊ ŀ ǎƭƛƎƘǘƭȅ ƭƻƴƎŜǊ ŎƻƳǇǳǘŀǘƛƻƴ ǘƛƳŜ ŀǘ ŦƛƴŜǊ ƳŜǎƘ ŎƻŀǊǎŜƴŜǎǎΩǎΦ ¢ƘŜ ƳƛƴƛƳŀƭ 

increase in the accuracy at these finer mesh levels does not necessarily deem the use of the finer mesh as 

the most viable option. The 3-D configurations are generally used only as a method of validation for the 

2-D models. For this reason, it may be considered acceptable to 3-D model with a finer mesh as in reality 

there shall be minimal computational runs performed as a validation technique. 

It can be seen in the four load-deflection graphs that the point at which the data line suddenly drops is 

relatively close to the value expected from the Eigenvalue buckling analysis. Therefore, the accuracy of 

the written code and graphical data is considered sound.   
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Tables 8.6 and 8.7 summarise the numerical results obtained in the mesh convergence study for each of 

the plate configurations. 

Table 8.6 Summary of the Results of the Mesh Convergence Study for an Intact Plate 

Plate  
Configuration 

Mesh  
Type 

2-D Model Eigenvalue  
Buckling Result (N) 

3-D Model Eigenvalue  
Buckling Result (N) 

Intact 

Very Fine Mesh 55937 55942 

Fine Mesh 55952 55945 

Coarse Mesh 55990 55953 

Very Coarse Mesh 56184 55984 

Table 8.7 Summary of the Results of the Mesh Convergence Study for a Plate with a Hole 

Plate  
Configuration 

Mesh  
Type 

2-D Model Eigenvalue  
Buckling Result (N) 

3-D Model Eigenvalue  
Buckling Result (N) 

Plate with  
a Hole 

Very Fine Mesh 50667 50669 

Fine Mesh 50667 50672 

Coarse Mesh 50703 50677 

Very Coarse Mesh 50831 50718 

It can be seen that the Eigenvalue buckling data generated by the 2-D and the 3-D models for each plate 

configuration at the various mesh coarseness levels closely mimic each other which further validates the 

accuracy of both models and their fitness for use.  

The results generated are very similar in buckling value, however, had the results been considerably 

further apart in magnitude then further analysis of the written codes would be required as either one or 

both of the models would be considered unsuitable at presenting the relevant details pertaining to the 

problem for ANSYS to solve.   

Comparison of the graphs depicting the node displacement at each of the three points measured in the 

four models also confirms visually that the coding models are accurate and are effectively presenting the 

data requested. 
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Chapter Nine: Insulated Plate Buckling 

One of the main objectives of this piece of research was to determine the effect different insulation and 

protective jacketing materials would have on the expected buckling value of a metal plate subjected to a 

load. This chapter presents the method developed to research this problem and presents the results from 

the computational work. 

There are five different pit degradation configurations of the steel plate studied in this chapter: 

¶ Fully Intact Plate 

¶ Quarter Depth Pit 

¶ Half Depth Pit 

¶ Three-Quarter Depth Pit 

¶ Plate with a Hole 

There are also six different insulation materials configured to insulate the system and as a by-product 

alter the buckling value: 

¶ Calcium Silicate 

¶ Cellular Glass 

¶ Expanded Perlite 

¶ Fibreglass 

¶ Mineral Wool 

¶ Syntactic Polypropylene 

Two protective outer coating materials were also researched: 

¶ Aluminium 

¶ Polycarbonate  
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The chapter has been separated into three sections each focussing on a different part of the problem. In 

section 9.1 the code will be introduced along with the alternate sections of code to configure the various 

plate degradations and insulation system material properties. The geometric and material properties will 

also be presented in tables in section 9.1.  

In section 9.2 the numerical results for the mineral wool insulation material will be presented where an 

aluminium protective jacket was used. As the results of the other five insulation materials with an 

aluminium jacket follow a similar pattern of buckling result the raw data tables can be found in Appendix 

D. The reason mineral wool was chosen to be represented in the main chapter was because it is the most 

common insulation type currently in use in the real world.  

The final section, 9.3, will show the numerical results when a polycarbonate protective jacket was used 

with the mineral wool insulation. The remaining insulation material raw data tables will also be found in 

Appendix D. 

The raw data tables for the mineral wool with the two protective jacketing options will show the exact 

values gathered through the Eigenvalue buckling code in ANSYS and these will be found in Appendix C. In 

the results section of this chapter graphs will be presented to show the effect on the buckling value due 

to the increasing jacketing and insulation thickness on each of the plate degradation types. There will also 

graphs comparing and contrasting the effect each plate degradation configuration has at each insulation 

and jacketing thickness.  
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9.1 Setup for the Insulated Plate Buckling 

As mentioned in the introduction there are five configurations of the steel plate with varying levels of pit 

deterioration. The fully intact plate has been subjected to no corrosion damage, through deterioration 

equal to a quarter of the thickness of the plate, to half the thickness, then three-quarters and finally where 

the corrosion has fully deteriorated a section of the plate leaving a circular hole. Figures 9.1, 9.2 and 9.3 

depict the levels of deterioration and also indicate the point at which the load is applied. The nodes along 

the side where the load is applied are coupled to ensure they displace equally. The boundary conditions 

associated with the plate are that all the nodes on the side of the plate opposite to the load point are fully 

constrained and the remaining sides are fully free. These conditions are exactly the same as those 

presented in Chapter Eight for continuity. Table 9.1 presents the geometric and material properties 

relating to the steel plate and Table 9.2 provides the material properties for each of the six insulation 

materials and two protective jacketing materials used in this study. 

 

Figure 9.1 Intact Plate Configuration 

 

Figure 9.2 Plate Depicting the Three Varying Pit Depths Configuration  
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Figure 9.3 Plate with a Hole Configuration  

Table 9.1 Steel Plate Geometric and Material Properties 

Geometric or Material Property Value 

Plate Width (m) 0.8 

Plate Length (m) 0.8 

Plate Thickness (m) 0.01 

The Shape of the Pit or Hole Circular 

The Diameter of the Pit or Hole (m) 0.1 

¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ό9ύ (GPa) 205.8 

tƻƛǎǎƻƴΩǎ wŀǘƛƻ ό)˄ 0.3 

Table 9.2 Insulation and Jacketing Material Properties 

Material ¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ό9ύ όtŀύ tƻƛǎǎƻƴΩǎ wŀǘƛƻ ό)˄ 

Calcium Silicate 4E9 0.12 

Cellular Glass 8E8 0.3 

Expanded Perlite 7.563E10 0.182 

Fibreglass 7.2E10 0.22 

Mineral Wool 5.1E10 0.064 

Syntactic Polypropylene 1.0812E9 0.32 

Aluminium 6.9E10 0.334 

Polycarbonate 2.4E9 0.37 
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9.1.1 Validation of the Written Code 

In previous chapters, 3-D variations of the code were created to model the problem and have then been 

used to validate the results provided by ANSYS. In this chapter, the method to validate the code was 

simpler and quicker than in previous chapters as the buckling results for a fully intact plate and a plate 

with a hole using 2-D shell elements were already documented. In the next sub-section, the modifications 

to the written codes used to configure each of the plate degradation types and the various insulation 

system configurations will be presented.  

To validate these codes the information regarding the shell thickness was altered so that the sum would 

equal 0.01 metres as is the plate thickness in the study. With this consideration along with the insulation 

system properties being altered to provide the information as if there was a hole in the plate or the hole 

was in fact solid steel allowed for the validation of the model. Figures 9.4 and 9.5 present this idea; the 

view is from the side of the plate and it has been divided into four equal levels, each level represents one-

quarter of the thickness of the plate. The eight outer quadrants are shaded grey to show that they are 

steel and in Figure 9.4 this is also the case as each of the four levels within the pit area have been modelled 

as steel. In Figure 9.5 they are white as each of the four levels within the pit area have been modelled as 

ƛŦ ǘƘŜǊŜ ƛǎ ŀ ƳŀǘŜǊƛŀƭ ǿƛǘƘ ŀ ǾŜǊȅ ǎƳŀƭƭ ¸ƻǳƴƎΩǎ ƳƻŘǳlus value, computationally this is the equivalent to a 

hole. Please note these figures are not to scale to allow for easier comprehension of the idea. 

 

Figure 9.4 Intact Plate Model Validation 
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Figure 9.5 Plate with a Hole Model Validation 

Using Figures 9.4 and 9.5 as a template to present the theory for this chapter; Figure 9.6 is a 

representation of a steel plate with a pit equal to three-quarters of the thickness of the plate. The plate 

has been insulated using a material that is twice the thickness of the plate (0.02 metres) and has a 

protective material layer that is equal to 40% of the thickness as the plate (0.004 metres). This is an 

example of one of the many configurations that will be explored later. As before the void is coloured white 

with steel depicted as grey. The insulation material, mineral wool in this example, is in blue and the 

protective coating, which is aluminium, is coloured green. 
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Figure 9.6 Visual Representation of the Theory for the Chapter  
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9.1.2 Variations in the Code 

The code for the example depicted in Figure 9.6 is shown as Code C.1 in Appendix C as a starting point 

and from there the sections that are altered to model the desired combination of materials and pit 

configurations will be introduced. As before any new pieces of coding language not previously seen will 

also be introduced. 

The material properties for the insulation and protective jacketing materials are altered depending on the 

desired materials using the data ƛƴ ¢ŀōƭŜ фΦнΦ ¢ƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŦƻǊ ǘƘŜ ƛnsulation material is inserted 

into the relevant position ǿƛǘƘ ǘƘŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƻŦ ǘƘŜ ƛƴǎǳƭŀǘƛƻƴ ƳŀǘŜǊƛŀƭ ŜƴǘŜǊŜŘ ƛƴǘƻ ǘƘŜ position 

belowΦ ¢ƘŜ ƧŀŎƪŜǘƛƴƎ ƳŀǘŜǊƛŀƭΩǎ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƛǎ ŜƴǘŜǊŜŘ ǿƛǘƘ ǘƘŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƛƴ ǘƘŜ section at the 

bottom. Material one denotes the steel components with material two as the void section of the pit or 

hole. Material three is the insulation material with the jacketing material indicated by material four. 

ά{9/¢¸t9Σм,SHELLέ ƛǎ ǘƘŜ ƴŀƳŜ ƎƛǾŜƴ ǘƻ ǘƘŜ ǎŜŎǘƛƻƴ ƻŦ ǘƘŜ ǎǘŜŜƭ Ǉƭŀte that is always present and always 

remains the same thickness of 0.01 metres. There is no part of this shell section that has the material 

properties of the void as it is not present. This explains why the coding section shown below omits material 

two in ǘƘŜ άhǳǘŜǊ tƭŀǘŜ {ƘŜƭƭ {ŜŎǘƛƻƴ L5έ ŀƴŘ ŀƭǎƻ ǿƘȅ ǘƘŜ άлΦлмέ ƛƴ ǘƘŜ ǎŜŎƻƴŘ ƭƛƴŜ ƻŦ ǘƘŜ ŎƻŘŜ ƛǎ ƘŀǊŘ 

written, it also always remains the same.  

Part of the code varies depending on the thickness of the insulation, from a minimum of 0.01 to a 

maximum of 0.1 regardless of the jacketing material present but both numbers must always be the same. 

The part in denoting the thickness of the protective jacketing materials and the maximum and minimum 

differ depending on the material used but again both numbers must be the same. When the material used 

is aluminium the range is from 0.0005 to 0.0015 and for polycarbonate, it varies from 0.002 to 0.01. 

ά{9/¢¸t9Σн,SHELLέ ƛǎ ǘƘŜ ǇŀǊǘ ƻŦ ǘƘŜ ŎƻŘŜ ǊŜƭŀǘƛƴƎ ǘƻ ǘƘŜ Ǉƛǘ ǎŜŎǘƛƻƴ ƻŦ ǘƘŜ ǎǘŜŜƭ ǇƭŀǘŜ ǘƘŀǘ ƛǎ ŀƭǿŀȅǎ ǇǊŜǎŜƴǘ 

but the composition of this section varies depending on the level of pit deterioration that is to be 

modelled. Table 9.3 details the possible combinations available depending on the pit composition.  
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Table 9.3 Coding Options to Model Degradation Configuration 

Degradation Type 
Material One (m) (Steel) 

(Shaded) 
Material Two (m) (Void) 

(Underlined) 

Intact Plate 0.01 Omitted 

Quarter Depth Pit 0.0075 0.0025 

Half Depth Pit 0.005 0.005 

Three-Quarter Depth Pit 0.0025 0.0075 

Plate with a Hole Omitted 0.01 

There is only one new section of code to introduce that has not been present in earlier models. The 

purpose of the code is to inform ANSYS that there are two parts to the model with differing shell 

configurations. Automatically ANSYS considers the full model to consist of the shell configuration that is 

ŘŜƴƻǘŜŘ ŀǎ ά{9/¢¸t9Σм,SHELLέΣ ǘƘŜ ŎƻŘŜ ƛƴŦƻǊƳǎ !b{¸{ ǘƘŀǘ ǘƘŜǊŜ ƛǎ ŀ ǎŜŎƻƴŘ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ŀƴŘ ŀƭǎƻ 

which areas, iƴ ǘƘƛǎ ŎŀǎŜΣ ŀǊŜ ǘƻ ōŜ ǊŜƎŀǊŘŜŘ ŀǎ ǘƘƛǎ ǎŜŎƻƴŘ ǎƘŜƭƭ ŎƻƴŦƛƎǳǊŀǘƛƻƴΣ ά{9/¢¸t9ΣнΣ{I9[[έΦ 

Figure 9.7 presents an example of the buckling mode shape generated by the ANSYS Mechanical APDL 

programme using one of the plate configurations discussed in this chapter. It can be seen in the figure 

that both the original shape (uncoloured area) and the deformed shape (grey area) can be presented 

together for comparison as viewed from above. 

 

Figure 9.7 Example of the Buckling Mode Shape of an Insulated Plate  
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9.2 Aluminium Protective Jacketing 

In this section, the results from the Eigenvalue buckling analysis will be presented for the mineral wool 

insulation material where the system has an aluminium protective jacketing. The plate was configured at 

each of the five degradation levels discussed previously. 

A table presenting the raw buckling data in its entirety for the mineral wool insulation system can be 

found as Table C.1 in Appendix C. A number of graphs will be produced and shown in this section from 

the data in Table C.1 to represent these results and to illustrate the following variables: 

¶ Effect of increasing jacketing thickness 

¶ Effect of increasing insulation thickness 

¶ Comparison of buckling values at each insulation thickness depending on the plate degradation 

¶ Comparison of buckling values at each jacketing thickness depending on the plate degradation 

The geometric and material properties of the plate have remained constant and these details can be found 

in Table 9.1. The material properties for each of the six insulation and two jacketing materials are provided 

in Table 9.2. Please pay close attention to the axes values as they may change drastically so as to give the 

best overall indication of the piece of information described. 

Figures 9.8 to 9.12 depict the effect of the increase in jacketing thickness on each of the five plate 

degradation configurations. It can be seen at the bottom of each graph there is a plot that spans the full 

width, this plot denotes the buckling value of the plate configuration where there is no insulation system 

providing additional strength. The jacketing thickness increases from 0.0005 metres as a minimum up to 

0.0015 metres at the largest thickness. 

In the case of the plate with a hole this value is 50667 N, with a three-quarter depth pit it is 53141 N, a 

half depth pit equals 53246 N, a quarter depth pit is 54135 N and finally a fully intact plate equals 55937 

N. As would be expected the buckling value increases as the level of degradation of the plate decreases. 

The degradations cause the plate to lose some of its inherent structural strength. 

The expectation with regards to the addition of an insulation system would be that the buckling strength 

of the plate would increase which is exactly as the results show. As the thickness of the protective coating 

increases, there is a minor increase in the buckling strength value when compared to the more significant 

increase in buckling strength value noted as the insulation thickness is increased. 
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Figures 9.13 to 9.17 depict the effect of increasing the thickness of the insulation on each of the plate 

degradation configurations. These latter figures show a much larger relative rise in the buckling value 

where the insulation thickness increases at each jacketing thickness. The minimum insulation thickness 

measured is 0.01 metres ranging up to 0.1 metres at the largest value. As before, it can be seen at the 

bottom of each graph there is a plot that spans the full width, this plot denotes the buckling value of the 

plate configuration where there is no insulation system providing additional strength. 

As an example, when looking at Figure 9.8, it can be seen that with an insulation thickness of 0.1 metres 

the buckling value where the jacketing thickness is 0.0005 metres is 209,610 N. At the same insulation 

thickness but after increasing the thickness of the jacketing to the maximum of 0.0015 metres the new 

buckling value is 251,790 N. The only parameter that has changed is the thickness of the protective 

jacketing and with that, the buckling value has increased as expected.  

This increase is relatively modest when compared to another example when looking a Figure 9.13, which 

will depict the increase in buckling through an increase in insulation thickness. Where the jacketing 

thickness is 0.0005 metres and the insulation thickness is 0.01 metres the buckling value is 209,610 N as 

before. If instead of increasing the jacketing thickness the insulation thickness is increased only one level 

up to 0.02 metres the new buckling value is 666,710 N. 

If the insulation thickness were to be increased to the maximum value of 0.1 metres the new buckling 

value would be 26,739,000 N. These numbers are clearly only theoretical as it is highly unlikely that any 

system would ever be insulated in this way but it was felt that it would be sensible to continue up to these 

system configurations as a way of testing the written model codes to see if there was a point at which 

they lost their viability. 

In the next chapter, the Euler Formula will be used as a method to validate the results. This formula, 

shown in Equation (10.1) of Chapter Ten, can also be used to explain the large values generated in the 

plate results here. As the thickness of the insulated plate increases the moment of inertia also increases 

which means that the system is considered to be much stiffer. So, although this chapter deals with plates 

rather than columns the theory still holds as the plate could be considered to be a column that has been 

split lengthwise and then flattened. This formula will be explained in more detail in the next chapter. 

In Appendix D it can be seen that despite the varying material properties and therefore the overall 

measured buckling values the patterns remain similar. The effect of increasing the thickness of the 

jacketing does increase the buckling value but to a much lesser degree than increasing the thickness of 

the insulation. 
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Figure 9.8 Effect of Increasing Jacketing Thickness ς Plate with a Hole 
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Figure 9.9 Effect of Increasing Jacketing Thickness ς Plate with a Three-Quarter Depth Pit 
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Figure 9.10 Effect of Increasing Jacketing Thickness ς Plate with a Half Depth Pit 
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Figure 9.11 Effect of Increasing Jacketing Thickness ς Plate with a Quarter Depth Pit 



University of Strathclyde  Daniel Richard Hugh Mancini 
Department of Naval Architecture, Ocean and Marine Engineering  Chapter Nine: Insulated Plate Buckling 
 

175 

 

Figure 9.12 Effect of Increasing Jacketing Thickness ς Intact Plate  
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Figure 9.13 Effect of Increasing Insulation Thickness ς Plate with a Hole 
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Figure 9.14 Effect of Increasing Insulation Thickness ς Plate with a Three-Quarter Depth Pit 
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Figure 9.15 Effect of Increasing Insulation Thickness ς Plate with a Half Depth Pit 
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Figure 9.16 Effect of Increasing Insulation Thickness ς Plate with a Quarter Depth Pit 
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Figure 9.17 Effect of Insulation Jacketing Thickness ς Intact Plate  
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Figures 9.18 to 9.27 allow for the opportunity to compare the buckling values of each of the five plate 

configurations at each of the ten insulation thicknesses. The effect of the level of degradation is quite 

apparent at each of the insulation thicknesses. As would be expected the plate with the hole having the 

highest level of corrosion effect has the lowest buckling values at each respective point when compared 

to the highest values as seen in the fully intact plate. 

It is interesting to note that it appears when comparing each of the figures that as the insulation thickness 

increases the relative difference in buckling values between each plate configuration also increases. That 

is to say that in Figure 9.18 the values for the intact plate and the three plates with pit degradations are 

quite closely bunched together with the plate with a hole slightly separated.  

In Figure 9.27 this is no longer the case as each of the five configurations are now quite evenly spaced. 

Clearly, the effect of the much larger buckling values will have had some effect on this as the numbers on 

the y-axis will be considerably larger but in relative terms, it would still be expected that the bunching 

pattern remains. 
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Figure 9.18 Effect of Plate Degradation on Buckling with 0.01 m Insulation Thickness  


