DELFT UNIVERSITY OF TECHNOLOGY

Low Cycle Corrosion Fatigue in

the North Sea Environment

by
Marc Anthony Anijs

A thesis submitted in partial fulfillment for the

Master of Science Degree
in

Civil Engineering

Structural Engineering

October 2013


http://www.tudelft.nl
http://www.linkedin.com/pub/marc-anijs/43/897/b3b
http://www.citg.tudelft.nl
http://www.tudelft.nl/studeren/masteropl/masteropleidingen/civil-engineering/msc-programma/varianten/structural-engineering

“Anfangen st leicht, beharren eine Kunst.”

Hans-Jirgen



DELFT UNIVERSITY OF TECHNOLOGY

Abstract

Civil Engineering

Structural Engineering

Master of Science

by Marc Anthony Anijs

Low cycle corrosion fatigue is an interesting issue in civil Engineering because it
may affect the lifetime of structures in negative and unexpected ways. However,
analysis of design codes has revealed that low cycle corrosion fatigue is not a major
issue in the design of offshore structures because these structures are designed with
a global elastic philosophy. This means that the number of cycles that a structure
can withstand usually stays well within the high cycle range. The joints ( welded
or otherwise ) revealed to be the less resistant elements to low cycle corrosion
fatigue. Furthermore, it was revealed that in the ultra low cycle region the effect
of the environment is heavily reduced. It was also revealed that the effect of
cathodic protection is strongest in the upper spectrum of the high cycle range and
deteriorates in the lower spectrum of the high cycle range. It was also revealed
that a structure in air and a structure in seawater with cathodic protection have
essentially the same fatigue resistance when in the ultra low cycle range. In the
ultra low cycle range, the problem appears to turns into mostly a low cycle fatigue
problem. In the ultra high cycle region the problem appears to turns into mostly
a corrosion problem. S-N curves that can predict the low cycle fatigue life of
structures in a deleterious environment are very rare. The only S-N curve available
that can be used for structural steel subjected to low cycle corrosion fatigue is one
for tubular sections. However, Mathematical modeling based on regression and a
principle of constant slopes in a fatigue cycle region ( low cycle, high cycle, ultra
high cycle ) has made it possible to not only calculate the low cycle corrosion
fatigue life of tubular joints but the low cycle corrosion fatigue life of other types

of joints as well.
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Chapter 1

Introduction

Low cycle corrosion fatigue is an interesting issue in civil engineering because it
may affect the lifetime of structures in negative and unexpected ways. Corrosion
fatigue is a mode of failure that affects metals in deleterious electrochemical en-
vironments. Civil engineering structures, which are subject to aging and are in
general exposed to deleterious environments, are for example offshore structures.
The stress cycle in structural elements of these structures is likely to be subject
to changes. Low cycle corrosion fatigue is defined as sequential stages of dam-
age that progress with every load cycle to a steel element in an electrochemically
hazardous environment. The stages are cyclic plastic deformation, micro-crack
initiation, small crack growth to linkup and finally coalescence growth of the co-
alesced crack [1]. In general this crack growth or these crack growths may lead
to ultimate failure of a structural element. Low cycle failure is typically less than
10.000 cycles but this number is arbitrary. Low cycle fatigue is usually associated
with widespread plasticity in metals, thus, a strain based parameter may be used
for fatigue life prediction in metals, contrary to high cycle fatigue, which is usu-
ally described by stress-based parameters. The stress range is simply the algebraic
difference between the minimum and maximum stress range, at a given location.
Fatigue calculations should only be done for locations with a net applied tensile
stress. Analysis of low cycle corrosion fatigue problems for offshore structures in
the North Sea has revealed that there is very little literature on low cycle corrosion
fatigue. The common design codes do not cover this subject as elaborately as they
cover high cycle corrosion fatigue. In this thesis the author will investigate the
problem of low cycle corrosion fatigue. The author will analyze the standing codes

for fatigue in the industry. General searches have not delivered clear design codes

1



Chapter 1. Introduction 2

for offshore structures subject to low cycle fatigue in deleterious environments de-
spite the fact that many metal structures are built in seawater. The first research
question is, "what do the design codes say about low cycle corrosion fatigue.” The
second research question is, "how influential is the electrochemical environment
for structures subject to low cycle fatigue.” The third research question is, "is it
possible to find a method for the analysis of low cycle corrosion fatigue in case
methods are not available in the literature.” The fourth research question is, ”what
is the weakest part of a structure subjected to low cycle corrosion fatigue.” The
research questions will be answered by first analyzing the available literature and
then some mathematical modeling for low cycle corrosion fatigue will follow in the

later sections.



Chapter 2

Literature Review

The relationship between fatigue life N and stress was first proposed by O.H.
Basquin in his publication in 1910. Basquin proposed a log-linear relationship
between fatigue life N and stress range Ac. This relationship can be seen in
equation 2.1 where A is the stress range that will only experience 1 load cycle and

B is the slope of the logarithmic S-N curve.

Ao = A(N)P (2.1)

S-N curves in design codes for high cycle fatigue are based on the Basquin equa-
tion. The design codes available generally cover HCF (and HCCF ). The meaning
of these abbreviations can be seen in figure 2.1. In [2] the authors investigated
low cycle high-strength steel butt welds. The authors of [2] performed their study
because the demand for high load capacity in steel construction combined with low
construction weight is growing. Furthermore, the carbon footprint of structures
can be reduced if less material is used. In [2] the authors placed the boundary
between low cycle fatigue and high cycle fatigue at 40.000 cycles, however, this
number is arbitrary.

The author of this thesis shares the sentiment that low cycle fatigue, more specif-
ically, low cycle corrosion fatigue is an issue that is worth investigating. The
author will investigate the design codes, scientific papers from material science
and research available from narrowly related fields to civil engineering pending

applicability in a civil engineering environment.
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2.1 Design Codes

In this section the author will cover the design codes which are frequently used.
The codes that shall pass the review are the EC3, DNV, API, HSE and ABS.

According to [3] the EC3 and the Canadian code, for both high and low cycle
fatigue, are largely similar. In [3] it was stated that stress ranges that are com-
pletely in compression do not need to be investigated for fatigue. The EC3 aims
to design structures against the limit state of fatigue with an acceptable level of
probability that the structure does not fail during its design life. In the EC3
it is stated that no fatigue assessment is normally required for building struc-
tures except members supporting appliances or rolling loads, members subject
to vibrations from machinery, members subject to wind induced oscillations and
members subject to crowd-induced oscillation. Problems such as low cycle fatigue
are treated marginally in the EC3. In the EC3 a method is presented for fatigue
which puts the emphasis primarily on high cycle fatigue but may also be used for
low cycle fatigue according to the EC3. A type of design curve that you may find
in the EC3 is given in figure 2.2. The cut-off point for the graph presented in the
EC3 is 10.000 cycles which also the case in the API and DNV.

The EC3 is elaborate but makes no effort to address fatigue in deleterious environ-
ments. ISO/TR 14345.2012 gives guidance on the best practice of fatigue testing,

under constant or variable amplitude, of welded components in the medium and
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FIGURE 2.2: Characteristic S-N curves in EC3. The curve has been created

for high cycle fatigue because this is the common problem. The curve may

be extrapolated for low cycle fatigue according to the EC3. This curve does

not take into account environmental effects. The tests results have not been
acquired for low cycle fatigue. [4]

high cycle range. Low cycle fatigue is not specifically covered just like the EC3.
ISO/TR 14345:2012 does not cover corrosion or high-temperature fatigue testing.

In the DNV [5] the authors designed codes for the analysis of fatigue for offshore
structures with the North Sea as the environment of reference. The authors stated
that the Recommended Practice is valid for steels in air with yield strength up to
960 MPa (which is representative of construction steel for civil engineering pur-
poses). For steel in seawater with cathodic protection or steel with free corrosion
the Recommended Practice is valid up till 550 MPa. The Recommended Practice
can easily be applied for temperatures up to 100 degrees Celsius. The authors
also stated that offshore structures which are subjected to typical wave and wind
loading, fatigue damage occurs in the range of larger than 10.000.000 cycles, which
is well beyond the range of low cycle fatigue. Low cycle fatigue is typically less
than 10.000 cycles. An image of one of the S-N curves in [5] is given in figure 2.3.

The expression for prediction of fatigue life in [5] is given in equation 2.2
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FiGure 2.3: Characteristic S-N curves in DNV. High cycle design S-N curve

for different joints with cathodic protection in seawater in the DNV. This curve

does take into account environmental effects. The tests results have not been

acquired for low cycle fatigue. According to the authors curve B2 should be

used for low cycle fatigue. The authors do mention that this extrapolation may
not be conservative [5]

logN = loga — m logAc (2.2)

The design curve in figure 2.3 works as following. Find the proper design curve
for your type of connection. The hot spot stress range for a structure subjected
to cyclical loading should then be calculated. This can be done with figure 2.4 in
case the type of joint in question is a simple X-joint with tubular sections. The
hot spot stress can be calculated by multiplication of the nominal stress with the
stress concentration factor. The proper design curve should then be used in figure
2.3 and the number of cycles it can withstand for a given stress range can then be
found. The assumed standard deviation of the given S-N curves is 0, 20 according
to [5]. It should then be analyzed what the expected number of cycles for the
given structure is by analyzing the load and lifetime, which can be derived from
the wave data for offshore structures. It should sub sequentially be checked if the

number of cycles that are expected to occur exceed the design fatigue life.

The fatigue life of welded joints is also dependent on plate thickness according



Chapter 2. Literature Review 7

to [5]. The authors stated that this effect is due to local geometry of the weld
toe in relationship to thickness of the adjoining plates. The thickness effect can
be accounted for by a modification of the stress. Equation 2.3 accounts for the
thickness effect. ¢,.s is the reference thickness, which is equal to 25 mm for welded

connections other than tubular sections. For tubular sections the ¢,.; is 32 mm.

k
t
logN = loga — mlog <A0 (t > > (2.3)
ref

Table B-2 Stress Concentration Factors for Simple X Tubular Joeints

gg:gjggza"df ity SCF equation Egn. no.
Awial load (balanced) Chord saddle:
\ - L8\ e g 12
P 387v1B( 110~ p**) (sine)”
Chord crown:
o2 ( ( 2) . (13)
L z ) s(g - 21—
“E—Q 711265+ 5(p—065)|-31Psind
— Brace saddle:
| a9

1419 77%8%(1.00 — p17) (sm 8)>°
| Brace crown:

: (15)
3+ (0.12exp (— 4B) = 001152 - 0.045 )

In joints with short cords (a < 12) the saddle SCF can be reduced
by the factor F1 (fixed chord ends) or F2 (pinned chord ends)
where

Fi-1-{083p 056p>—002 )y"Zexp (- 021y11%>)

F2=1-(143B-097p% —0.03 Jy*exp (- 0.71y1542)

FIGURE 2.4: SCF for simple tubular X-joints [5]

The authors of [5] designed curves primarily for joints because these are the likely
locations where failure will occur; however, they limited their research field to
mostly high cycle corrosion fatigue. The authors stated that the fatigue strength
assessment of offshore structures is normally understood to be strength for high
cycle loading. High cycle loading is normally understood to be more than 10.000
cycles. According to the authors the stress response from wave action typically
shows more than 5 million cycles a year. The authors of [5] mainly made the Rec-
ommended Practice ¢203-2010-04 with the purpose of assessing high cycle fatigue
for offshore structures because this is the most common loading condition. Most
of the data for the S-N curves were gathered from tests typically between 10.000
and 1.000.000 cycles region. In the low cycle region (less than 10.000 cycles) the

maximum stress range is that of the Bl curve as shown in figure 2.3. However,
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this is not considered conservative and in cases of high utilization NORSOK N-
006 [6] may be used. The method in [6] will be explained more thoroughly in the

upcoming sections.

When assessing low cycle fatigue one can choose to regress the number of cycles
against stress or strain, however, strain can account for non-linear behavior of
materials when an element is stressed beyond the elastic limit. According to [5]
offshore structures are typically designed for limit states such as the ultimate
limit state in which case a load and material coefficient are used in the design
phase to secure sufficient safety. Despite neglect of stresses due to local notches
in the ULS design, the assessment of ULS implies that the strain ranges in ULS
are limited and further analysis of low cycle fatigue for offshore structures is not
required. Thus for design of offshore structures in the North Sea, it has not been
a practice to analyze the structures specifically for low cycle fatigue. However,
when non-linear methods are used for the documentation of the ULS, for example
a storm loading on a structural element such as a loading platform, it has been
recommended to analyze low cycle fatigue for that specific storm. In other words,
low cycle corrosion fatigue may be an issue when storm conditions occur which
cause extremely high excitation of structural members. These members are then

pushed beyond the elastic limit.

According to [5] offshore structures may be subjected to high cycle fatigue and
low cycle fatigue. The damage caused by both modes has an accumulative effect
and a rather interesting method to express the extent of damage that is caused
can be found in [5] and is called the Palmgren-Miner rule. There is no restriction
on the rule except that the number of stress blocks should not be less than 20 and

the damage should accumulate linearly. The rule is expressed in equation 2.4

i (Ag;)™ < (2.4)

QIIP—‘

k

According to [6] joints that are loaded by cyclic loads beyond their limit for linear
behavior should be checked for the danger of a crack growing in the storm to a size
that will impact the load carrying capacity of the joint. An interesting method
has been presented in [6]. The method enables the analysis of low cycle fatigue in

a severe storm. The method does require that the storm profile is well established.
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According to [6] the stress strain curve for monotonous loading differs from the

curve of cyclical loading. This can be seen in figure 2.5

The hot spot stress ranges are assumed be derived from linear elastic methods.
The hot spot stress ranges during a storm may imply local yielding at a certain
location. A correction factor is needed in order to derive a stress range that is
representative for the actual strain range that takes into account the non-linearity
in material behavior. To account for this non-linearity in this situation one can
use a finite element model of the considered detail and perform cyclic non-linear
elastic analysis based on a cyclic stress strain curve which is capable of providing
the actual strain at the hotspot, however, an easier but possibly cruder method is

the Neuber’s rule. This procedure is established figure 2.6

SUO I ] I Y LI T T 111 | ! I

Monotonic curve

500

0 O

40U

300

Stress (MPa)

200

100

I ENEE | |

050001 0002 0003 0004 0005 0006 0007 0.008
Strain (mm/mm)

Ficure 2.5: Cyclic stress strain curve. The cyclic strain curve when cyclic

softening occurs. A low stress may correspond to a very high strain. This is a

key concept in the understanding of low cycle fatigue. This is the reason why

a strain based parameter is usually prefered. A stress based parameter may be
confusing [6]

The equation for actual stress based on Neuber’s formula can be solved by iter-
ation. Then the strain is calculated from the Ramberg-Osgood relation. Then a

pseudo elastic stress can be calculated with equations ( 2.5 , 2.6 and 2.7 )
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0,SCF : T :
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i  Cyclic stress-strain curve
O ptial EiSS [frereessmsesshusnsniimasas :

FIGURE 2.6: The pseudo elastic stress strain diagram versus the Cyclic stress
strain diagram. A stress on the cyclic stress strain diagram corresponds to a
much larger strain than on the elastic stress strain diagram [6]

Un2SCF2 Oactua Oactua %
E = OactualHSS |: tEfHSS + ( t}éHSS) :| (25)
Oactual HSS g lHSS ¥
actua actua n
= 2.6
et E ( K ) (2.6)
Opseudo = Egnl (27)

In [6] a low cycle corrosion fatigue S-N curve has been presented for tubular sec-
tions. The curve is just like for high cycle fatigue, a log-linear relationship between
fatigue life N and stress range Ao. This S-N curve is one of the few S-N curves
in the low cycle region in seawater for tubular sections with cathodic protection
available. This S-N curve allows for the analysis of low cycle corrosion fatigue
problems for tubular sections. This curve can be observed in figure 2.7. The curve
may be used for the low cycle region but the stress in the curve may not exist be-

cause this stress should be calculated with linear elastic theory. It was previously
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FIGURE 2.7: S-N curve for low cycle fatigue for tubular joints in seawater with
cathodic protection. The curve is valid up to 100.000 cycles where it coincides
with the high cycle fatigue curve.[6]

shown that the material starts to behave non-linear when subjected to cyclic plas-
tic loading. Furthermore, in [6] there is no mention of low cycle corrosion fatigue
in the natural environment without any cathodic protection. Contrary to high
cycle corrosion fatigue, the authors did not look into low cycle corrosion fatigue

without any cathodic protection.

Post-calculation of the number of cycles a structure can withstand and calculation
of the Miner Sum. A probabilistic assessment for a structure can be made. A
procedure for fatigue failure analysis is presented in [6]. The curves related to the
probabilistic design method of [6] can be seen in figure 2.8. The different curves
are for different assumptions on uncertainty. All curves include uncertainty in S-N
data. The distribution of the logarithm of N is assumed to be a normal distribution
with a standard deviation equal to 0,20. Four of the curves in figure 2.8 include
uncertainty with respect to the Palmgren-Miner sum as failure criterion. The
Palmgren-Miner is assumed to be log normally distributed with a median 1, 0 and
a CoV 0,3. Further uncertainty is due to the environment, structural modeling
and calculation of the nominal load effect in the structure; these uncertainties
are described by Covnom. Finally some uncertainty in the stress calculation is
included. This uncertainty is described by CoVhs. The probability of failure vs.

the damage accumulated according to Palgrem-Miner rule are presented in figure
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2.8. This method can be applied for a wide variety of structural elements according
to [6].
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FiGUuRrRE 2.8: Probability of Failure vs the damage parameter according to
Palgrem-Miner. Obviously the probability of failure increases with increasing
damage [6]

It is interesting that [5] limits itself to mostly high cycle fatigue of offshore struc-
tures but it is definitely not unique. In [7] the authors also limited themselves
to the high cycle region which is typically more than 10.000 load cycles. The
ABS S-N curves can be seen in figure 2.9. Apparently the cyclic wave loading on
offshore structures is primarily limited to the elastic limit of the material. The
low cycle fatigue where failure typically occurs in less than 10.000 cycles is quite

uncominon.

The S-N method of fatigue life assessment is generally stress-based and only fully
applicable if the elastic limit has not been exceeded. However, in offshore construc-
tion the concentration of stresses in nodes and other connections can sometimes
exceed the yield stress at so-called hot spots. The HSE guidance Notes placed
restrictions on the applicability of the S-N curves in the low cycle region due to
lack of experimental data [8] . The damage that may occur when these limits are
exceeded was not addressed. For offshore installation the presence of stress peaks
at joints can, under the right conditions, lead to cyclic stresses that exceed the
yield stress at so called hot spots. However, the strain will remain limited with

this post yield-behavior due to elastic global response of the structure. Currently
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that the ABS also limited themselves to cycles more than 10.000. The discon-

tinuities in the [6] were on 10.000 cycles and 1.000.000 cycles. The same is true
for the DNV and API

there is no clarity on how this behavior should be accounted for when assessing

the fatigue limit state.

Neither the DNV RP C203 Recommended Practice nor the API RP2A Recom-
mended Practice require separate considerations of the high stress low cycle fatigue
region. In both documents the S-N curves are continued to the low cycle-high stress
range without modification (though in graphs the S-N curves are not drawn for

the low cycle region).

In [9] API RP2A the basic design S-N curve is given by equation 2.8

logN = logioky — m logAo (2.8)

The basic design S-N curves in the API are applicable for joints in air and sub-
merged coated joints. For welded joints in seawater with adequate cathodic pro-
tection, the m = 3 branch of the S-N curve the fatigue life should be reduced by

a factor of 2.0, with the m = 5 branch remaining unchanged and the position of
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the slope adjusted accordingly [9] . Just like the DNV the APT also considers a

thickness effect. The S-N curve for tubular joints can be seen in figure 2.10
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FIGURE 2.10: The S-N curve of the API for a tubular joints. The curve is also
stopped at 10.000 cycles and not drawn into the lower fatigue life region. This
is common for design codes. [9]

Curve logipk; m

. 12,48 3 for N < 107 cycles
Welded Joints (WJ) 16,13 5 for N > 107 cycles

15,17 4 for N < 107 cycles

Cast Joints (CJ) 17,21 5 for N > 107 cycles

TABLE 2.1: Coefficients for the API S-N curve tubular sections [9]

For welded joints, improvement factors on fatigue performance can be obtained by
a number of methods, including controlled burr grinding of the weld toe, hammer
peening, or as-welded profile control to produce a smooth concave profile which
blends smoothly with the base metal [9]. The grinding improvement factor is not

applicable for joints in seawater without adequate cathodic protection.

Unfortunately no clear distinction is made between the low cycle and high cycle
region in the API. The curve for tubular joints subjected to low cycle corrosion
fatigue presented in the NORSOK clearly predicts a lower fatigue life than a high
cycle corrosion fatigue curve extrapolated into the low cycle region. Questions may
be raised on the reliability of the API guidelines in the low cycle region; however,

if the general sentiment of the API is completely followed, it is unlikely that low
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cycle fatigue will occur because the global design philosophy makes sure structural

elements stay within the global elastic range.

2.2 Material Science

The following section contains scientific research papers of the material science

world and are not design codes. However, the literature is useful in its own right.

In [10] the authors investigated the effect of strain and the environment on fatigue
life in deleterious environments. The authors discovered that fatigue life not only
depended heavily on the strain but on the environment as well. The authors tested
5 structural elements. One structural element was tested in open air as a baseline
condition. 3 specimen were tested in a solution of 3.5 % NaCl with varying levels
of acidity. The acidity chosen were a pH of 0, 3 and 6. A final element was tested

in a solution of doubly deionized water with a pH of 3.

The authors found a negative relationship between acidity and the fatigue life.
The relationship in a single solution could be well described by the Coffin Manson
Relationship [11, 12] . ( An interesting observation is that for cyclical elastic
loading the coefficients of the Coffin Manson and Basquin relationship are linearly
related but this does not hold true for cyclical plastic loading ). The effect of
the pH did not appear to be linear and was also not modeled. The Coffin -
Manson coefficients were separately estimated for each environment. The Coffin
Manson relationship is a commonly used method to model low cycle corrosion
fatigue in non-deleterious environments ([11, 12]. The Coffin Manson relationship
can be seen in equation 2.9 where ¢’ is the fatigue ductility coefficient, ¢ is the
fatigue ductility exponent % is the plastic strain amplitude and 2N the number
of reversals to failure. The results of the experiments can be viewed in figure
2.11. An interesting finding seems to be that the S-N curves appear to diffract at
the lower strain region which means that the environmental effect appears to be

stronger in the high cycle region

—— = (2N)° (2.9)
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FIGURE 2.11: The strain versus the fatigue life on a logarithmic scale in several
environments. [10]

This research paper [10] is especially useful because it contains data of the fatigue
life versus the strain in a specific environment. The authors of [10] used a 1, 9 mm-
thick specimen of 316L-type cold-rolled sheet steel which can be seen in figure 2.12.
The problem with [10] is that the results are not useful for engineering purposes
because only virgin material has been tested. The weakest parts of structures are

generally the joints. Joints have not been tested.

[13] Showed that the shape and production method (cold rolled, hot rolled) have

an influence on the fatigue behavior of the material as well.
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FIGURE 2.12: Dimensions of 1.9 mm-thick specimen of 316L-type cold-rolled
sheet steel. [10]
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In [14] the effect of strain rate, chemical composition of the specimen and strain
was researched. The researchers found results consistent with [10], which is that
a negative relationship between strain and fatigue life exists. The authors also
found a positive relationship between strain rate and fatigue life. See figure 2.13,
2.14, 2.15. The specimen tested in 3.0 % NaCl also had a shorter fatigue life than
specimen tested in air which is consistent with findings in [10]. The relationship
between strain and fatigue life could also be modeled exceptionally well with the
Coffin-Manson Relationship. The authors of [14] discovered that a lower strain
rate leads to a lower fatigue life. The authors of [14] discovered that the effect of
strain rate is less pronounced at very low cycle and high strain range region. They
discovered that the effect of the environment is more pronounced at lower strain
ranges. The authors of [14] also tested a weld and discovered that the fatigue
life of welded joints is less than the corresponding base metal which can easily
be explained when one considers residual tension and impurities in the welds.
Figure 2.15 confirms the suspicion of the author of this thesis that the joints are
the weakest parts of a structure subjected to low cycle corrosion fatigue. This

research question is considered to be formally answered.
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FIGURE 2.13: The influence of environment and strain-rate on fatigue life N of
base metal AH36-GL steel [14]
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2.3 Boilers and Naval Architecture

Low cycle Fatigue has been a major problem for boiler systems and a plethora of
literature for this field has been published. In [15] this has been covered extensively
for boilers, however, the problem with these publications for civil engineering is
that the tests are generally done for very high temperatures and high pressure
environments and these environments are not representative of the North Sea or
any typical civil engineering environment. Moreover, the environmental variables
are for example, the amount of dissolved oxygen. This is generally not a parameter

of interest for civil engineering. However, the paper contains some interesting data.

In naval architecture, low cycle corrosion fatigue has been a problem for a while,
however, according to [16] Typical Class Society rules do not directly address low
cycle fatigue problems. In [16] the authors attempt to give a credible tool to assess
low cycle fatigue in a corrosive environment. The authors formally analyzed the
stress strain curve under cyclical plastic loading. This can be seen in figure 2.16. It
can be seen that for common ship building materials the cyclic stress strain curve
is no longer linear but assumes a logarithmic profile when subjected to cyclical
loading. The authors also analyzed the difference between the linear elastic stress
and the pseudo elastic stress. This can be seen in figure 2.17. Figure 2.18 shows
the test results of [17] and [18] based on a Neuber correction. The specimen used in
[18] is shown in figure 2.19 with a longitudinal non-load carrying fillet welds. The
design curve in figure 2.18 is plotted for reference. The medium of the pooled TWI
and DSME is calculated according to ordinary least squares [16]. The design curve
is usually defined as the medium minus two standard deviations. The design curve
yields more conservative results. In [17] test data is based on a fatigue experiment
of a non-load carrying partially penetrated cruciform fillet joint. This can be seen
in figure 2.20. The test was performed under strain control conditions and the
strain ratio was set to be zero. This translates into a strain value that fluctuates

between zero and a specific maximum value.

[17] also found material coefficients K’ and n for ship building materials which are
to be used in the Ramberg-Osgood relationship combined with Neuber’s rule. The
material coefficients are given in 2.2. These coefficients allow for calculation of the

hot spot stress under cylical plastic loading as mentioned before.
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Material A AH32 AH36 DH36
K’ (MPa) 592 669 694 739
n 0.114 0.108 0.112 0.106

TABLE 2.2: Material coefficients n and K’ [17]

2.4 Crack progagation

The previous sections only focused on fatigue life N. However, there is another
interesting aspect of low cycle corrosion fatigue, which is low cycle corrosion fatigue
crack propagation. The most popular fatigue crack model used in material science
and fracture mechanics is the Paris-Erdogan law [19]. This can be seen in equation
2.10, where AK ( MPa m%) is the range of the stress intensity factor and C and
m are material constants ( regression coeflicients ). g—]‘@ is the crack growth rate.
The number of publications that can be found on crack propagation for steels
that are frequently used in civil engineering and are also subjected to low cycle
corrosion fatigue is very meager. There is a very old publication [20] which showed
that Monel 400 and Monel k-500 alloys subjected to low cycle corrosion fatigue
displayed a much larger crack propagation rate than they would have shown if
subjected to high cycle corrosion fatigue. More importantly it was shown that
the crack propagation rate could be modeled quite well with the Paris-Erdogan
law. The literature available for crack growth rate in steels subjected to high cycle
fatigue is numerous. For high cycle fatigue it appears in both [21] and [22] that
crack propagation is affected by the environment. This can be seen in figure 2.21.

The crack growth is higher in a corrosive environment than in air. Unfortunately

there is not much literature for low cycle corrosion fatigue crack propagation

da m
AN CAK (2.10)

2.5 Conclusions

The first message of the literature review is that low cycle corrosion fatigue for
offshore structures has been mostly neglected because the structures are designed
with a global elastic philosophy. However, low cycle corrosion fatigue may become

an issue when an offshore structure is loaded by a storm. A second message is
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FIGURE 2.21: Crack growth of steel in a deleterious electrochemical environ-
ment compared with an environment in air. Notice that the crack growth rate
is larger in the deleterious environment. [22]

that tubular joints are the most commonly used joints in offshore structures. A
third message is that the effect of the environment becomes more pronounced at
the high cycle range and deteriorates in the low cycle range. Fourthly, it appeared
that low cycle corrosion fatigue life depends on the type of deleterious solution,
strain rate, structure type and material type. Finally, it appeared that welds are

the weakest parts of the structure to low cycle corrosion fatigue.
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Low Cycle Corrosion Fatigue
Defined

In this chapter the author will discuss general aspects related to low cycle corrosion
fatigue. The boundary between LCF and HCF is rather ambiguous. There is no
solid consensus on where this boundary actually is. The author will also discuss
some findings about HCCF, such as fatigue life improvement techniques, found in
[21] and how they may be also applicable to LCCF. The author will then delve
deeper into environmental aspects such as pH and oxygen concentration and it
will be discussed how these issues affect the fatigue life. Finally there will be part
about the static and dynamic analysis of structures that experience cyclic plastic
loading and how ignoring changes in material properties of elements subject to

LCF can the affect static and dynamic equilibrium assessment of structures.

3.1 Low Cycle Region

The fatigue life N that forms the boundary between low cycle fatigue and high
cycle fatigue is arbitrarily defined. The boundary is set at 100.000 in the NORSOK
[6]. This same boundary is set at 40.000 cycles by [2]. The boundary of 10.000
cycles is also frequently used. In [10] the authors informally set the boundary
at 10.000 cycles. Furthermore, many design codes limit the images of their S-N
curves to the 10.000 cycle boundary.

25
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It is the hypothesis of the author that the boundary between high cycle and low
cycle fatigue is actually the fatigue life of a structure when it experiences significant
local yielding. Quantifying what significant local yielding in the micro structure

of the cross section is has never been performed.
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FIGURE 3.1: The different type of fatigue regions with the most common slopes
m [2]

To illustrate what is meant by significant local yielding, have a look at figure 3.2.
The plate can be cyclically loaded in tension by two sides and globally not yield,
however, as soon as local yielding of the weld occurs in significant quantities to
promote micro-crack coalescence due to cyclical loading, the structure will experi-
ence low cycle fatigue. The author expects this boundary to be at approximately
10.000 cycles. The point at which significant local yielding will occur depends
on the specifications (quality) of the welded connection. Virgin material tends
to have this 10.000 cycle boundary near global yielding of the material. This is
illustrated in figure 3.3. Contrary to connections, which experience their signifi-
cant local yielding point much sooner, which has been illustrated in figure 3.4. To
enhance the problem even further, cyclical loading of yielding structures gives a
much higher strain than cyclical loading of structures in the linear elastic region.
This was previously illustrated and can be seen in figure 3.5. This higher strain

can eventually lead to micro fractures and rapid failure ( in less than 10.000 cycles

).
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FIGURE 3.2: Single side Butt Weld made from one side without back strip [5]
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FIGURE 3.3: High cycle S-N curve base material high strength steel [5]
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Chapter 3. Low cycle fatigue 29

3.2 Fatigue Parameters

Fatigue Improvement effects There are several ways to improve the fatigue life.

One method is grinding. According to [21] grinding appeared to have a very
strong favorable effect on fatigue life in the high cycle region in seawater. Specimen
that were subjected to grinding had a fatigue life in the high cycle region that is
approximately 2 times more than normal specimen. Another aspect that seems
to improve fatigue life is TIG dressing. However, the effect of TIG dressing seems
to be favorable only in short lives [21]. Another strong improvement is plasma
dressing. The plasma dressing in high cycle corrosion fatigue in [21] appeared to
increase the fatigue life in seawater by a factor 2. Changing the weld angle from
70 degrees to 45 degrees didn’t seem to have a significant favorable effect for high
cycle fatigue. These changes were only studied for high cycle fatigue but there
is reason to believe that they are also applicable to low cycle fatigue but it’s not

known to which extent.

Post-Weld Heat Treatment & Stress Ratio In the elaborate study done in [21] it

was found that stress ratio and heat treatment seem to be related. The authors
found that stress relieving due to heat treatment has a very strong favorable effect
on high cycle fatigue life in air. This effect is also dependent on the stress ratio R.
The authors found that an R of -1 leads to a higher high cycle fatigue life than an
R of 0.1. The authors also made the interesting discovery that in seawater heat
treatment seems to be quite marginal or perhaps even negligible. The authors
attribute this to a more detrimental effect of seawater on the fatigue life of a stress
relieved specimen. These findings may also be applicable to low cycle fatigue.
However, it’s the hypothesis of the author that stress relieving may have a more
favorable effect at high strain low cycle region. There is no data to verify this. In
[21] it was also found that a stress ratio of 0.1 leads to a lower fatigue life than an

R of -1. This is probably also true for low cycle fatigue.

Weld Metal Composition According to [21] the type of metal used for welding

doesn’t matter. Two makes of 2.5 % Ni-alloyed electrodes of different makes were
used. There appeared to be no clear difference in fatigue life for tests done in both
seawater and air. There is reason to believe that this may also not matter in low

cycle fatigue but there is no data for it.
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3.3 Corrosion

In the context of this thesis corrosion a reaction between iron and oxygen. In
nature most metals, including iron, will be in an oxide form. It actually takes
energy to remove the base element from its oxide form. Steel contains the base
element iron Fe. The potential with respect to Cu.CuSO, is between -500 mVolts
and -800 mVolts. An element that will accept electrons is called a cathode and the
element that loses electrons is called an anode. During corrosion iron (anode) loses
electrons to a cathode (e.g. copper). This cathode can be anything with a lower
potential, even iron itself ( the potential in the steel grid can also vary), however,
it may also be an adjacent element like copper which has a very low potential
-200 mVolt. This makes copper a very strong cathode. In order to get corrosion
you need a conductor between the two elements in which electrons can pass, an
electrolyte ( also called a salt bridge ) , an anode and a cathode. The reactions
that take place are the following. Iron loses electrons Fe— Fe’™ 4+ 2¢~. At the
cathode the free electrons can react with oxygen and water O, +4e 4+ 2H,0—
40H . From this reaction it can be seen that oxygen is a key indicator in the
corrosion process. The positively charged iron will then react with oxygen through
4Fe** + O,— 4Fe*™ +20% . There are now two types of iron in the solution
Fe?™ and Fe®'. These will react with water to form ferrous-hydroxide. This
occurs though Fe** + 2H,0= Fe(OH), + 2H" and Fe’" + 3H,0= Fe(OH), +
3H". Finally the hydration equilibrium takes place through Fe(OH),= FeO +
H,O , Fe(OH);= FeO(OH) + H,0 and 2FeO(OH)= Fe,O; + H,O. The red
brownish color substances are hydrated iron(iii)oxides Fe,O4-nH,O and iron(iii)
oxide-hydroxide FeO(OH)-Fe(OH),. In essence what these reactions do is cause
the structural element to slowly lose mass because the products of these reactions
are soft and are easily scratched off. This process can go rather quickly in the

presence of sufficient oxygen.

3.4 Cathodic Protection

The principal idea behind cathodic protection is to make the structural element
serve as a cathode and not an anode. This can be achieved by firing many electrons
at the structural steel element so its potential stays high and electrons cannot

leave. If electrons cannot leave the element there can be no reaction of Fe?*
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because it simply isn’t formed. There are a variety of systems that can achieve
this, such as galvanic sources. This system involves simply coating the material in
an element that can serve as a anode for structural steel. Theoretically this is not
cathodic protection because the reactions will only take place after the coating is
damaged at an area. Remember you need an electrolyte between the anode and
the cathode. This is not the case if the zinc coating is over the steel because the
cathode is completely covered. However, if the area is damaged cathodic protection
can activate because the zinc coating will serve as the anode for the damaged area
of exposed steel. Therefore the steel will not corrode if the area of damage isn’t
too large. Another system of cathodic protection is an immersed system, which
involves application of a power source to the conductor between the anode and the
cathode. This system has many advantages and is endorsed by the author because
it has a very high reliability. Contrary to galvanic systems, immersed systems can

be checked if still operational.

In the literature review the phrase ”adequate cathodic protection” was used. There
are many ways this can be interpreted but the design value according to the DNV
is -0.80 Volt. This can be found in Recommended Practice DNV-RP-B401 [23].
In case the reader is unfamiliar with cathodic protection and its fundamentals it’s
advised to read [24]. Cathodic protection of around -900 mVolt is enough to stop
carbon steel from losing electrons for a significant amount. In [21] it was found
that cathodic protection is most effective at lower stress ranges. Overprotection
on the other hand revealed an unfavorable effect on the fatigue life compared to
regularly protected specimen. However, overprotection still performs superiorly
to no cathodic protection at all. Overprotection occurs at approximately 1100
mVolt.

3.5 Effect pH on Corrosion

The Potential of hydrogen or pH is by definition the negative logarithm of the
concentration of HT. This can be calculated with pH=—log[H "] in which the con-
centration [H'] is in mol/liter. The corrosion rate, which is defined as depth/time
on a corroding surface is dependent on the pH. The corrosion rate of steel explodes
when the pH level drops below 4.0. This can be seen in figure 3.6 The molecule
FeO becomes soluble which means that post its formation on the corroding surface

it is immediately dissolved in the solution. If it had stayed on the corroding surface
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it would serve as some sort of a protective barrier against further corrosion deeper
into the surface of the corroding metal [25]. In a solution with a pH less than 4 the
corrosion rate also no longer depends on just depolarization of oxygen but also on
hydrogen evolution. At pH values above 10 the corrosion rates starts dropping to
virtually zero which is due to the reaction of oxygen Fe(OH), in the oxide layer to
form more protective Fe,O,4. The pH of the North Sea tends to fluctuate between
7.5 and 8.4. This means that pH the North Sea is not a parameter that one should
worry about when designing offshore structures with respect to low cycle corrosion
fatigue life. Furthermore, you cannot influence the pH of the North Sea in any

reasonable way.
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FIGURE 3.6: The corrosion rate of steel is dependent on the pH. The critical
levels are at pH values below 4.0 [25]

3.6 Temperature, Oxygen & Chlorine

[O,] and temperature are negatively correlated. However, the [O,] and tempera-
ture are both positively correlated with corrosion rate. An example of the effect
of dissolved oxygen (DO) and temperature can be seen in figure 3.7. Figure 3.7
doesn’t give the complete story because temperature actually reduces oxygen sol-
ubility but it does allow for easier diffusion of O, into the Fe(OH)_ layer, which
effects the corrosion rate because oxygen can then reach the unaffected metal. At
a certain temperature a tipping point will be reached and an increasing temper-
ature will lead to a declining corrosion rate but this is irrelevant for a North Sea
environment because this temperature is very high. The temperature of the North
Sea spans between 6°C and 17°C. In this range it can be seen in figure 3.7 that

the temperature is positively correlated with corrosion rate. Another aspect which
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might matter is the depth. An increase of the pressure will lead to an increase of
the oxygen solubility which will lead to more corrosion. Furthermore, the oxygen
solubility is also affected by the concentration of NaCl. For a concentration of 3,5

% NaCl the oxygen solubility is less than in fresh water.

Furthermore, there is the issue of pitting. This is localized corrosion on a small
surface area where the formed ferrous-hydroxide passivation layer has been depas-
sified ( This may not even be visually noticable). This area becomes an anode and
a cathode nearby will induce a current. In this area there will be large concentra-
tion of Cl” ions and ferrous hydroxide products will form ( corrosion products )
and H" ions. The pH in this area may drop below 4. You can see that this is the
danger zone in figure 3.6. Pits are particularly attractive to brittle micro-crack
formation due to stress concentrations that may form around their irregular ge-

ometry. This phenomenon is referred to as stress corrosion cracking and is a topic

in its own right and it will not be discussed further.
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FiGure 3.7: Corrosion rate depends heavily on the temperature and concen-
tration of dissolved oxygen in the liquid [26]
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3.7 Static and Dynamic Analysis

Structures are analyzed for both external and internal static equilibrium. The
models used for the analysis of stresses in structures that are based on linear
elastic mechanics are principally wrong if a structure experiences cylical plastic
loading. The reason is that the behavior of a structural element that experiences
low cycle fatigue no longer possesses a linear elastic stress-strain diagram and the
yielding stress is reduced. The micro structure of a steel specimen fundamentally

changes.

The regular linear elastic stress strain and cyclic stress strain diagram were given
in figure 3.5. The cyclic elastic stress strain diagram is fundamentally different.
This fundamentally different cyclic stress strain diagram is the result of a stabilized
hysteresis loop. This process is illustrated in figure 3.8. It can be seen that the
stress at which the behavior becomes non-linear is reduced. The material can
behave in a variety of ways in case it is cyclically loaded beyond the elastic limit.
This is illustrated in figure 3.9.

FIGURE 3.8: Hysteresis loop of partially annealed copper. It can be seen that
the load bearing capacity goes down due to cyclic plastic loading. [27]

In case monotonic material properties are used for the calculation of dynamic
stability or static equilibrium serious mistakes could be made for the plastic strain
if the structure has been subjected to low cycle fatigue. The low cycle fatigue
strain can be calculated with the well known Ramberg Osgood relationship [28]
given in figure 3.10. The Ramberg Osgood relationship can be seen in equation

3.1. The o can be calculated with equation 3.2. The value n is an indication of
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FIGURE 3.9: Stabilized stress strain curve under cyclic loading. [27]

the material’s work hardening behavior. It is the slope of the regression in figure
3.11. The K and n for some engineering alloys are given in the Appendix. The E

is the Young’s modulus for linear elastic behavior.

(6.6

Stress

Strain

& J &=al
s

E=g+§

FIGURE 3.10: Stabilized stress strain curve under cyclic loading [27]
(N
E=€E.+€E,=—= —)n 3.1

o= K(,)" (3.2)

Notice: These facts should not be forgotten. Usually a structure is
checked for static equilibrium and fatigue life separately. This can cause
a serious underestimation of the strain in a structure ! The load bearing
capacity could also be heavily overestimated. A structure may therefore

have a much higher failure probability than is acceptable.
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FIGURE 3.11: The true plastic strain is plotted versus the the true stress. This
is a loglinear relationship according to Ramberg Osgood. The value n is the
slope of the line and the strength coefficient K is the intercept at e = 1 [27]

3.8 Conclusions

What can be learned from this chapter is that the low cycle region has no formal
definition. The author has the hypothesis that this boundary is defined as fatigue
life of a cross section that experiences significant local yielding. It is the hypoth-
esis of the author that the fatigue life N will be at approximately 10.000 cycles
when "significant local yielding” is experienced by a cross section. Quantification
of "significant local yielding” in the micro structure of the cross section has never
been performed. Low cycle corrosion fatigue is a complex interaction between
two hazardous mechanisms, corrosion and crack formation in structural members.
There have been several studies done for high cycle corrosion fatigue and in these
studies it has been revealed that techniques such as grinding and post-weld heat
treatment can prolong the fatigue life. There is no reason to believe that this is
not also applicable to low cycle fatigue but its unknown to which extent. The pH
is an influential parameter on corrosion rate but the corrosion rate appears to be
constant between a pH of 4 and 10. The pH in the North Sea is approximately
between 7.5 and 8,4 which means that the rate of corrosion in a regular North
Sea environment will be independent of the pH. The temperature does appear to
be quite an influential parameters on the corrosion rate in a North Sea environ-
ment. The S-N curves from experimental data should therefore be constructed
in environments with a temperature of at least the maximum temperature of the
North Sea. It should also be noted that low cycle fatigue is a complicated loading
condition that changes the behavior of the material in a fundamental way. It will
affect the load bearing capacity in even a static sense. This should not be for-
gotten when analyzing structures that are subject to wide ranges of cyclic plastic

behavior due to cyclical loading.



Chapter 4

Environmental Effect Fatigue Life

An interesting observation in Chapter 2 was that the effect of the environment
diminishes in the LCHS region. In this chapter the author will investigate this
phenomenon. The goal is to discover if a low cycle corrosion fatigue problem
becomes a general low cycle fatigue problem. In case it can be shown that a
LCCF problem becomes a LCF problem, it is interesting to find out at which point
( stress range or strain range ) that this may occur. In the event that one can
figure out a certain turning point it will allow an engineer to use general low cycle
fatigue data such as S-N curves to solve LCCF problems. This objective will be
achieved by analyzing LCCF curves and LCF curves and studying the difference.
An observation in Chapter 3 was that the stress range in which a type of connection
enters the low cycle (< 10.000 cycles ) depends on the structure. Base material
that meets the right criteria can enter the low cycle region at virtually the yielding

stress. This phenomenon will also be elaborated upon in this chapter.

4.1 Environmental Impact Design Codes

In [6] the curves in equation 4.1 and 4.2 were reported for LCF in air and LCCF
in seawater with cathodic protection. A plot of the curves is given in figure 4.1.
It can be observed in figure 4.1 that tubular sections in air have superior fatigue
lives under a given stress range than tubular sections with cathodic protection in
seawater. The SN-curves for tubular sections in seawater with cathodic protection
and tubular sections in air are plotted in figure 4.2 on a logarithmic scale. The

differential between the fatigue life N of LCF and LCCF increases with decreasing
37
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stress range. This means that the fatigue life difference between LCCF and LCF
becomes larger as the stress range is lowered. This has been plotted in figure 4.3.
In this figure you can see that difference in fatigue life between tubular sections
with cathodic protection in seawater and tubular sections in air increases as the

stress range decreases.

logNyir = 10g19.405 — 5.834logAc (4.1)

109 Ngeawater = 10g16.084 — 4.927log Ao (4.2)
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Ficure 4.1: LCCF and LCF for tubular sections. Notice that the fatigue life
converges as the stress range increases [6]

According to [6] low cycle fatigue is typically less than 100.000 cycles but this
boundary is arbitrary. Low cycle fatigue can be defined as the point when a
material is subjected to plasticity due to cyclical loading. It was established in
chapter 3 that it is the hypothesis of the author that "significant local yielding”
coincides with a fatigue life of 10.000 cycles.

A connection is well in the low cycle fatigue region far before reaching global
plasticity. This means that in theory the connection should still be in the linear-

elastic zone of the stress strain diagram when it crosses into the low cycle zone.
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FI1GURE 4.2: LCCF and LCF for tubular sections on a logarithmic scale. Notice
that the fatigue life converges as the stress range increases
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Ficure 4.3: Differential LCCF and LCF tubular sections. Notice that with
decreasing stress range the difference in fatigue life increases. The effect of the
environment appears to be diminishing in the low cycle range
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However, it’s the hypothesis of the author that connections cross into the low cycle
zone earlier due to residual tension in the connection. The amount of residual
tension depends on the type of connection and the welding method. It appears
that base material of high strength steel with a yield strength above 500 MPa
and a surface roughness equal to R, of 3,2 or superior crosses into the low cycle
zone ( 10.000 cycles or less) at approximately the yield stress. This can be seen in
figure 4.4. It can also be seen that the fatigue life of base material is superior to
any type of connection. It can also be seen that the fatigue life for base material
in air or base material with cathodic protection coincides for an N of less than
2-10% cycles. Furthermore, it does appear that base material appears to have an
endurance limit in air but this limit is not present for base material with cathodic

protection in seawater.
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FIGURE 4.4: S-N curve for base material. The fatigue life for base material

in air coincides with the fatigue life for base material with cathodic protection

in seawater. It also appears that sections in air have an endurance limit but
sections with cathodic protections in seawater have no such limit. [5]

In [6] it was claimed that the S-N curves reported in figure 4.1 coincide with the
high cycle fatigue curve for tubular sections. The author checked this claim and
it proved to be more or less true. The difference was only marginal. The author
performed a check by calculating the stress an element can withstand at 100.000
cycles with both the low and high cycle equations. This stress was not completely

equal but came very close. This validates the claim of [6].

It appears in figure 4.1 that the fatigue life of element with cathodic protection in

seawater is always less for tubular sections than the fatigue life in air (in general
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this appears to be true for all types of connections but not necessarily true for

base material. Figure 4.4).

In figure 4.1 the design value ( u(Ao) — 20) of fatigue life is reported. When one
examines the 2,5 % probability of non-exceedence it’s better to use the expected
value of the S-N curve reported in 4.5. Examination of the figure 4.5 revealed that
at around 500 MPa the LCF in air and the LCCF is approximately similar. This

is caused by the logarithmic relationship between the variables stress and fatigue
life.
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FIGURE 4.5: FExpected value of fatigue life LCCF and LCF for tubular
sections|[6]

To illustrate this phenomenon the author will investigate the number of cycles
and its confidence interval at a stress range of 500 MPa where visual inspection

of figure 4.5 reveals little discrepancy between LCF and LCCF. The number of

cycles that a specimen can withstand are calculated with equation 4.3 and 4.4.

X1 =109 Nseqwater = 16.084 + 0.4 — 4.927 log500 = 3.586 (4.3)

Xo = logNg;r = 19.405 4 0.4 — 5.834 log500 = 4.459 (4.4)
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Both variables are normally distributed which means that their difference is also
normally distributed. The variance of the difference is the sum of both individual
variances given independence. The covariance of independent variables is zero.
X3 = Xy — X7 = 4.459 — 3.586 = 0.960. Var(X3) = Var(X;) + Var(Xs) =
0.22+0.22 = 0.08. The probability that X3 is less than zero is the probability that
low cycle fatigue in air will fail before low cycle fatigue in seawater with cathodic
protection. The probability that X3 is smaller than zero can be calculated with
equation 4.5. The probability that X3 is less than zero is 0.00033172355. This
reveals that even in the LCHS region the probability that the environment plays

no significant role is extremely low.

2
Pr(X; <0)=a (w):—fxg)) (4.5)
In figure 4.3 the differential between the low cycle fatigue life in air and low
cycle fatigue life in seawater with cathodic protection was plotted. It would be
interesting to see if the environmental impact depends on the type of connection
or not. In case the environmental impact ( difference between corrosion fatigue
life and fatigue life ) is independent of the type of connection it would eliminate
the need for special low cycle corrosion fatigue curves because the environmental
impact can just be subtracted from low cycle fatigue curves. The differential has
been plotted in figure 4.6 and figure 4.7. It can be seen that the environmental
impact depends on the type of structure and stress range. This could also have
been anticipated from a previous hypothesis of the author which states that time
is an element in environmentally assisted fatigue. This disables any opportunity of
simply subtracting environmental impact from low cycle S-N cuves based on the
environmental impact from a single structure. This means that the environmental
impact should be separately tested for each type of connection. Another interesting
observation can be seen in figure 4.8 and figure 4.9. It appears that just like in

LCCF the impact of the environment increases as the stress range decreases.
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FIGURE 4.6: Logarithmic differential between the HCCF and the HCF for a
given stress range for several types of connections. Notice that the environ-
mental impact depends not only on stress range but also on connection type

[6]
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FIGURE 4.7: Logarithmic differential between the HCCF and the HCF for a
given stress range for several types of connections. Notice that the environ-
mental impact depends not only on stress range but also on connection type

[6]
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FIGURE 4.8: Differential between the HCCF and the HCF for a given stress
range for several types of connections. Notice that the environmental impact
depends not only on stress range but also on connection type [6]
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F1GURE 4.9: Differential between the HCCF and the HCF for a given stress
range for several types of connections. Notice that the environmental impact
depends not only on stress range but also on connection type [6]
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4.2 Environmental Impact Material Science

Material scientists have experimented with the phenomenon of low cycle corrosion
fatigue as well. Contrary to the approach in design codes where a stress-cycle re-
lationship is established, material scientists establish a relationship between strain
¢ and fatigue life N. The relationship that best describes the stress strain charac-
teristic is the Coffin-Manson relationship [11, 12]. The relationship used in [10] is

given in equation 4.6. The parameters are reported in table 4.1.

N = A(Ag,) ™" (4.6)
Kind of Environment | A b
Air 0.0461 | 2.3770

3.5 % NaCl, pH 6 0.0377 | 2.3546
3.5 % NaCl, pH 3 0.1458 | 2.0044
3.5 % NaCl, pH 0 0.0491 | 2.1450
Water, pH 3 0.0641 | 2.1964

TABLE 4.1: Parameters Coffin Manson relationship [10]

The plot which contains the S-N curves for several environments reported in table
4.1 have been reported in figure 4.10. The same plot can be seen on the logarithmic
scale in figure 4.11. The observation in the design codes that the environmental
impact diminishes in the lower cycle region is also valid for the data in [10]. It
appears that for strains beyond 0.014 in figure 4.10 the fatigue life is heavily con-
verged. This means that the fatigue life of elements subjected to very high strains
in electrochemically hazardous environments does not differ that much from the
fatigue life of elements subjected to very high strains in air. However, the authors
of [10] failed to clearly report standard deviations or measures of uncertainty for
their findings which makes further probabilistic analysis impossible.

The author has quantitatively analyzed the decrease in discrepancy of the LCCF
curves by finding the expected value for the fatigue curves in figure 4.10 under a
given strain range. The number of cycles can be calculated with equation 4.7 in
which ¢ is an indicator variable for the environment type in table 4.1. The condi-
tional expectation of the the fatigue life of a specimen is F(N;|e). The conditional
expectation E(N;|e) can be estimated with E(N;|e) = /=) Nj|e. The conditional
variance Var(N;|e) = E(N;|e — E(N;|e))(N;|e — E(N;|e). The conditional variance

as a function of € has been plotted in figure 4.12
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E(Nile) = E(A(Ag,) ™"

£) (4.7)
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F1GURE 4.10: LCCF of a steel specimen subjected to various levels of acidity
[10]
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FIGURE 4.11: LCCF of a steel specimen subjected to various levels of acidity
on a logarithmic scale [10]
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FIGURE 4.12: Conditional variance of the number of cycles N; as function of

the strain. Notice that the conditional variance decreases with increasing strain

. This is an indication that the effect of the environment disappears slowly as
the strain rate increases
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It appears to be a returning phenomenon that the effect of the environment dimin-
ishes in the lower cycle region. The hypothesis of the author for this phenomenon
is that the corrosion element in low cycle corrosion fatigue takes some time to af-
fect the specimen but very low cycle fatigue may occur in a very short time span.
Corrosion requires chemical reactions which in turn also require time. In case the
stress is very high, the specimen will fail due to plasticity and therefore rapidly
form micro fractures before much of the material can corrode. The opposite is true
for high cycle fatigue. The stress range cannot cause significant micro fractures in
the material but the corrosion phenomenon continues which will do more lasting
damage over time than the stress itself. Another interesting observation is that
the the type of connection is also an indicator of the effect of the environment.
The least susceptible to fatigue is high strength base material. The stress required
for base material to enter the low cycle fatigue zone is virtually equal to the yield
stress. It is the hypothesis of the author that the residual tension due to welding
is the main indicator of this phenomenon. Connections which are susceptible to
a lot of residual tension enter the low cycle zone at a relatively low stress ( less
than the theoretical yield stress ) because before any loading, the connection has
residual tension due to welding and a slight Ae can cause the material to yield
locally yet not globally. This local yielding causes more rapid micro-fractures and

leads to eventual failure of the connection.

Understanding the above phenomenon is interesting in its own right but it has no
lasting practical value for offshore structures. The stress depends on the loads and
this depends on the wave and wind loading on the structure. The structure will
be loaded by a wide range of different loads which will be met by different stress
states in a structural element. This means that simply ignoring the environmental
aspect is not possible for complex loading situations except if the situation only
requires consideration of high stresses. Furthermore, it was shown that even for
very high stresses a LCCF problem corresponds to a lower fatigue life than a LCF

problem.

4.3 Conclusions

The conclusions of this chapter are that the environmental effect decreases in the
low cycle region. This effect is both observed in curves from design codes where the

authors use a stress versus fatigue life relationship and in articles from material
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scientists where the authors use a fatigue life versus strain curve known as the
Coffin Manson relationship. However, it was not possible to completely ignore
the environmental effect, even at extremely high stresses, because the probability
that an element in air could withstand more cycles than an element with cathodic
protection in seawater was extremely low. The general message of this chapter is
that despite reduction of the environmental effect at low cycles the effect is still
quite significant. Moreover, a structural element is generally loaded by loads of
different magnitudes during its lifetime. This means that it will be affected by
stress ranges where the effect of the environment is significant and stress ranges (
high stresses ) where the effect of the environment is less significant. The previous
makes ignoring the environmentally assisted fracturing impossible to ignore except
in cases where a structural element in a deleterious environment is only subjected
to very high loads (corresponding to very low cycles). This is a situation that does

not appear to occur in engineering practices for offshore structures.



Chapter 5

Mathematical Modeling Low
Cycle Fatigue

In this chapter two models will be presented for the prediction of LCCF life.
One model is based on a principle of constant slopes m in every distinguishable
fatigue region. One region is the ultra high cycle region, which is typically above
1.000.000 cycles. The second region is the high cycle region, which is typically
between 10.000 cycles and 1.000.000 cycles. The third region and for the author
of the thesis the most interesting region is the low cycle region, which is typically
below 10.000 cycles. A second model that will be presented is based on regression

analysis. This model will be explained in more detail below.

5.1 Constant Slopes ( Method 1)

An interesting observation from the literature review in Chapter 2 was that in
every region, the slope m in equation 2.2, appears to be constant. This is the case
for the DNV. API and EC3. This may give room for a hypothesis that in every
region, LCHS region and HCLS region, the slope m can be considered constant.
This means that if one knows the slope for one type of structure then the slope
for all other structures are automatically known because they are similar. Under
this assumption one may calculate loga because the low cycle region must shift
gradually into the high cycle region. The low cycle region is set at 10.000 cycles or
less. The stress range that both the LCCF S-N curves and the HCCF S-N curves

give at 10.000 cycles must coincide. This allows for calculation of the stress state at

50
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10.000 cycles with the high cycle S-N curve. This stress state can sub sequentially
be used for the calculation of the yet unknown parameter log a for the low cycle
fatigue SN curve. The known slope is 4.927 [6] for tubular sections. Figure 2.7.
The previous allows for calculation of the stress range at 10.000 cycles based on
the high cycle curve, then the level loga can then be found. The parameters are
reported in table 5.1. The procedure is illustrated in steps below for the W3 curve

found in the [5]. The parameters used here are for the W3 curve.

e The stress range for 10.000 cycles based on the high cycle curve is calculated

logN—loga __ 10.570—log(10.000)
— = 3 =2.19

below. logAc =

e We know that the HCCF curve and the LCCF curve must coincide at the
10.000 cycle boundary so the stresses are the same. loga = logN +mlogAc =
l0g(10.000) 4 4.927 % 2.19 = 14.7901

Another method involves calculation of the angle that the LCCF curve makes with
HCCF at the 10.000 cycle barrier. This method is illustrated in figure 5.1. The
angle can be calculated with the directional vectors. The directional vector for the
LCCF curve for tubular sections can be calculated by taking two points on the
logarithmic LCCF curve for tubular sections (z1,y;) and (x2,y2). The directional
vector for the HCCF curve for tubular sections can be calculated by taking two

points on the logarithmic HCCF curve for tubular sections (x3,ys) and (z4,v4).

T T
The directional vectors V; can be calculated with V; = " —172|. The directional
n Y2
T
vector V5 can be calculated with V5 = 31", The angle can be calculated
Ys Ya

with equation 5.1. This angle is equal to 6.9619 degrees.

Vix Vs

LA . (5.1)
NAIESNZl

cost =
The results for all log a have been reported in table 5.1. This is the most important
result of this section. The assumption of constant slopes generates lower values
for the number of reversals to failure compared to extrapolation of the high cycle

fatigue curve to the low cycle region.The SN-curves can be seen in figure 5.2 and
figure 5.3.
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FN-Curve

high cycle Logarithmic SH-—Curve

FIGURE 5.1: The S-N curves rotate a specific angle when crossing into the low
cycle zone from the high cycle zone. The high cycle curves are taken from the

DNV
logAo | Ao MPa | Connection | log @ HCCF | calculation log @ LCCF
2.5880 | 387.2576 | T 11.7640 16.7511
2.1900 | 154.8817 | W3 10.5700 14.7901
2.2357 | 172.0547 | W2 10.7070 15.0151
2.2870 | 193.6422 | W1 10.8610 15.2680
2.3327 | 215.1130 | G 10.9980 15.4930
2.3820 | 240.9905 | F3 11.1460 15.7361
2.4330 | 271.0192 | F1 11.2990 15.9874
2.4850 | 305.4921 | F 11.4550 16.2436
2.5367 | 344.0857 | E 11.6100 16.4982
2.5820 | 381.9443 | D 11.7460 16.7215
2.6337 | 430.1963 | C2 11.9010 16.9761
2.6980 | 498.8845 | C1 12.0940 17.2930
2.7307 | 537.8568 | C 12.1920 17.4540

TABLE 5.1: Parameters low cycle fatigue. Ao is the stress where the 10.000

cycle boundary is crossed
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FiGure 5.2: The S-N curves for LCCF for various types of connections. The
slope decreases at 10.000 cycles based on the constant slope method

Dw

Stress Range (MPa)

Lol i il Lol
10 1

10’ 1o’

Pl N R
10* 10°
Cycles to failure (M)

FIGURE 5.3: The S-N curves for LCCF for various types of connections. The
slope decreases at 10.000 cycles based on the constant slope method
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The notion that the synthesized S-N curves based on rotation give a lower fatigue
life than extrapolated high cycle curves is to be expected and corresponds well
with the assumption of consistency of slopes. The slope for the high cycle fatigue
region m is generally equal to 3 but there are exceptions. The curve B1 and B2 [5]
have an m of 4 in the high cycle fatigue region, therefore these cannot be modelled
based on the assumption of constant slopes across connection types. Another
shortcoming is that the base material ( equation 5.2 ) has a slope m of 4.70 in
the high cycle region which means that it also cannot be modeled based on the
hypothesis of the author that slopes must be constant. This is quite a shortcoming
because it does not allow modeling base material in the low cycle corrosion fatigue

zone.

logN., = 17.447 — 4.70 x logAo + ¢ (5.2)

A comparison between extrapolation of the high cycle curve and the design curve,
using the parameters in table 5.1 has been presented in figure 5.4. The remainder

of the curves can be seen in Appendix A.

Tdesign 1

777Tex

—— =W,
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sign

Cycles to failure (M)

FIGURE 5.4: Comparison between the extrapolated curve for the high cycle

region into the low cycle region for T and W3 curves and the curves created

with the assumption of consistent slopes. It can be seen that extrapolation of

the high cycle curves into the low cycle region would lead to an overestimation
of the fatigue life
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5.2 Regression (Method 2)

A second method to predict fatigue life in the low cycle region is using regression
analysis. The low cycle fatigue curve for tubular sections in seawater is available.
The hypothesis of the author is that the fatigue life that extrapolation of the high
cycle fatigue curve into the low cycle zone predicts contains predictive power for
the number of cycles that a specimen can really withstand in the low cycle region.

The regression model that the author proposes is given in equation 5.3

logN, = a+ B xlogN, + ¢ (5.3)

logN, is a vector that contains the number of cycles that a specimen can withstand
in the low cycle region according to the low cycle curves reported in [6]. logN, is
a vector that contains the number of cycles that a specimen can withstand in the
low cycle region according to extrapolation of the high cycle curves reported in [5].
[ is the regression coefficient and ¢ is a vector that represents the uncertainty. In
order to perform a regression analysis the author will require data. This data will
be simulated using low cycle and high cycle models for tubular sections represented
in equation 5.4 and equation 5.5. The ¢ is a variable with N (0, 0?) distribution.

The o is 0.2.[5] The parameters for equation 5.5 are given in table 5.1.

logN, = 16.084 + 0.4 — 4.927 % logAc + & (5.4)

logN, = 11.764 — 3.0 x logAc (5.5)

In order for the data simulation to be possible the system must be subjected to a
series of assumptions. The first assumption is stable regressors. This means that
logN,, which will be referred form now on as the X matrix which has a probability
limit %X 'X that is equal to (). The vector logN, will be referred to as the y
vector. The second assumption is that the errors ; have zero mean. The third
assumption is that there is no autocorrelation which means that the errors ¢; and
¢; are uncorrelated. The fourth assumption is homoskedasticity, which means that
all errors come from a single distribution and have the same variance. The fifth
assumption is that the parameters o and g are constant. The sixth assumption
is that the linear model logN, = a + B * logN, + ¢ is correctly specified. The

seventh assumption is that the errors &; have a N (0, 0?) distribution. The final
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assumption is that the vector which contains the errors ¢ and the X matrix are

uncorrelated.

The o and 8 can be found by applying the ordinary least squares regression in
matrix format. The equation for the OLS coefficients is given in equation 5.6.
The equation for the variance is given in 5.7. The equation for standard error
of regression is given in 5.8. The vector e is the vector of residuals given by
y — X(X’X)™'X'y. n is the number of observations and k is the number of
parameters in the model specification which is 2 in this case. The regression
coefficients and standard errors are given in table 5.2. The result of the equations
can be seen in 5.2. The R-squared is 0.87 which is an indication for a very high
level of internal fit. The R-squared can be calculated with R? = 1 — %{)m‘; The
s? is 0.04.

The simulated y-vector from [6] data against the X-matrix is illustrated in figure
5.5. The model is fitted with equation § = X(X'X)'X'y = Hy where H is
X (X'X)7 1 X"y is also illustrated in 5.5. It appears in figure 5.5 that the regression
coefficients using an OLS method reported in table 5.2 are capable of forecasting
the real LCCF curve remarkably well. A major assumption that has to be made
now, which is that the regression model may be applied to other curves, aside from

the curve for tubular sections, reported in table 5.1.

B=(X'X)"X"y (5.6)
Var(B) = o*(X'X) ™ (5.7)
§* = — (5.8)

Coefficient Std. error
a -2.0384 0.261450
5 1.6466 0.070209

TABLE 5.2: Regression coefficients and standard errors
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Linear regression model
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FIGURE 5.5

FIGURE 5.6: The red line is §j. The points are the simulated data points
according to equation 5.4
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The S-N curves that this method has generated for several types of connections
are reported in figure 5.7 and figure 5.8. The problem with these graphs is that
the low cycle fatigue curve for tubular sections appears to be fine, however, the

other curves appear to have problems.

Dw

Stress Range (MPa)

10 0 10 w0’ 10
Cycles to failure (M)

FIGURE 5.7: The S-N curves for LCCF for various types of connections. There

is a horizontal shift to the right which causes high cycle fatigue curves to be

more conservative in the low cycle region over a narrow interval. This is an
irreparable problem

This method of regression causes a horizontal shift to the right which causes this
method to predict a longer fatigue life in the low cycle region in a narrow inter-
val than simple extrapolation of the high cycle curve would have done. This is
illustrated in figure 5.9. It can be seen that the T-curve in the low cycle region
predicts less cycles than the extrapolated high cycle T-curve, however, the extrap-
olated W3 curve predicts less cycles in the low cycle region at around 10.000 cycles
than the W3 curve by method 2. This is a problem because it is the hypothesis
of the author that any good method to predict low cycle fatigue should predict
less cycles than an extrapolated high cycle curve. The same can also be seen for
other types of connections in 5.10. The remainder of the graphs that compare
extrapolated high cycle curves with synthesized low cycle curves by method 2 are

reported in Appendix C.
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FIGURE 5.8: The S-N curves for LCCF for various types of connections. There

is a horizontal shift to the right which causes high cycle fatigue curves to be more

conservative in the low cycle region at a small interval. This is an irreparable
problem
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FIGURE 5.9: Comparison between extrapolated HCCF curves and LCCF curves
by method 2. It appears that at some points the extrapolated HCCF is more
conservative than LCCF curves by method 2. This is a problem



Chapter 5. Mathematical Modeling Low Cycle Fatigue 60

Stress Range (MPa)

Cycles to failure (M)

FIGURE 5.10: Comparison between extrapolated HCCF curves and LCCF
curves by method 2. It appears that at some points the extrapolated HCCF is
more conservative than LCCF curves by method 2. This is a problem

5.3 Conclusions

In this section two different models have been presented which lead to different
outcomes for low cycle fatigue life in deleterious environment. There is no telling
which model is superior. The model based on constant slopes does give more
credible results because this model consistently predicts a lower fatigue life than
extrapolated high cycle curves. The model of constant slopes does have a more
solid theoretical background. The model based on regressions also fails to address
one key concern and that concern is that it doesn’t consistently predict less cycles

than an extrapolated high cycle curve.

Notice: The low cycle S-N curves presented in this chapter are designed
for certain types of joints. These joints can be found partly in the
Appendix. A more comprehensive review of the joints can be found in
[5]. Furthermore. The S-N curves are designed with a certain quality
of joint in mind that involve heat treatment procedures. The minimum
demands and procedures for welds can be found in [29] and [30] . There
is also cathodic protection involved. The minimum cathodic protection

and the procedures for application are found in [23].



Chapter 6

Calculation Example Low Cycle

Fatigue

In this section the author will show a calculation example. The calculation will be
performed for a tubular X-joint. The hot spot stress will be calculated using the
method in [6] which uses the Ramberg Osgood relation [28] and Neuber’s rule [31].
This should be used in case the engineer does not have possession over a FEM
model for the structure. However, generally offshore structures do have a FEM
model made to study the structural behavior. The second part of the calculation
is an illustration on how to use model 1 based on constant slopes and model 2
based on regression analysis. The models were discussed in Chapter 5. Then it

will be checked if the Miner’s sum 1is less than 1.

6.1 Calculation Example

In the calculation example, we consider a structure that has been loaded beyond
the elastic limit and faces 1000 load cycles with nominal stress of 400 MPa and
100 load cycles with a nominal stress of 500 MPa. Bear in mind that the stress
strain curve is no longer linear but takes the shape of figure 3.5. Using equations

(6.1, 6.2 and 6.3 ) the actual stress can be calculated.

O'nZSCF2 Oactual HSS Oactual HSS %
i) Oactual HSS [ i + ( K ) } (6.1)
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£ = O'acmgHSS + (O-actu[(?HSS>7ll (62)
Opseudo = E * Enl (63)

0, is the nominal stress. SCF is the stress concentration factor from a linear elastic
analysis. Ouctuaimss is the actual stress at the considered hot spot from a non-
linear finite element analysis using a cyclic stress strain curve. E is the Young’s
modulus and n and K’ are the material coefficients. K’ and n can be obtained
experimentally for the actual material, weld and heat affected zone. However, for
a first assessment [6] indicates that K’ and n a value of 582 MPa and 0.111 can
be used respectively. Some coefficients of n and K are given in [17] and [16]. For
the heat affected zone, it is recommended to assume welded metal, if non-linear
analysis is carried out to obtain a strain range according to [6]. The SCF will be

assumed to be 1.40.

In the example used we have a tubular T section which requires curve T in the DNV
Recommended Practice [5]. The number of cycles that a structure can withstand
can then be calculated with model 1 based on constant slopes. This model was

discussed in Chapter 5. The fatigue life is calculated below.

2 2 _1
The 1000 load cycles of 400 MPa. —40(2)1&)'38 " = O actual HSS [—"“5%‘61&55 + (—"“tggé’f SS) 0'“1] .

Oactuatiiss = 309.25 MPa. e, = 2515 4 (ﬁ%ﬁ)ﬁ = 0.004830575. 0pseudo =
210000 * 0.00383586 = 1014.42 MPa. This calculation shows you that the load
bearing capacity of a structural element is less when cyclically loaded beyond the
elastic limit. This should not be forgotten when a static analysis is performed.

logN, = 16.7511 — 4.927 % log560 = 3.210. 1032!° = 1624 load cycles

5002(140)2 — OactualHSS OactualHSS 0.1111
The 100 loads cycles of 500 MPa. ~55505— = Cactualiss | “45iusdss + ( e ) )

Coctuatiiss = 32715 MPa. g, = 2515 | (B8I5)0II — 000713231, Opsene =
210000 % 0.00383586 = 1497.78 MPa. Again, this calculation shows you that the
load bearing capacity of a structural element is less when cyclically loaded beyond
the elastic limit. This should not be forgotten when a static analysis is performed.

logN, = 16.7511 — 4.927 % log700 = 2.733. 10*™3 = 541 load cycles
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Finally it makes sense to perform a Miner Sum check in order to see if the structure
will fail. This has been done in equation 6.4. It appears that for the given situation

the structure does okay.

1000 100

2
0
_ - 4
EN 1624 a1~ O (64)

In chapter 5 a second model was proposed. This model was based on regression
and yielded credible results as well. The model parameters of Chapter 5 can again
be seen in table 6.1 and the model itself is illustrated in equation 6.5. This model

works in combination with the regular HCCF curve.

logN,, = o+ B * logN, + ¢ (6.5)

Coefficient Std. error
a -2.0384 0.261450
5 1.6466 0.070209

TABLE 6.1: Regression coefficients and standard errors

1000 load cycles of 400 MPa. Firstly we must calculate the log of the number of
cycles that the model can withstand according to high cycle fatigue. This value
is the expected value. The design value should be the expected value minus two
standard deviations. The standard error of regression for the model was found to
be 0.2. 11.764 — 3.0 - logh60 = 3.51. —2.0384 + 1.6466 - 3.51 = 3.74. The o is
0.2. The 2.5 % probability of non-exceedance is 3.3411. The number of cycles is
1009 = 1033411 = 2193,64 load cycles

Secondly, we must repeat the procedure but now for a 500 MPa nominal load with
100 cycles. logN, = 11.764—3.0%xlog700 = 3.22. logN., = —2.0384+4-1.6466%3.22 =
3.26. The o is 0.2. The 2.5 % probability of non-exceedance is 2.86. The number
of cycles is 109N = 10286 = 724 load cycles

Finally a Miner sum check must be applied to see if the structure is okay.

2
o 1000 100
; N, ~ 210364 721 00 (6.6)
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The structure appears to be okay by the analysis of both models conjured in
Chapter 5.

6.2 Conclusions

Two loads with two different amount of load cycles were examined using the models
of Chapter 5. The nominal stress was converted to the actual hot spot stress using
Neuber’s rule combined with the Ramberg Osgood relationship. The actual stress
is much less than the pseudo elastic stress due to the completely different shape
of the stress strain relationship for cyclical plastic loading. Finally a Miner sum
was applied in order to check if the structure was capable of withstanding the
load regimes. The loads were assumed to be deterministic but in practice the
load has a distribution which means that in practice simulation must be applied.
The Regression method also seems to be less conservative. This is not surprising

considering the findings in Chapter 5
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Recommendations

7.1 Experiments Required

To get a complete picture of low cycle corrosion fatigue a series of experiments
must be performed. All joint types should be tested in the low cycle fatigue region
in simulated seawater and preferably a fatigue life-strain curve should be fitted
by method of the Coffin-Manson equation because it fits so well. Strain based
parameters also accounts for non-linear behavior that occurs in low cycle fatigue.
In [21] an elaborate study was done for high cycle corrosion fatigue in seawater.
The same sentiment can be followed for the experimental setups of the low cycle
fatigue except that much more specimen should be tested. This is time consuming
and expensive however, it may be worth the investment. A cheaper way to gain
insight into the problem would be to perform a research experiment which involves
testing the low cycle corrosion fatigue life of a very common joint that has no data
available in the low cycle region. Afterwards. It can be checked if the models of
Chapter 5 perform well by analyzing the forecast errors. To get a complete picture
of the low cycle corrosion fatigue phenomenon, the joints should be tested with
cathodic protection and free corrosion in seawater. Tests for free corrosion in the
low cycle region have never been performed. The results should be interesting as

it may reveal the effect of cathodic protection in the low cycle range.
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7.2 Heteroskedasticity

Moreover, the number of observations per specimen should preferably be more
than 20. This will allow for more detailed insight into the variance of the uncer-
tainty of the Coffin-Manson relationship. The author believes that the variance of
the uncertainty is not homoskedastic which means that this variance may decrease
or increase in the low cycle region. If the variance decreases it means that the con-
fidence interval becomes smaller and fatigue life is in general underestimated. If
the variance increases it means that the confidence interval becomes larger and
the fatigue life is in general overestimated. A decreasing variance may be trans-
lated to significant savings in construction costs. However, it will require a lot of
data points in order to get more insights into this phenomenon. The number of

experiments is a lot which means that it will be an expensive experiment.

7.3 Significant Local Yielding

In chapter 3 the phrase "significant local yielding” was used. It would be an
interesting research to find out the distribution of strains in the micro structure of
a specimen with a non-destructive tests. This distributed could be used to find out
if there is a relation between the probability of exceedance of the plastic strain and
fatigue life. This probability of exceedance should be approximately similar for
all connection types for a certain fatigue life. One point of interest would be the
point at which a high cycle problems turns into a low cycle problem. A research

project may answer this question.

7.4 Palgren Miner Sum

The Palmgren miner sum may be incorrect when analyzing low cycle and high
cycle behavior for a single specimen. A research project could be done in which a
specimen is subjected to both high cycle fatigue and low cycle fatigue. It should
subsequently be checked if the specimen does indeed fail when the miner sum is
approximately 1 on average for the tested specimen. In case this doesn’t appear to
be the case an option would be to try a continuous or discrete markov switching

model where the state of the structure is classified. The states could range from
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Perfect to Failure. In experiments the transition rate for continuous makrov chains
or the transition probability for discrete chains from one state to the next can be
found. This probability will likely be a function of known environmental param-
eters A, the stress range Ao and perhaps a classification of the current state =.
This transition probability can be expressed as P(X;11 = j| X, = 1) = f(A, =, Ao)
A state must be identified that can be considered failure. The probability of en-
tering this state can then be found. This probability is also the probability of
failure. The idea of Markovian chains is illustrated in figure 7.1. Unfortunately
the author has no idea on how to classify states as something observable. Perhaps
an idea would be to use states such as "poor”, "good” , "excellent” , however,
a good quantification needs to be found for these states because in Markovian
systems states must be observable. In case probabilities are known the system can

be solved with the Chapman-Kolmogorov equations given as p/i™™ = > PP
=0

ij
PFF P11 D22
@ DiF CCB‘Pm C(;B‘ P32 PPP-1

FIGURE 7.1: The specimen may start at any state, state P is defined as per-

fection and state F is defined as failure. In case the system enters state F it

stays there because this is a recurrent state. The remainder of the states are
transient

for n,m > 0.

bpp

7.5 Strain Rate

It was also revealed in the literature review that the strain rate is an influential
factor for determining the low cycle corrosion fatigue life. A lower strain rate leads
to a lower fatigue life. It was the hypothesis of the author in chapter 4 that this is
due to the element of time. In case corrosion has more time to attack the specimen
the fatigue life will be less. This is the case for very low strain rates because the
elapsed time between reversals is much more. This means that when low cycle or
high cycle fatigue tests are done in a corrosive environment the strain rate must

be representative of the strain rate of the loads in the environment in which the
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specimen will be used. A series of experiments where very low strain rate is used
will work well because corrosion gets sufficient time to attack the specimen, which

will lead to conservative results.



Chapter 8

Conclusions

1. LCCF has not been an issue in offshore engineering and there is not a sin-
gle design code that gives comprehensive guidance for dealing with LCCF
or even LCF. The reason is that the design codes have a global elastic de-
sign philosophy and the need for comprehensive design codes for low cycle

corrosion fatigue never existed

2. The weakest part of a structure to LCCF are the (welded) joints. The joints

appear to fail well before the adjoining material.

3. The environment plays a significant role in the fatigue life of a structural
element. The impact of the environment diminishes in the LCHS region.
It is the hypothesis of the author that fatigue life is less affected by the
environment because the duration between initiation of the load and ultimate
failure is shorter which allots less time to the environment to penetrate the
specimen. This hypothesis is further enforced by the fact that test results
have revealed that the strain rate is positively correlated with the fatigue

life of a specimen in a deleterious environment.

4. Two models were proposed to predict the low cycle fatigue life based on two
very distinct assumptions. The first model is based on constant slopes in the
relationship between the logarithm of the fatigue life and the logarithm of
the stress level in a fatigue region. The regions which can be distinguished
are the ultra high cycle region, the high cycle region and the low cycle region.
This model has a decent theoretical background and predicted credible re-

sults for low cycle corrosion fatigue life. The second model to predict fatigue
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life in the low corrosion cycle region is based on regression. This model uses
the assumption that the fatigue life that a high cycle corrosion fatigue curve
predicts in the low cycle region through extrapolation possesses predictive
power for the actual corrosion fatigue life in the low cycle region. The regres-
sion performed yielded credible results and the internal fit of the regression
was quite high. There are no better ways to predict low cycle fatigue life
for various connections other than the methods that can be found in this
thesis. There is no experimental data available which makes the method
proposed in this thesis the only way. There is no independent dataset to
validate the models proposed in this thesis. The models performed well and
delivered credible results, however, experimental data is needed in order to

judge their accuracy.



Appendix A

Method Based on Constant

Slopes

In this Appendix the comparison between an extrapolated high cycle curve into

the low cycle region and the low cycle curves created with the method based on

constant slopes presented in Chapter 5.

(MPa)

Stress Range
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Comparison between the extrapolated curve for the high cycle region into the
low cycle region for W2 and W1 curves and the curves created with the

assumption of consistent slopes
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Comparison between the extrapolated curve for the high cycle region into the
low cycle region for G and F3 curves and the curves created with the assumption
of consistent slopes
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of consistent slopes
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Appendix B

Connections According to DNV

In this Appendix the reader will find connections and base material which can
analyzed for low cycle fatigue with the methods reported in Chapter 5. The data
is taken from Recommended Practice C203 2010 04. The connections are briefly

explained here. For more details the reader is refered to [5].

B.1 Non-Welded Details

™~

\\

SN curve C. Manually gas cut material or material with machine gas cut edges
with shallow and regular draglines [5].
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B.2 Bolted Connections

S-N curve F1. Bolts and threaded rods in tension. Cold rolled threads with no
following heat treatment like hot galvanising. S-N curve W3. Cut threads. [5]

e
—

Bolts in single or double shear. [5]
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B.3 Continuous Welds

S-N curve C. Automatic welds carried from both sides. S-N curve C. S-N curve
C2. Automatic fillet welds. [5]

S-N curve C1. Automatic fillet or butt weld carried out from both sides with
stop-start positions.S-N curve C1. Automatic butt welds made from one side
only, with backing bar but without start-stop position. [5]



Appendix B. Connections According to DNV 7

S-N curve C2. Manual fillet or butt welds. S-N curve C2. Manual or automatic
butt welds carried out from one side only. [5]

S-N curve C2. Repaired or automatic manual fillet or butt welds [5]
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B.4 Intermittent Welds

S-N curve E. Stitch or tack welds not subsequently covered by a continuous weld

[5]

™~

S-N curve F. Ends of continuous welds at cope holes. [5]

Cope hold with transverse butt weld [5]
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B.5 Transverse Butt Welds

For more details on the requirements on the quality of the weld, the reader is
referred to [5]

S-N curve C1. Transverse splices in plates flats and rolled sections [5]

S-N curve C1. Flange splics in plate girders [5]

S-N curve C1. Transverse splices in plates or flats tapered in width or in
thickness where the slope is less than 1:4 [5]
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S-N curve D. Transverse splices in plates or flats tapered in width or in thickness
where the slope is less than 1:4 [5]

S-N curve E. Transverse splices in plates and flats [5]
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S-N curve E. Transverse splices in rolled sections or welded plate girders [5]

S-N curve E. Transverse splices in plates or flats tapered in width or in thickness
where the slope is less than 1:4 [5]

= N

Transverse splice between plates of unequal width, width the weld ends ground
to a radius.S-N curve F1 for a ratio ;7 > 0,16. S-N curve F3 ratio 7 > 0,11 [5]
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S-N curve F. Transverse butt weld on a temporary or a permanent backing strip
without fillet weld [5]

S-N curve G. Transverse butt weld on a backing strip fillet welded to the plate

[5]
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B.6 Welded Attachments

For more details on the requirements on the quality of the weld, the reader is
referred to [5]

Welded longitudinal attachment. Doubling plate welded to a plate. S-N curve E
for I <50 mm . S-N curve F for 50 < [ < 120 mm. S-N curve F1 for
120 < 1 < 300 mm. S-N curve F3 for [ > 300 mm. [5]

Doubling plate welded to a plate. S-N curve E for [ < 50 mm . S-N curve F for
50 <1 <120 mm. S-N curve F1 for 120 < ! < 300 mm. S-N curve F3 for [ > 300
mm. [5]
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Longitudinal attachment weleded to transverse stiffener. S-N curve E for [ < 120
mm . S-N curve F for 120 < { < 300 mm. S-N curve F1 for 120 < [ < 300 mm.
S-N curve F3 for [ > 300 mm. [5]

T

[T T T T I e |

<+

S-N curve E. Longitudinal fillet welded gusset with radius transition to plate or
tube; end of fillet weld reinforcement ( full penetration); length of reinforcement
> 1. [5]

Gusset plate with radius welded to edge of a plate or beam flange. S-N curve E
1 T 1 T 1 1 T 1
for 3 < w,r =150 mm.1 S—Nrcurve1 Fs<w<s Sl—N m:rve I*;l 5 <w <3
S-N curve F3 ¢ /leq; < 55- S-N curve G 5z < 1 < 15 [5]
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Gusset plate welded to the edge of a plate or beam flange. S-N curve G for
[ <150 mm. S-N curve W1 for 150 < ! < 300 mm. S-N curve W2 for { > 300
mm [5]

Flange welded to another flange at crossing joints. S-N curve G for [ < 150 mm.
S-N curve W1 for 150 < I < 300 mm. S-N curve W2 for [ > 300 mm [5]

Transverse attachments with edge distance > 10 mm. S-N curve E for ¢ < 25
mm. S-N curve F for ¢ > 25 mm [5]
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<
%, S
e
=
e

Vertical stiffener welded to a beam or a plate girder. S-N curve E for ¢ < 25 mm.
S-N curve F for ¢t > 25 mm [5]

Diaphragms of box girders welded to a flange or web. S-N curve E for ¢t < 25
mm. S-N curve F for ¢ > 25 mm [5]

g0

dq

Welded shear connector to base material. S-N curve E for Edge distance > 10
mm. S-N curve G for Edge distance < 10 mm. [5]
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B.7 Welded Joints

For more details on the requirements on the quality of the weld, the reader is
referred to [5]

S-N curve F. Full pentration butt welded cruciform joint [5]

S-N curve W3. Partial penetration tee-butt joint or fillet welded joint and
effective full penetration in tee-butt joint. [5]



Appendix B. Connections According to DNV 88

Stressed area
of main plate

S-N curve F1. Fillet welded overlap joint crack in main plate [5]

End zones of single or multiple welded cover plates in beams and plate girders.
Cover plates with or without frontal weld. S-N curve G for tandt. < 20 mm. S-N
curve W3 for tandt, > 20 mm [5]
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S-N curve E. Continuous fillet welds transmitting a shear flow, such as web to
flange welds in plate girders. Filler welded lap joint [5]

&

=\

S-N curve E. Stud connectors ( failure in the weld or heat effected zone [5]

S-N curve E. Trapezoidal stiffener welded to deck plate with fillet weld or full or
partial penetration butt weld [5]
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< L S

Full penetration
weld

S-N curve F. Trapezoidal stiffener welded to deck plate with fillet weld or full or
partial penetration butt weld [5]

Fillet wel%
-
Q l =
| /
M

r

S-N curve G. Trapezoidal stiffener welded to deck plate with fillet weld or full or
partial penetration butt weld [5]
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B.8 Tubular Sections

An overview of examples with tubular sections is given in figure. The base material
adjacent to the toes of full penetration welded tubular joints. An example of

tubular formations is given in this section.

0% K, 0% Y
Fi
%) K I
IE
LOOO Bl
—-:K—T
500
(a) (c)
1’?.% =
2y x I
N\ |
N
7| N
w"@ s L Jﬁb
(@) (e) (0
50% E, 50% X
Fa
o[ ([
m_k_i X500
oS K ‘
(7 1
g % L

S-N curve T. Tubular sections [5]

For a complete overview of all the details that can be calculated with the S-N

curves then reader is referred to Appendix A of [5] DNV Recommended Practice.
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Method Based on Regression

In this chapter a comparison can be found between the extrapolated high cycle
curves into the low cycle region and the low cycle S-N curves found by the method

based on regression found in chapter 5.

Stress Range (MPa)

1 I | ‘ | I Il 1 I 1 I 1 |
10 108
Cycles to failure (M)

Comparison between the extrapolated curve for the high cycle region into the
low cycle region for W2 and W1 curves and the curves created with the method
based on regression

92
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Stress Range (MPa)

10 1

Cycles to failure (M)

Comparison between the extrapolated curve for the high cycle region into the
low cycle region for G and F3 curves and the curves created with the method
based on regression

Stress Range (MPa)

i i i i i i
10 10°
Cycles to failure (M)

Comparison between the extrapolated curve for the high cycle region into the
low cycle region for E and D curves and the curves created with the method
based on regression
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N S : E ; Y p—
> S 5 . : : e

Stress Range (MPa)

Cycles to failure (M)

Comparison between the extrapolated curve for the high cycle region into the
low cycle region for C2, C1 and W1 curves and the curves created with the
method based on regression



Appendix D

Material Coefficients Common

Engineering Alloys

5 5 o - ofoi
Process MPa GPa MPa MPa MPa

Maerial  Description  (ksi) HB  (ksi-107) %RA (ksi) (ksi) a'n’ efE’ (ksi) b G

Steel

1010 HR sheet 331 — 203 80 2000— S34/867 0.1850244 1630104 —{499 0.100 0408
(48) (29.5) 29y — (TRM(126) —i72)

1020 HR sheet 441 109 203 &2 26— 738/1962 0.1900321  0.96/0.337 /1384 015  -0.48%
(64) (29.5) {38y — (107)(284) i201)

1038  Normalized 582 163 20 54 131342 110671340 02500220 0770309 £OR/1043 0107 D48l
(34) (29.5) (48)/(50) (160)(155) (130)(151)

103g° Q&T 649 195 219 67 4107364 118371330 02210208 1.10M255 11971009 0097 D460
(94) (31.5) {(60(53) (172)1193) (174)(146)

Man-Ten HRsheet 510 — 207 193372 —{186 0.2010.11 1.02/0.86 B14/807 0071 065
(14) {10y (5T(54) —(114) (BT

RQC-100 HRsheet 931 290 207 BRIA00 117271434 0.06%.14 1.0240.66 133071240 007 069
(135) (30) (128){87)  (170)(208) (193)(180)

1045 Annesled 752 228 — 44 17— 11022 —M.152 0 580 486 — 816 0,079 0.520
(109) - (75y— —/{(148) —(133)

1045 Q&T 1827 500 207 | 1689/— —3371 00470145 0.7100.1% —2661 0093 -0643
(265) (30) (245 — —i489) —(386)

1090°  Nommalized 1090 259 203 14 TIS/545 176501611 0.1580.174  0.15/0.250 1310 0.091 0,496
(158) (29.5) (107)(79) (2%6)(234) —(190)

1090° QarT 1147 309 217 2 650/627 |805/1873 0.1650.176  0.24/0.700 /1878 0120 -0.600
(166) 3.5 (94)191) (275W212) —(273)

1141° Nomalized 780 220 220 7 493181 1379/1441 0.1870.177  0.64/0.602 11171326 D003 05K
(115 (32) (T2V(10) (200)209) (162)1192)

114)° Q&T s M m 59 8147591 1206/1277 00740124 0880309 140811127 D066 0504
(134) (33) (118)(86) (123)1183) (204)(164)

4142 Q&T 1413 180 207 iR 1378/ — 12266 00510124 0650637 143 009 0760
(205) (30) (200 '(387) A311)

4142 Q&ET 1929 475 207 15 | 72— —1235% 0048009 0430331 —12161 0081 0854
(280) (30) (250)- —/(148) —i(314)

4340 HR T 193 13 634/ 1317 1.168 0.57/0.522 —f1198 0095 0563
(120) (28) (92y —i(194) —H{174)

Common Material Coefficients [27]
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