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Abstract

The building industry is responsible for a lot of today’s CO, emissions. The emissions from
the building industry can be reduced by reusing steel from offshore structures. However, there
are several challenges related to reusing steel. Offshore structures are subjected to a harsh
environment, and corrosion is a significant cause of failure. Corrosion causes material loss,
and this will reduce the cross-sectional properties and the bearing capacity. The risk of lateral
torsional buckling (LTB) of open cross-sections increases due to material loss. Thus, there
need to be more studies on the simulation of the reduced LTB moment capacity of open cross-

sections.

The main objective is to study how the remaining LTB moment capacity of I-sections is
affected by various corrosion scenarios, and to provide analytical framework for I-sections
with varying cross-sections due to corrosion. Analytical LTB moment capacities of the
considered beams are compared with those obtained from a linear finite element (FE)
analysis. The buckling reduction factor (y,r) versus non-dimensional slenderness (1,7) is
plotted for eight different beam lengths subjected to various corrosion scenarios. The elastic
buckling moment and LTB moment capacity are obtained for each beam in the linear FE

analysis, and a plot of the applied moment versus lateral deflection for one beam is provided.

The LTB moment capacities for beams with a constant cross-section obtained from the linear
FE analysis is more conservative than the analytical LTB moment capacities. If the length of
the corroded section of the beam is reduced, the LTB moment capacity will increase. Some of
the shortest beams are subjected to local plate buckling. As a result, the LTB moment
capacity of these beams deviates from the results obtained in the analytical approach. For a 15
m long IPE300 beam subjected to 1.41 mm thickness reduction around the entire cross-
section, the LTB moment capacity is reduced by 51%. If only 1/3 of the beam length is
subjected to the same thickness loss, the LTB moment capacity for the same beam is reduced
by 21%.
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Nomenclature

The symbols that are frequently employed in this thesis are described in the following table.

All units are Sl base units.

Symbol Definition Unit
fy Yield strength MPa
fu Ultimate strength MPa

Youngs modulus GPa
G Shear modulus MPa
€ Factor depending on f,

h Height of the cross-section mm
b Width of the cross-section mm
tw Web thickness mm
tr Flange thickness mm
Cw Width of the web subjected to pressure mm
Cr Width of the flange subjected to pressure mm
I, Moment of inertia about the z-axis mm*
I Torsion constant mm*
I, Warping constant mm®
w, Section modulus mm3
L Beam length mm
M., Elastic critical moment KNm

Am Moment modification factor
bLr A function used to define the reduction factor
apr Imperfection factor for lateral torsional buckling
At Non-dimensional slenderness ratio for buckling
XLT Reduction factor for buckling
Mp ra Lateral torsional buckling moment capacity KNm
VM1 Safety factor
C(t) Corrosion depth mm




t The lifespan of the structure Years
to The lifespan of corrosion protection Years
A Parameter used to define the corrosion depth mm
B Parameter used to define the corrosion depth

Xi




1 Introduction

1.1 Background and motivation

The building industry is responsible for almost 40% of global carbon dioxide (CO,)
emissions. According to the Paris Agreement, the building industry is required to reduce its
CO, emissions [1]. The existing and future buildings should use less energy, and the
emissions from the building process must be reduced. One way to reduce building process

emissions is by using materials with lower emissions.

Currently, 12 concrete facilities, 62 fixed steel facilities, and 20 floating steel facilities operate
on the Norwegian shelf. Some facilities will be closed and decommissioned in the coming
years [2]. Decommissioning is dismantling offshore platforms, including removing and
emptying the platform, to rinse and restore the seabed. Typically, offshore platforms consist
of a topside and a jacket, as illustrated in Figure 1-1. Offshore jackets are often made of steel
or concrete. To a considerable extent, the topside is made from high-quality steel to resist

harsh offshore weather conditions.

Topside

Figure 1-1: General layout of an offshore platform [3]



The most frequent solution for decommissioning an offshore platform is transporting the
topside to a scrap yard on shore. All the debris is sorted by source, and the steel will be
chopped up and distributed to European steelworks for recycling. Due to the high-quality steel
employed in offshore structures, the steel will be melted and reused in new steel products to

increase the quality of the new steel [4].

Nordic Circles, a new company in Bergen in Norway, specialises in upcycling steel from
decommissioned ships and offshore platforms. Upcycling steel involves reusing the steel
without melting it [5]. Nordic Circles claims that upcycling steel, rather than recycling, will

reduce CO, emissions.

1.2 Problem statement/research gaps

There are various challenges related to reusing steel as load-bearing elements. Reusing steel
as load-bearing elements must be done carefully, as the material properties can be reduced
due to corrosion, fatigue, or decommissioning. The decommissioning process should be
conducted in a way that does not affect the quality of the steel. Because the current offshore
structures are not built to be reused, reusing members or more extensive parts of the structure
may be challenging. New steel has a material certificate that guarantees the steel properties. A
similar guarantee is a necessity to confirm the quality of reused steel. It is also essential that
the cost of reused steel should encourage companies to utilise reused steel rather than new

steel. In other words, there are several holes to cover regarding this topic.

As a result of extending the lifespan of old structures and building new structures, the amount
of exposed steelwork is increasing. Due to environmental exposure, many of these structures
are subjected to corrosion, which can reduce the bearing capacity. Corrosion damage is a

significant problem for steel structures [6].

1.3 Objectives

It is necessary to have more studies on the simulation of the remaining LTB moment capacity
of corroded I-sections. Steel subjected to various damages and degradations can behave
significantly differently from undamaged steel. The remaining LTB moment capacity of
IPE300-beams from offshore structures subjected to uniform corrosion will be studied in this

thesis. An analytical approach is provided based on Eurocode 3 [7]. However, this only



applies to beams where the section is constant for the entire beam. Currently, there needs to
be more analytical framework for beams with varying cross-sections. The main objective in
this thesis is to study how common corrosion scenarios affect the remaining LTB moment
capacity for IPE300-beams. The second objective is to provide an analytical framework for I-

beams with varying cross-sections due to uniform corrosion.

1.4 OQutline of the thesis

Chapter 2 overviews the current guideline for LTB of uncorroded beams. This method is
described in Eurocode 3. This chapter also suggests how to calculate the LTB moment

capacity for a beam that is uniformly corroded around the entire section.

Chapter 3 includes the theory about corrosion for offshore structures. This includes types of
corrosion, precluding measures, corrosion rate, and the remaining effective cross-sectional

properties due to corrosion.

Chapter 4 will focus on a parametric study of beams subjected to uniform corrosion on the

entire beam length. Eight beam lengths and two different corrosion cases will be studied. The
material and section properties will be presented, along with the elastic critical moment, non-
dimensional slenderness ratio, buckling reduction factor, and LTB moment capacity of every

beam.

Chapter 5 involves a FE analysis performed in ANSYS Workbench. The beams from Chapter
4 will be investigated, including two additional corrosion cases. The elastic critical moment
will be found by providing a linear analysis. The non-dimensional slenderness ratio, buckling
reduction factor, and LTB moment capacity of every beam are calculated. Theory for linear

and nonlinear analyses will be carried out.

Chapter 6 and 7 provides a comparison and discussion of the results in Chapter 4 and 5,
including a conclusion. In the end, there are appendices, which include the utilised MATLAB
codes in Chapter 4.



2 Current guidelines for LTB

Lateral torsional buckling is a stability problem that can occur for long, tall beams without
lateral restraints. Figure 2-1 shows that the beam will buckle by lateral deflection and twist.
The applied moment will function as a component torque and cause rotation about the
longitudinal axis. Material loss in the flanges and web will reduce the section properties, such
as warping resistance and torsional properties. Consequently, this will reduce the LTB
capacity of the beam [8]. This thesis will investigate the remaining LTB moment capacity of

corroded steel beams.

M(’ ‘}A.-f JL CTJV

- L -
@ Rotation
(a) (c)
_Z_-
i
dz
(b)

Figure 2-1: Lateral torsional buckling of a simply supported I-section. a) Elevation, b) Plan on the longitudinal axis, c)
Section [8]

2.1 Class classification

The class classification is done according to the NS-EN 1993-1-1 5.6 [7] for non-corroded

steel. Equation 2.1-1 defines the factor € for both corroded and non-corroded steel.

£ = /235/fy Eq. 2.1-1

For H- and I-sections, the cross-sectional class is determined by the relationship c/t for both

web and flange. Figure 2-2 provides a schematic representation of the dimensions of the



cross-section. Equation 2.1-2 and 2.1-3 indicate the depth of the web and flange. The hot-
rolled radius is neglected.

Figure 2-2: Schematic representation of the cross-sectional dimensions

Depth of the web:

cy=h—2-t Eq. 2.1-2

Depth of the flange:

b—t
¢ = (Z_W) Eq. 2.1-3

The four classes are defined in NS-EN 1993-1-1 5.5.2 [7]:

- Class 1: Plastic hinges can occur with the rotation capacity necessary for plastic
analysis without reducing the design plastic moment capacity of the cross-section.

- Class 2: Design plastic moment capacity can develop, but the cross-section has limited
rotational capacity due to local buckling of cross-sectional parts.

- Class 3: The stress in the most exposed point can reach the yield strength due to the
elastic distribution of stresses, but the development of design plastic moment capacity
is prevented by local buckling.

- Class 4: Local buckling will occur when the yield strength is reached in one or more

parts of the cross-section.



The web and flange can be classified separately; then, the cross-section will be classified after
the least favourable class of the web and flange.

The relationship c./t. for the web and the flange can be used to determine the cross-sectional
class for the corroded section. The class classification of corroded sections can be determined
with Equations 2.1-4 and 2.1-5. However, these equations can solely be employed for sections

subjected to uniform corrosion around the entire section.

Depth of corroded web:

Cwe = he — 2ty Eq. 2.1-4

Depth of corroded flange:

_ (e —twe) Eq. 2.1-5

trc and t,, . are the corroded flange and web thickness. b, and h, are the total width and

height of the corroded section. In these equations, the hot-rolled radius is neglected.

2.2 Buckling capacity of uniformly corroded sections

NS-EN 1993-1-1 6.3.1 [7] describes the current method to calculate the LTB moment
capacity of steel. In this chapter, the equations from Eurocode 3 are adapted to a proposed
framework for a corroded section. Although, these equations are only suitable for beams
subjected to uniform corrosion around the entire section. The beam must be of uniform

section. The axes on the cross-section are illustrated in Figure 2-3.



Figure 2-3: Schematic representation of the axes

Moment of inertia about the z-axis for the corroded I-section:

tr.+ b by o3
L,=2" < f,Clz c ) N chlzw,c Eq. 2.2-1
Torsion constant for the corroded I-section:
by tr 3\ Cpetty el
L. = 2 < c 3f,c )+ wc 3w,c Eq. 2.2-2
Warping constant for the corroded I-section:
3, _ 2,
Iyo= be - (he 24tf ) Ye Eq. 2.2-3

The section modulus for a corroded section W}, . depends on the section class:

- Class1and 2: Wy = Wpiy,e
- Class 3: Wye=Weryc
- Class 4: Wye =Werrye

Plastic section modulus for corroded I-section:

h,
h,.—t : h (7 - tf,c)
Wpl,y,c =2- bc . tf,c . <Cch> + (70 — tf,c) . tw,c . T Eq. 22.4



A function used to define the reduction factor for the corroded section:

= - 2
¢rre=0.5" [1 + ar - (Aure — 0,2) + A ] Eqg. 2.2-5

The imperfection factor for LTB «a;; is determined in Table 2-1:

Table 2-1: Recommended imperfection factor for buckling curves for lateral torsional buckling [7]

Buckling curve a b c d

Lt 0.21 0.34 0.49 0.76

The buckling curves for rolled I-sections are determined in Table 2-2:

Table 2-2: Recommended buckling curve for lateral torsional buckling [7]

Limitation Buckling curve
h/b <2 a
h/b > 2 b

Non-dimensional slenderness ratio for buckling of the corroded section:

_ fy Wy
A = |[2—2% Eq. 2.2-6
LT,c M, q
M, . is the elastic critical moment.
Buckling reduction factor of a corroded beam with constant section:
= ! <10
Aire = = Eq. 2.2-7

= 2
¢LT,C + \/¢LT,CZ - ALT,C

The design moment capacity for LTB of corroded section with no lateral stiffeners:

fi
Mprac = Xir,c * W, ==

. Eq. 2.2-8
Y€ Y a

fy is the yield strength, and Y, is the safety factor.



3 Corrosion on offshore structures

The topside of an offshore platform is subjected to atmospheric corrosion due to rain, mist, or
condensation. Iron corrodes if the relative humidity exceeds 60%. If the relative humidity
exceeds 80%, the rust can absorb water and increase the corrosion rate. Atmospheric
corrosion will be influenced by the temperature as well. The reaction rate will typically
increase due to an increase in temperature. Temperature influences the relative humidity, and
temperature changes can cause condensation. Condensation can cause corrosion inside a
structure, which can be challenging to locate. Chloride ions will occur at marine locations and
tend to increase the corrosion rate. Atmospheric corrosion is not a form of corrosion; it is a

collective term for corrosion on surfaces exposed to the air [9].

Ageing offshore structures are subjected to material degradation due to fatigue, and corrosion
is a significant cause of failure. With time, the mechanical properties of steel are influenced
by changes due to corrosion. Corrosion causes material loss. Hence, this will lead to a
reduction of the section properties and the load-bearing capacity. The most common form of
corrosion is uniform corrosion. This type of corrosion can reduce structural stiffness and
cause local structural collapse. Offshore structures are also subjected to pitting and crevice
corrosion, which are forms of localised corrosion and corrosion fatigue. A corrosion
protection system (CPS) can be employed to prevent corrosion. Although this system has a
typical lifespan of 5-15 years, it has no effect in the splash zone, and localised corrosion can

start before the effectiveness of the CPS reduces [10].

3.1 Forms of corrosion

Uniform corrosion occurs at the surface area of a material exposed to a corrosive
environment, such as the atmosphere. This will cause a slow thinning of the cross-sectional

area. Proper materials or a protective finish can minimise this corrosion type [11].

Crevice and pitting corrosion are often considered together, although they are initiated
differently. Crevice corrosion may occur when only a part of a metal is in a restricted or
shielded environment, and the rest is exposed to a large electrolyte volume. This form of
corrosion occurs slowly over the exposed metal surface. Pitting corrosion can occur at weak
metallurgical pints, such as damages, defects, dislocations, inclusions, or precipitates.

Environments with high chloride ion content, for example seawater, are the most damaging

9



environments in conjunction with pitting and crevice corrosion. Stainless steels have poor

resistance to crevice corrosion in stagnant seawater.

It is found that the fatigue resistance is reduced in aqueous environments. Corrosion fatigue is
a common but dangerous form of corrosion. Cyclic loading in a corrosive environment will
result in corrosion fatigue, which can cause a severe reduction of fatigue strength. Cathodic
protection on structural steel for offshore platforms forms a suitable environment for

developing corrosion fatigue due to lower potentials and hydrogen embrittlement [9].

3.2 Precluding measures for offshore structures

Sufficient design of structures can prevent or reduce the amount of corrosion. It is necessary
to ensure that a structure satisfies its function for the designed lifespan by ensuring sufficient
safety margins. The structure should be formed so it is easy to inspect, maintain or replace
corroded parts. Water and debris traps should be avoided, and sufficient drainage and

ventilation should be applied.

Some coatings can be applied to a metal surface to separate the metal from the environment
and control the microenvironment on the surface. Coatings for offshore use may be several
millimetres thick. There is a considerable amount of diverse paint types, but the primary
offshore and marine coating system is a combination of epoxy and urethanes. The epoxy is
used for corrosion resistance and adhesion, and urethanes are applied as a topcoat. Epoxy can
protect steel and concrete structures in most climates and locations. Jackets on offshore
platforms can have coatings up to 5 mm thick by adding quartz particles to increase the
thickness. Antifouling paints are applied to the jacket on offshore platforms to prevent
organisms from attaching to the immersed areas of the platform. The paint releases toxins into
the water, preventing organisms from attaching to the structures. Large growths of barnacles

increase the drag force; as a result, the stress levels in the platform increase.

Corrosion can also be avoided by using cathodic and anodic protection. Cathodic protection
includes two techniques: The sacrificial anode method and the impressed current method, also
known as impressed current cathodic protection (ICCP). For any corrosion cell, the anode will
corrode, and the cathode will not corrode. The sacrificial anode method involves applying a

material that will be the anode, so the structure becomes the cathode and will be protected

10



against corrosion. If the current density is too high, the cathode may be damaged. In most
cases, this will cause damage to paint coatings, but hydrogen embrittlement may also occur.

Zinc, magnesium, and aluminium are suitable materials for anodes and are widely used [9].

The ICCP also involves sacrificial anodes, but the anodes are separated from the structure.
The suitable current will be provided from external sources, and the current will be larger than
the sacrificial anode method. Therefore, the ICCP is more suitable for larger structures. This

method is more effective than the sacrificial anode method but is also more expensive [12].

3.3 Corrosion on topsides

The topside on offshore platforms consists of primary and secondary structures, process
equipment, piping, and safety and emergency equipment. There is a considerable range of
consequences and associated risks due to the complexity of the topside. Topsides are
subjected to atmospheric corrosion. The only cost-effective method for atmospheric corrosion
control is coatings. Coatings for topsides should be flexible and UV-resistant. The quality of
the coating is influenced by the type of coating, dry film thickness, application method,
damages, and maintenance. For topsides, the corrosion often starts in areas with coating
damage or where the coating has inadequate quality, like weld seams, edges, and notches. The
coating may be damaged by overloads causing stress or reduction of the steel dimensions due
to corrosion, dents, repair work, and more. Areas of the structure that is challenging to access
can be subjected to undetected corrosion. Water and debris can be trapped on horizontal
surfaces and areas without sufficient drainage and cause severe corrosion. Isolation used for
fire protection and thermal isolation can hide steel surfaces with corrosion because the
isolation material can hold water. The structural integrity of topsides can be subjected to
significant consequences due to general or uniform corrosion for an extended period [13].

3.4 Corrosion rate

Uniform corrosion is the most generic corrosion form for topsides, and the effect is time-
dependent. Based on various studies, a nonlinear function can simulate the depth of uniform

corrosion [10].

CH)=A-(t—ty)8; t>t, Eq. 3.4-1
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Equation 3.4-1 is the nonlinear model for the thickness wastage due to corrosion. This
assumes no corrosion when the CPS is effective. t is the structure’s lifespan, and ¢, is the
CPS’s lifespan. A and B are parameters depending on the results from the inspection. These

parameters are given in Table 3-1.

Table 3-1: Mean values of the model parameters for uniform corrosion [10]

Splash zone area Other areas

Inspection findings

A (mm) B A (mm) B
Not pgrformed — unmanned facility or high 0.3 1 01 1
costs involved
ngere corrosion found - u_nlform corrosion 0.3 0.823 0.1 0.823
with many patches and pitting corrosion
No 5|g_n|f|ca_nt corrosion — slight uniform 0252 0.823 0.084 0823
corrosion with few patches

The thickness wastage model is quite conservative, and several factors influence the corrosion
rate. For example, the corrosion rate for atmospheric corrosion will vary from area to area,

depending on the temperature, relative humidity, and local contaminants [9].

3.5 Effective cross-sectional properties due to corrosion wastage

Uniform corrosion will reduce the plate thickness. Consequently, the effective area, second
moment of area, torsional constant, and warping constants must be found by considering the
plate thickness reduction due to corrosion. This chapter is mainly taken from the article
“Remaining fatigue life estimation of corroded bridge members” [14]. A schematic

representation of the corroded section parameters is given in Figure 3-1.
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Figure 3-1: Schematic representation of corroded section parameters. (a) Open section and (b) closed section [14]

The formula for the time-dependent effective cross-sectional area is given in Equation 3.5-1.

This considers the thickness wastage due to corrosion given in Chapter 3.4.

n
A(6) = Ay — z () L, Eq. 3.5-1
i=1

A, is the initial cross-sectional area, and [; is the length of corrosion, shown in Figure 3-1.

C;(t) is the thickness wastage due to corrosion at the reduced area of the cross-section.

The calculation of the effective second moment of area about the y-axis of the corroded cross
section is given in Equation 3.5-3. This is calculated about the new neutral axis. The distance

from the initial neutral axis to the new neutral axis is given in Equation 3.5-2.

21 Ci(t) " li-z

“O="""0

Eq. 3.5-2

z; is the height from the initial neutral axis to the centroid of the reduced area, shown in
Figure 3-1.

L) =1+ Ay -e(t)? — Z{Ali +C;(t) " ;- [z; + e(t)]?} Eq. 3.5-3

I, 1s the initial second moment of area of the cross-section, and AI; is the second moment of

the reduced area.
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Considering the thickness wastage due to corrosion, the effective torsional constant of the

corroded cross-section can be calculated as shown in Equation 3.5-4.

It,c (t) =

[SSRINE

n
: Z by - a;(t)>2 Eq. 3.5-4
i=1

a; and b; are the thickness and length of the reduced area, shown in Figure 3-2.

i rectangular element
¥ at) Considered small

agt) : I ] element

b;

Mid-line

Corroded surfaces

(a) (b)
Figure 3-2: Schematic representation of the torsional parameters. (a) Open section and (b) closed section [14]

The effective warping constant of the corroded section is given in Equation 3.5-5 and

considers the thickness wastage.

E

Iy, (t) = f [a,(t) — a()]? - a(t) ds Eq. 3.5-5
0
Were
a(t) = fspo(t) ds Eq. 3.5-6
0
and
1 E
a,(t) = 20 J a(t)-a(t) ds Eq. 3.5-7
c 0
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a(t) is the function of time-dependent thickness wastage due to uniform corrosion, p,(t) is
the perpendicular distance from the shear centre to the tangent to the centre line of the section
wall, shown in Figure 3-3.

Considered small

alt) / ~ element

I A} -
Corroded surface —= T
E
£,(¢)
S8
Shear center

8}

Mid-line

Figure 3-3: Schematic representation of warping parameters of open thin-walled cross-section [14]

3.6 Buckling capacity due to corrosion wastage

Finding the new neutral axis in the z-direction is necessary to calculate the lateral buckling
moment capacity. This chapter is mainly taken from the paper “Lateral torsional buckling
capacity of corroded steel beams: A parametric study” [15]. The distance from the initial

neutral axis to the new neutral axis can be found as shown in Equation 3.6-1.

21 G () Ly

Eqg. 3.6-1
A.(D a

ez(t) =

y; 1s the height from the initial neutral axis to the centroid of the reduced area, shown in
Figure 3-4.

The effective second moment of area about the z-axis:

n
Lo(t) = Lo+ Ay - e,(£)* — Z{Alz,l- +C() - L~ [y + e, (D)]?} Eq. 3.6-2

=1

1, is the initial second moment of area of the cross-section, and A1, ; is the second moment

of the reduced area.
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Figure 3-4: Schematic representation of corroded section parameters [15]

The critical elastic moment for a corroded section:
7-[2 . E . I 7-[2 . E . I
My = J <—L2 “) : lG Tiefr + <—L2 W‘)l Eqg. 3.6-3

The plastic modulus for a corroded section can be found as:

Woiye = AnYu + Ay + AcYer + A2z + AcsYes Eq. 3.6-4
Were:
Tension part Compression part
Ay =b-t Acp = b tr,
A= —t7) "ty Acz = (hw/2) -ty
Ve = Yp — tr/2 AC3=(hC—yp—tf,C—hW/2)-tW
Yez = (Vp —tr)/2 Yer = he = yp = trc/2

Ye2 = he —Yp —trc— hy /4
Yez = (he — Yp —trc— hw/z)/2

A;, and A, are the areas of the tension part of the section. y;; and y,, are the distances to the

plastic neutral axis. A.,, A.,, and A5 are the areas of the compression part of the section. y.,



Ye2, and y.5 are the distances to the plastic neutral axis. b is the width of the uncorroded part
of the section, b, is the width of the corroded part of the section, h, is the corroded height,
and h,, is the web height.

¥y is the plastic neutral axis and can be found as:

T=C

Atfy = Acfy

[t = (tret) = () + () + (bt - (o) + ()] g 568

2t,,

Yp =

T and C are the tension and compression force. A; and A, are the tension and compression
area. The obtained M, . and W, ,, . can be applied to Equation 2.2-6 and 2.2-8 to find the

LTB moment capacity My, q4 . Of a corroded beam.
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4 LTB moment capacity: Analytical approach

In this chapter, a parametric study of the LTB moment capacity will be performed. The beam
is simply supported and has a uniformly distributed load, illustrated in Figure 4-1. The
employed cross-section is IPE300, according to the NS-EN 10 034. The variables in this study
are the beam length and corrosion case. Eight different beam lengths will be used: 1.5, 2, 3, 4,
5, 6, 10, and 15 meters, and two different corrosion cases. The objective is to examine the
LTB moment capacity of several beams subjected to various cases of uniform corrosion. The
applied steel grade is S275JR, where the yield and ultimate strength are f, = 275 MPa and
fu = 430 MPa. The safety factor Y, is neglected to compare with the FE analysis results in

Chapter 5. This method is only applicable to beams with a constant section.

L

Figure 4-1: The beam with load and supports

4.1 Software

The software utilised for this study is MATLAB R2021a. This programming and numeric
computation platform developed by MathWorks can be used to create models, develop
algorithms and analyse data. The utilised code for this chapter can be found in Appendix A,
B, and C.
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4.2 Proposed analytical approach

The LTB capacity of the uncorroded section will be investigated first to compare it with the
corroded sections. Two different cases of corrosion will be studied:
- Case 1: Uniform corrosion around the entire section

- Case 2: Uniform corrosion on the bottom flange and bottom half of the web

The material properties are listed in Table 4-1.

Table 4-1: Material properties of the employed steel beam

Material properties
E (Young’s Modulus) 210 GPa
G (Shear Modulus) 81 395 MPa
Poisson’s Ratio 0.29
f, 275 MPa
£ 430 MPa

The lifespan of oil platforms will vary, and the lifespan will often be extended. As a
reference, the Gyda-platform had a lifespan of about 30 years before it was decommissioned
[16]. In Chapter 3, the lifespan of the corrosion protection system is assumed to be 5-15 years.
Five years will be employed for this study. The A and B parameters in Table 3-1 for severe
corrosion found and other areas will be employed to calculate the corrosion wastage. Only
uniform corrosion will be applied; patch and pitting corrosion will be neglected.
Consequently, the corrosion wastage is found to be 1.41 mm. The cross-sectional properties
are listed in Table 4-2, and the different cross-sections are illustrated in Figure 4-2. IPE300 is
a class 1 section. The section subjected to corrosion case 1 is a class 2 section. Thus, the

plastic moment capacity can develop for the proposed corrosion scenarios, and W, ,, can be

utilised.
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Table 4-2: Cross-sectional properties of the employed sections

Cross-sectional properties

No corrosion Case 1 Case 2
Total height 300 mm 297.2 mm 298.6 mm
Web height 278.6 mm 281.4 mm 281.4 mm
Top flange width 150 mm 147.2 mm 150 mm
Bottom flange width 150 mm 147.2 mm 147.2 mm
Top web thickness 7.1 mm 4.3 mm 7.1 mm
Bottom web thickness 7.1 mm 4.3 mm 4.3 mm
Top flange thickness 10.7 mm 7.9 mm 10.7 mm
Bottom flange thickness 10.7 mm 7.9 mm 7.9 mm
Wpiy 6.02 - 10° mm3 4.20- 105 mm? 4.86 - 105> mm?
I, 6.03 - 10 mm* 4.18-10° mm* 5.11-10° mm*
I; 1.56 - 105> mm* 5.52-10* mm* 1.06 - 105> mm*
I, 1.26 - 10t mm® 8.75-101° mm?® 1.03- 101 mm®

(a)

(b)

(©)

Figure 4-2: Illustration of the provided cross-sections. (a) Uncorroded, (b) uniform corrosion around the entire section, and
(c) uniform corrosion on the bottom half of the section.
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1,, I, and I, for corrosion case 2 are found in the physical properties in ANSYS

DesignModeler. This is provided in Appendix D.

Elastic critical moment [17]:

M = oy - M,y Eq. 4.2-1

were

m2-E-1 m2-E-1
- [EF ] e

E and G are the Youngs and shear modulus. L is the length of the beam, and «a,,, is the

moment modification factor.

4.3 Results
The following tables contain the elastic critical moment (M,,-), non-dimensional slenderness
ratio (4,7), buckling reduction factor (x,), and LTB moment capacity (M, g4) for the three

cross-sections analysed in this chapter.

Table 4-3: Elastic critical moment, non-dimensional slenderness ratio, buckling reduction factor, and lateral torsional
buckling moment capacity for the uncorroded cross-section.

L (m) M, (kNm) Air XLt M ra (KNm)
1.5 955.1 0.42 0.95 157.0
2 557.5 0.55 0.91 150.6
3 271.8 0.78 0.81 133.6
4 170.0 0.99 0.67 111.7
5 1215 1.17 0.55 91.2
6 94.0 1.33 0.46 75.4
10 49.4 1.83 0.26 434
15 31.3 2.30 0.17 28.5
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Table 4-4: Elastic critical moment, non-dimensional slenderness ratio, buckling reduction factor, and lateral torsional

buckling moment capacity for the cross-section subjected to corrosion case 1.

L (m) M, (kNm) Air XLt M ra (KNm)
15 647.1 0.42 0.92 105.9
2 371.4 0.56 0.86 99.0
3 174.1 0.81 0.72 82.6
4 104.7 1.05 0.57 65.3
5 72.1 1.27 0.44 51.3
6 54.1 1.46 0.36 41.2
10 26.4 2.09 0.19 22.3
15 16.1 2.67 0.12 14.2

Table 4-5: Elastic critical moment, non-dimensional slenderness ratio, buckling reduction factor, and lateral torsional

buckling moment capacity for the cross-section subjected to corrosion case 2.

Lm) | M (kKNm) o Xur M), a (KNM)
1.5 788.8 0.41 0.92 123.2
2 457.8 0.54 0.87 115.8
3 220.5 0.78 0.74 98.6
4 136.3 0.99 0.60 80.6
5 96.4 1.18 0.49 65.6
6 74.0 1.34 0.41 54.3
10 38.2 1.87 0.24 31.5
15 24.0 2.36 0.16 20.8




5 LTB moment capacity: FE approach

In this chapter, a FE analysis is performed in ANSYS Workbench to compare with the results
in Chapter 4. The beam lengths and corrosion cases will be the same as in the parametric

study, and two additional corrosion cases will be investigated.

5.1 Software
ANSYS Workbench 2020 R1 is the utilised software for this study. Workbench is software

for FE analyses. A flow chart illustrates the order of the system operation. Figure 5-1 provides

the flow chart for the linear Eigenvalue analysis.

- A - B

1 1
2 @ Engineering Data " @2 @ Engineering Data v 4
3 m Geometry O i m Geometry v 4
4§ Model W g——MW4 P Model v
5 @ setup v 4 —85 @ setup v 4
6 |§E Solution v 6 Solution v a4
7 | @ Results v 4 7 @ Results v a4

Static Structural Eigenvalue Buckling

Figure 5-1: Flow chart model of the linear Eigenvalue analysis in ANSYS Workbench

Engineering data is the material model, and provides the material properties. Geometry
contains a 3D model of the analysed beam. Model is where the material properties are
assigned to the model and the mesh is generated. Setup provides the applied loads and
boundary conditions. Solution and results contain the deformed model and solution
information. The engineering data, geometry, model, and solution employed in section A in
Figure 5-1 will be shared with section B. Section A will provide a deformed model as a

preceding process to the linear Eigenvalue buckling in section B.

The linear Eigenvalue buckling will provide an eigenvalue that can be multiplied by the
applied load to determine the elastic critical moment. As this is a linear analysis, the force-
displacement curve is idealised. Figure 5-2 illustrates the difference between an idealised
response and the actual response of the force-displacement curve. The behaviour is linear
elastic, small deformation theory is utilised, and other nonlinear properties are neglected. The
linear Eigenvalue buckling requires low computational costs. However, the predicted load is

higher than the actual load.
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Actual
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X

Figure 5-2: Comparison of idealised response versus actual response of the force-displacement curve [18]

Another option to analyse buckling is to perform a nonlinear buckling static analysis. When
buckling occurs, the structure is no longer static. As a result, it becomes difficult to solve the
problem as a static analysis, and the solutions fail to converge when buckling starts. All the
nonlinearities are utilised for this type of analysis, which can be utilised to predict both
buckling and local buckling. It is possible to start with a linear buckling analysis to provide an
upper limit for the buckling load. By doing so, the estimate will be more accurate. This
analysis requires high computational costs. Figure 5-3 provides the flowchart for the
nonlinear analysis. The engineering data and solution in section B will be shared with section
B and C.

- A - B hd C

2 Q Engineering Data +" ,——H 2 Q Engineering Data v g H2 @ Engineering Data  +" 4
3 m Geometry v g3 m Geometry v 4 3 |§@ Model v 4
4§ Model ~ g4——W 3§ Model v 4 @ setup v 4
5 @ setup v 4 a5 | setup v 4 5 Solution v 4
& Solution v 6 Solution v 4 6 @ Results v 4
7 @ Results v 4 7 @ Results v 4 Nonlinear buckling

Static Structural Eigenvalue Buckling

Figure 5-3: Flow chart of the nonlinear buckling static analysis in ANSYS Workbench
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5.2 FE simulation

In this study, the beam will be analysed with no corrosion and corrosion case 1 and 2. There
will also be two additional corrosion cases:
- Case 3: 1/3 of the length of the beam will be subjected to uniform corrosion around
the entire section. Only the middle of the beam length is subjected to corrosion.
- Case 4: 1/3 of the length of the beam will be subjected to uniform corrosion on the
bottom flange and bottom half of the web. Only the middle of the beam length is

subjected to corrosion.

The cross-sectional properties of corrosion case 3 and 4 are listed in Table 5-1.

Table 5-1: Cross-sectional properties of the employed sections

Cross-sectional properties

Case 3 Case 4

Uncorroded sections

Total height 300 mm 300 mm
Web height 278.6 mm 278 mm
Total width 150 mm 150 mm
Web thickness 7.1 mm 7.1 mm
Flange thickness 10.7 mm 10.7 mm
Hot-rolled radius 15 mm 15 mm

Corroded middle section

Total height 297.2 mm 298.6 mm
Web height 281.4 mm 281.4 mm
Top flange width 147.2 mm 150 mm
Bottom flange width 147.2 mm 147.2 mm
Top web thickness 4.3 mm 7.1 mm
Bottom web thickness 4.3 mm 4.3 mm
Top flange thickness 7.9 mm 10.7 mm
Bottom flange thickness 7.9 mm 7.9 mm
Top hot-rolled radius 13.6 mm 15 mm
Bottom hot-rolled radius 13.6 mm 13.6 mm
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The material properties are the same as in Chapter 4 and can be found in Table 4-1. The five

provided types of beams are shown in Figure 5-4.

(d) (e)
Figure 5-4: Illustration of the analysed beams. (a) Uncorroded, (b) uniform corrosion on the entire section, (c) uniform

corrosion on the bottom half of the section, (d) Uniform corrosion around the entire section on the middle of the beam, and
(e) uniform corrosion on the bottom half of the middle of the beam.

A preliminary analysis was carried out to determine the most suitable mesh. The mesh
refinement is program controlled for all the faces of the beam. The element size can be
manually determined. The mesh is set to 5 mm for all faces in this analysis. A larger mesh
will decrease the computational cost, but the results will be less accurate.

The boundary conditions are specified in Figure 5-5 and Table 5-2. This type of boundary

condition allows rotation about the x-axis. However, rotation about the z-axis is restricted
[19].
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B Corners

[J Centre

B Rotation

W Displacement

Table 5-2: Boundary conditions

U, U, U,
Corner 0 0 -
Centre 0 - 0
Rotation - 0 -
Displacement - 0 -

In this analysis, the top flange is subjected to line pressure in the middle of the flange, as
shown in Figure 5-6. The applied value for the line pressure in ANSYS Workbench is w. This
can be calculated from Equation 5.2-1. The eigenvalue obtained from the eigenvalue buckling
is multiplied by the applied bending moment M to determine the elastic critical moment.
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Figure 5-6: The applied line pressure

Eq. 5.2-1

ANSYS is told to solve the problem for six buckling modes. This will provide six different
buckling mode shapes and values. The negative eigenvalues are neglected. For the most
conservative design, the lowest positive eigenvalue can be assumed as the solution. This is the

first value reached when applying an external load to the beam.

The obtained elastic critical moment from the FE analysis will be combined with the
equations from the Eurocode 3 to provide the non-dimensional slenderness ratio, buckling
reduction factor, and LTB moment capacity. When calculating the non-dimensional
slenderness ratio, buckling reduction factor, and LTB moment capacity for the beams
subjected to corrosion case 3 and 4, only the plastic section modulus and the imperfection
factor for the corroded middle part of the beam will be employed, as this is the most critical
part of the beam when it comes to LTB. Currently, no methods exist to calculate the LTB

moment capacity of beams with varying cross-sections.

For the nonlinear buckling analysis, the selected buckling mode shape from the linear
Eigenvalue buckling analysis is shared with section C in the flow chart. The scale factor is
determined in Equation 5.2-2. L is the beam length of the considered beam in millimetres.

L

-t Eq. 5.2-2
© = 71000 q
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5.3 Results

The following figures show the selected modes for the linear eigenvalue buckling for the

analysed beams.

(a) (b)

(e) (63)

@

Figure 5-7: The selected buckling mode for the uncorroded section of beam length (a) 1.5m, (b) 2m, (c) 3m, (d) 4m, (e) 5m,
(f) 6m, (g) 10m, and (h) 15m
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Figure 5-8: The selected buckling mode for the section subjected to corrosion case 1, with beam length (a) 1.5m, (b) 2m, (c)
3m, (d) 4m, (e) 5m, (f) 6m, (g) 10m, and (h) 15m
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Figure 5-9: The selected buckling mode for the section subjected to corrosion case 2, with beam length (a) 1.5m, (b) 2m, (c)
3m, (d) 4m, (e) 5m, (f) 6m, (g) 10m, and (h) 15m
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Figure 5-10: The selected buckling mode for the section subjected to corrosion case 3, with beam length (a) 1.5m, (b) 2m, (c)
3m, (d) 4m, (e) 5m, (f) 6m, (g) 10m, and (h) 15m
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Figure 5-11: The selected buckling mode for the section subjected to corrosion case 4, with beam length (a) 1.5m, (b) 2m, (c)
3m, (d) 4m, (e) 5m, (f) 6m, (g) 10m, and (h) 15m
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The following tables contain the elastic critical moment (M,,.) obtained from the linear FE
analysis in ANSYS Workbench, and the calculated non-dimensional slenderness ratio (4,7),

buckling reduction factor (x,r), and LTB moment capacity (M rq).

Table 5-3: Elastic critical moment, non-dimensional slenderness ratio, buckling reduction factor, and lateral torsional
buckling moment capacity for the uncorroded section.

L () M, (kKNm) Air Xir M} ra (KNM)

FEA EC3 EC3 EC3
15 400.3 0.64 0.87 144.5
2 318.8 0.72 0.84 138.7
3 184.6 0.95 0.70 116.2
4 125.3 1.15 0.56 93.1
5 95.2 1.32 0.46 76.1
6 77.3 1.46 0.39 64.3
10 45.6 191 0.24 40.3
15 30.8 2.32 0.17 28.0

Table 5-4: Elastic critical moment, non-dimensional slenderness ratio, buckling reduction factor, and lateral torsional
buckling moment capacity for the cross-section subjected to corrosion case 1.

L () M, (kNm) Air Xir Mp,ra (KNM)

FEA EC3 EC3 EC3

15 139.2 0.91 0.65 75.6
2 161.4 0.85 0.70 80.4

3 108.3 1.03 0.58 66.6

4 72.1 1.26 0.44 51.3

5 53.0 1.48 0.35 40.6

6 41.9 1.66 0.29 334
10 23.4 2.22 0.17 20.0
15 15.5 2.73 0.12 13.7
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Table 5-5: Elastic critical moment, non-dimensional slenderness ratio, buckling reduction factor, and lateral torsional

buckling moment capacity for the cross-section subjected to corrosion case 2.

L (m) M, (KNm) Aur Xir M ra (KNm)

FEA EC3 EC3 EC3

15 270.7 0.70 0.78 104.5
2 261.3 0.72 0.78 103.6

3 161.5 0.91 0.65 87.5

4 108.2 1.11 0.53 70.6

5 80.1 1.29 0.43 57.6

6 63.5 1.45 0.36 48.2
10 34.9 1.96 0.22 29.1
15 21.8 2.48 0.14 19.0

Table 5-6: Elastic critical moment, non-dimensional slenderness ratio, buckling reduction factor, and lateral torsional

buckling moment capacity for the cross-section subjected to corrosion case 3.

Loy | Mer (kNm) o Xur M), (KNM)

FEA EC3 EC3 EC3
1.5 261.7 0.66 0.80 92.8
2 254.8 0.67 0.80 92.2
3 149.7 0.88 0.68 78.0
4 103.4 1.06 0.56 64.8
5 79.2 1.21 0.47 54.7
6 64.8 1.34 0.41 47.4
10 38.4 1.73 0.27 31.0
15 26.0 2.11 0.19 22.0
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Table 5-7: Elastic critical moment, non-dimensional slenderness ratio, buckling reduction factor, and lateral torsional

buckling moment capacity for the cross-section subjected to corrosion case 4.

L) M, (kNm) Air XLt M ra (KNm)

FEA EC3 EC3 EC3

15 354.1 0.61 0.83 110.9
2 301.8 0.67 0.80 107.3

3 179.0 0.86 0.68 914

4 122.3 1.05 0.57 76.0

5 92.3 1.20 0.48 63.7

6 74.4 1.34 0.41 54.5
10 42.3 1.78 0.26 34.4
15 27.3 2.21 0.17 23.3

The result from the nonlinear buckling analysis of the 3 m long beam subjected to corrosion

case 1 is plotted in Figure 5-12. As a result, the LTB moment capacity of this beam is 76.4

kNm.
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Figure 5-12: Applied moment versus lateral deflection for the 3 m long beam subjected to corrosion case 1
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6 Comparison of results and discussion

This study is based on conservative values for the corrosion depth and pattern on the cross-
sections. Only uniform corrosion is applied to the beams in this study, while crevice and
pitting corrosion are neglected. For a steel beam subjected to corrosion, the corrosion depth
will not be constant for the entire beam length or section. Only a linear analysis is performed
for most of the beams for the FE approach to obtain the elastic buckling moment, which is
used to calculate the LTB moment capacity based on the guidelines given in Eurocode 3. This

may be less accurate than the nonlinear FE analysis-based LTB capacities.

Table 6-1 provides the obtained elastic critical moment for all the corrosion scenarios and
beam lengths included in this study. The LTB moment capacities for the same beams are
provided in Table 6-2. These tables compare the analytical results with the results from the
linear FE analysis. There is a significant difference in the LTB moment capacity for the
shortest beams. For the longer beams, the difference decreases. The LTB moment capacity
obtained from the FE analysis is more conservative than the analytical LTB moment capacity.
The result from the nonlinear buckling analysis of the 3 m long beam subjected to corrosion
case 1 provides an LTB moment capacity of 76.4 KNm. This is less than the analytical LTB
moment capacity, yet greater than the LTB moment capacity based on the elastic critical
moment obtained by the linear FE analysis.

The 15 m long beam subjected to corrosion case 1 has the lowest LTB moment capacity. In
this case, the capacity is reduced by 51% compared to the uncorroded beam. This is expected,
as sections subjected to corrosion case 1 are most affected by thickness loss. For the 15 m
long beam subjected to corrosion case 3, the LTB moment capacity is reduced by 21%. This
indicates that the length of the corroded part of the beam influences the LTB moment

capacity. The longer the corroded section is, the lower the LTB moment capacity.

The LTB moment capacity is expected to increase when the beam length is decreased. Thus,
the results from the linear FE analysis show that the 1.5 m long beam subjected to corrosion
case 1 has a lower LTB moment capacity than the 2 m long beam subjected to the corrosion
scenario. A combination of local buckling and LTB may be the reason, as short beams are

more likely to be subjected to local plate buckling.
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Table 6-1: The elastic critical moment provided by the analytical (M., 4) and the FE approach (M, g)

L | Nocorrosion Case 1 Case 2 Case 3 Case 4
M| Mera | Mers | Mera | Mers | Mera | Mers | Mera | Mers | Mera | Mo
15| 955.1 | 400.3 | 647.1 | 139.2 | 788.8 | 270.7 - 261.7 - 354.1
2 | 5575 | 318.8 | 3714 | 161.4 | 457.8 | 261.3 - 254.8 - 301.8
3 | 271.8 | 184.6 | 1741 | 108.3 | 220.5 | 161.5 - 149.7 - 179.0
4 |1170.0 | 1253 | 104.7 | 72.1 | 136.3 | 108.2 - 103.4 - 122.3
5 | 1215 | 95.2 72.1 53.0 96.4 80.1 - 79.2 - 92.3
6 94.0 77.3 54.1 41.9 74.0 63.5 - 64.8 - 74.4
10 | 494 45.6 26.4 23.4 38.2 34.9 - 38.4 - 42.3
15 | 313 30.8 16.1 15.5 24.0 21.8 - 26.0 - 27.3
Table 6-2: The LTB moment capacity provided from the analytical (Mga.4) @nd the FE approach (Mpgq,s)
L | Nocorrosion Case 1 Case 2 Case 3 Case 4
(M) | Mypra.a| Mpra| Mpraa| Mbras| Mbra,a| Mbrag| Mbraa| Mbras| Mbra,a| Mprap
15| 157.0 | 1445 | 1059 | 75.6 | 123.2 | 104.5 - 92.8 - 110.9
2 | 150.6 | 138.7 | 99.0 80.4 | 115.8 | 103.7 - 92.2 - 107.3
3 | 1336 | 116.2 | 826 | 66.6 | 986 | 875 - 78.0 - 91.4
4 | 1117 | 931 65.3 51.3 80.6 70.7 - 64.8 - 76.0
5 91.2 76.1 51.3 40.6 65.6 57.6 - 54.7 - 63.7
6 75.4 64.3 41.2 334 54.3 48.2 - 47.4 - 54.5
10 | 434 40.3 22.3 20.0 31.5 29.1 - 31.0 - 34.4
15 | 285 28.0 14.2 13.7 20.8 19.0 - 22.0 - 23.3

In the following plots, the results from the analytical and the FE approach of the uncorroded

section and the sections subjected to corrosion case 1 and 2 are plotted. The plots are buckling

reduction factor (y,r) versus non-dimensional slenderness ratio (1,7), LTB moment capacity

(Myrq) versus non-dimensional slenderness ratio, and LTB moment capacity versus beam

length.
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In the following plots, the buckling reduction factor versus non-dimensional slenderness ratio

are plotted for the corrosion case 3 and 4.
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7 Conclusions

7.1 Summary

In this thesis, the remaining LTB moment capacities of IPE300-sections subjected to four
different corrosion scenarios are studied. The corrosion scenario and beam length are used as
parameters. The utilised approaches are based on Eurocode 3 and the elastic critical moment
obtained by the linear FE analysis in ANSYS Workbench. A nonlinear FE buckling
simulation is provided for one beam. The objective is to study how various scenarios of
uniform corrosion affect the remaining LTB moment capacity for IPE300-sections, and to

provide an analytical framework for I-beams with varying cross-sections.

Theory for determining the remaining LTB moment capacity for corroded beams, where the
cross-section is constant for the entire beam, is provided. In the analytical approach, this
theory is used to calculate the elastic critical moment (M_,.), non-dimensional slenderness
ratio (4,7), buckling reduction factor (x,), and LTB moment capacity (M, g4) for the

uncorroded section, and the cross-sections subjected to corrosion case 1 and 2.

ANSYS Workbench is utilised for the linear FE simulation. The elastic critical moment (M,,.)
is provided from the simulation. This is then employed to calculate the non-dimensional
slenderness ratio (1,7), reduction factor (x,;), and LTB moment capacity (M,, z4) for the
uncorroded section, and the sections subjected to corrosion case 1, 2, 3, and 4. The results for
the uncorroded section and sections subjected to corrosion case 1 and 2 are compared with the

results from the analytical approach.

7.2 Concluding remarks

Based on the comparison of the results from the analytical approach and the linear FE
approach, the linear LTB moment capacity is more conservative than the analytical LTB
moment capacity. The result from the nonlinear buckling analysis is less conservative than the
linear analysis, yet more conservative than the analytical approach. However, it is necessary

to have more data to make a certain conclusion regarding the nonlinear buckling capacity.

The 15 m long beam subjected to corrosion case 1 has the lowest LTB moment capacity, as
this section is most affected by thickness loss. In this case, the capacity is reduced by 51%
compared to the uncorroded beam. For the 15 m long beam subjected to corrosion case 3, the
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LTB moment capacity is reduced by 21%. This proves that the length of the corroded section

affects the LTB moment capacity of the beams.

For some of the shortest beams, the linear LTB moment capacity deviates from the analytical

LTB moment capacity due to local plate buckling.

7.3  Further work

Upcycling of steel is a complicated process that will depend on more factors than just the
remaining capacity of the structural elements. For further studies, it will be interesting to
study how fatigue, decommissioning, and rust removal affect the remaining capacity. Hence,
it is essential to establish an upcycling process that is more economical for the industry than
recycling steel. New structures should be designed to be straightforward to reuse to ensure the

future reuse of structural elements.

For further work, performing an experimental study of corroded beams comparing the
experimental and analytical results would be interesting. Due to time limitations and high
computational costs, a nonlinear buckling analysis is only performed for one beam. It would
be interesting to perform a nonlinear buckling analysis on the rest of the beams. Further
recommendations are to repeat the parametric study to include various cross-sections and

corrosion patterns.
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Appendix

A: Uncorroded section

Appendix A consists of the MATLAB code utilised in Chapter 4 for the uncorroded section.
The beam length L is changed according to what beam length is calculated.

% Lateral torsional buckling moment capacity of IPE300
% No corrosicon

clear ¥ Clear all variables

clc ¥ Clear command window

% Dimensions (mm)

h=300; ¥ Section height

b=150; ¥ Section width

tw=T7.1; t Web thickness

tf=10.7; % Flange thickness

L=6000; * Beam length

Cw=h-2*tf; ¥ Web height

E=Z10*10"3; ¥ N/mm"2

G=B1395; T N/mm"2

fy=275; t MPa

epsilon=sqgrt (235/fy):

alfaM=1.13; ¥ Moment modification factor
gammaM=1; t Safety factor (Neglected)

% Class classification
if (h-2*tf)/(tw*epsilon) <= T2 % Web
"Web: Class 1"
else
"Web: Mot class 1"

end

if ((b-tw)}/2)/(tf*epsilon) <= 9 % Flange
"Flange: Class 1"

else
"Flange: Not class 1"

end

% Moment of inertia about z-z axis (mm™4)
Iz= 2*(1/12*tE*p"3)+(1/12* (Cw*tw"3))

To
It=2

rsion constant (mm*4)
*(L/3*b*tf3) +1/3*Cwrtw™3

% Warping constant (mm"&)
Iw=(b"3* (h-tf)~2*cf) /24

% Critical elastic moment (HNmm)
Mcr=(sgrt(((pi"2*E*Iz) /L 2)*((G*It)+({pi*2*E*Iw)/L"2Z))))*alfaM

% Plastic section modulus (mm*3)
Wply=(b*tf* (h-vf) /2)*2+ ((h/2-tf) *tw* (h/2-CE) /2) *2

% Imperfection factor
if hi/b <= 2
alfalT=0.21;
else
alfalT=0.34;
end



% Slenderness ratio for buckling

lambdalT=sqrt { (fy*Wply) /Mcr)

% Function used to define the reduction factor

phiLT=0.5* (1+alfalT* (lambdalT-0.2) + (lambdalLT) ~2) ;

% Reduction factor for buckling

chilT=1/ (philT+sqrt {philT"2-lambdaLT"2}) ;

% Lateral torsional buckling moment capacity (kNm)

Mbrd= (chiLT*Wply*fy/gammaM) *10" (-&)



B: Corrosion case 1

Appendix B presents the MATLAB code utilised in Chapter 4 for the section subjected to

uniform corrosion over the entire cross-section. The beam length L is changed according to

what beam length is calculated.

% Lateral torsional buckling moment capacity of IPE300

% Uniform corrosion all owver the section

clear t Clear all wvariables

clec ¥ Clear command window

% Corrosion wastage

A=0.1; ¥ Parameter for offshore structures
B=0.823; i Parameter for offshore structures

t=30; %
t0=5; %
w=A*(t-t0)"B; £

Lifespan of structure (years)
Lifespan of corrosion protection

Corrosion wastage (mm)

% Dimensions (mm)

h=300-2%w; t Section height
b=150-2%w; % Section width
tw=T.1-2%w; ¥ Web thickness
tf=10.7-2%w; ¥ Flange thickness
L=3000; ¥ Beam length
Cw=h-2*tf; t Web height
E=210*%10"3; % N/mm"2
G=B81395; £ N/mm"2
fy=275; ¥ MPa
epsilon=sqrt (235/fy):
gammaM=1; t Safety factor (Neglected)
alfaM=1.13; ¥ Moment modification factor
% Class classification
if (h-2*tf)/(tw*epsilon) <= 72 % Web
"Web: Class 1"
else
"Web: Mot class 1"
end

if ((b-tw)/2)/(ctf*epsilon) <= 9 % Flange
"Flange: Class 1"

elseif ((b-tw)/2)/{tf*epsilon) <= 10
"Flange: Class 2"

else
"Flange: Class 3 or 4"

end

% Moment of inertia about z-z axis (mm™4)

Iz= 2%({1/12*cE*p"3)+(1/12* (Cw*tw"3)

% Torsion constant (mm~4)
It=Z2*(1/3*b*cE*3)+1/3*Cw*tw"3

% Warping constant (mm”*&)
Iw=(b"3* (h-tf)"2*tf) /24

% Critical elastic moment (Nmm)

(years)

Mer=(sgro(((pi”2*E*Iz) /L 2)* ((G*It)+{({pi"2*E*Iw)/L"2)))) *alfaM



% Plastic section modulus (mm"~3)
Wply=(b*rf* (h-tf)/2)*2+ ((h/2-tf) *tw* (h/2-LE) /2)*2

% Imperfection factor
if h/b <= 2
alfalT=0.21;
else
alfalT=0.34;
end

% Slenderness ratio for buckling
lambdalT=sqrt { (fy*Wply) /Mcr)

% Function used to define the reducticn factor
philT=0.5% (1+alfalT* (lambdalLT-0.2)+ (lambdalT) *2);

% Reduction factor for buckling
chilT=1/ (phiLT+sgrt (phiLT"2-lambdaLT"2} ) ;

% Lateral torsional buckling moment capacity (kNm)
Mbrd= (chiLT*Wply*fy/gammaM) *10" (-8&)



C: Corrosion case 2

Appendix C consists of the MATLAB code employed in Chapter 4 for the section subjected
to uniform corrosion on the bottom flange and bottom half of the web. The beam length L is
changed according to what beam length is calculated.

¥ Lateral torsional buckling moment capacity of IPE300
% Uniform corrosion on bottom flange and bottom half of web

clear t Clear all wvariables

cle ¥ Clear command window

¥ Corrosion wastage

A=0.1; ¥ Parameter for offshore structures
B=0.823; i Parameter for offshore structures

t=30; t Lifespan of structure (years)

t0=5; t Lifespan of corrosion protection (years)

w=A*((t-t0)"*B); % Corrosion wastage (mm)

¥ Dimensions (mm)

h=300-w; ¥ Section height

b=150; t Section width: Top (No corrosion)
be=150-2%w; t Section width: Bottom (Corrosion)

tw=7.1; t Web thickness: Top half (No corrosion)
twe=T7.1-2*w; t Web thickness: Bottom half (Corrosion)
tf=10.7; ¥ Flange thickness: Top flange (No corrosion)
tfe=10.7-2*w; ¥ Flange thickness: Bottom flange (Corrosion)
L=15000; ¥ Beam length

Cw=300-tf-tfc; % Web height

E=210*10"3; %t N/mm"2

G=B1385; T N/mm"2

Ey=2T75; t MPa

epsilon=sqgrt{235/fy);

gammaM=1; t Safety factor (Neglected)
alfaM=1.13; ¥ Moment modification factor

¥ Plastic neutral axis (mm)
yp=((lh*tw) - (tfo*tw) - { (Cw/2) *tw) + { (Cw/2) *twe) + (be*tfe) — (b*rE)+ (rE*tw) ) S (2% tw) ;

¥ Tens=ion part
Atl=b*tf;
AtZ=(yp-tf) *tw;
ytl=yp-tf£/2;
ytZ={(yp-tf)/2;

¥ Compression part
Acl=bc*tfec:

RcZ=(Cw/2) *twe;
Ac3=(h-yp-tfc-Cw/2) *tw;
yol=h-yp-tfe/2;
yoeZ=h-yp-tfe-Cw/4;
ye3=(h-yp-tfc-Cw/2) /2;

% Plastic section modulus (mm*~3)
Wply=Atl*ytl+AtZ*yti+Acl*ycl+AcZ*ycZ+Rc3*yo3

% Moment of inertia about z-z axis (mm*4)
Iz=5.11*10"6; t Found in Ansys DesignModeler

¥ Torsion constant (mm*4)
It=1.06*10"5; t From Ansys DesignModeler



% Warping constant (mm”™6&)

Iw=1.03*10"11; % Found in Ansys DesignModeler

% Critical elastic moment (Nmm)
Mcr=(sgrt(((pi*2*E*Iz) /L 2)*((G*It)+((pi”2*E*Iw)/L"*2))))*alfaM
Mcr/10"6

Imperfection factor
If h/b <= 2: alfalLT=0.21
If h/b > 2: alfaLT=0.34

o o

)

h/b=1.9%06

h/bc=2.0288

Most conservative: h/bec=2.0288 > 2
alfal.T=0.34;

oL oe

)

% Slenderness ratie for buckling
lambdalT=sgrt( (fy*Wply) /Mcr)

% Function used to define the reduction factor
phiLT=0.5* (1+alfaLT* (lambdalT=0.2) + ({lambdalLT) ~2) ;

% Reduction factor for buckling
chiLT=1/ (phiLT+sgrt (phiLT*2-lambdalT"2))

% Lateral torsicnal buckling moment capacity (kNm)
Mbrd= (chiLT*Wply*£fy/gammaM) *10* (=€)



D: Cross-sectional properties for corrosion case 2

Appendix D represents the cross-sectional properties of the cross-sections subjected to

uniform corrosion on the bottom half of the section.

Bottomhalf

Show Constraints? | Nao
[=l| Dimensions: 7
[ 1TH1 150 mm
[ IH2 7.1 mm
[ 1 H3 43 mm
[TH4 147.2 mm
[]wvs 298,6 mm
[ve 10,7 mm
[T 7.9 mm
Edges: 16
[=I| Physical Properties: 10
A 4363,%9 mm*®
[Es 6&,6457e+07 mm*4
Iy 4.1293e-09 mm*4
Iyy 5,1142e~06 mm*4 “
Iwe 1,0342e+11 mm™6&
1 1,0577e+05 mm"4
Cix 0 mm i i . %
Ciy 169,29 mm : i .
SHx -0,00334%1 mm Vs 0,00 50,00 100,00 (mm)
Il .
SHy 174,31 mm o .



E: Mp pq With M, obtained in ANSYS

Appendix E consists of the MATLAB code that utilises the elastic critical moment found in
the FE analysis in Chapter 5 to obtain the LTB moment capacity. The elastic critical moment
Mcr is changed according to the results from the FE analysis. The plastic section modulus

Wply and imperfection factor alfaL. T are also changed according to the analysed cross-section.

wf PE
fy=275
gammaM=1 eglected)
E 1 == i odu
Wply=4.20%10"5; 1 & 3
Wply=4 .B6*10"5; 2 & 4
Critical elastic moment obtained in Ansys Workbench (MNmm)
Mcr=161.4*10"6;
Mcr/10"6
ion factor
z alLLT=0.21;
alfaLT=0.34; 1 & 3
alfalLT=0.34; 2 & 4
S5lenderness ratioc for buckling
lambdalLT=sqrt { (fy*Wply) /Mcr)
Functior sed to define e reduction factor

philT=0.5* (1+alfalT* (lambdalT-0.2)+ (lambdalLT) ~2) ;

Reduction factor for buckling
chilT=1/ (philT+sqrt {phiLT*2-lambdaLT*2)}
Lateral torsional buckling moment capacit

Mbrd= (chilT*Wply*fy/gammaM) *10" (-6)



