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Preface

This thesis is submitted in partial fulfilment of the requirements for the
degree of Doctor of Philosophy (Ph.D.) at the Faculty of Engineering of the
Norwegian University of Science and Technology (NTNU). The work was
conducted at the Department of Structural Engineering in the years 2018-
2022. The work was supervised by professor Bjørn Helge Skallerud and
associate professor Sigmund Kyrre Ås, both NTNU. Funding was received
from the Norwegian Research Council (NRC) through the project KPN
LifeMoor (RCN contract No. 280705). This thesis is written as a collection
of articles that have been published in peer-reviewed journals. The aim of
the thesis is to bring the articles into context of the KPN LifeMoor project
and current research on degradation of offshore mooring chains.
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Abstract

Mooring chains on floating offshore structures suffer from combined degra-
dation from corrosion and fatigue. Corrosion reduces cross-sectional areas
of the chains and creates surface pits. During cyclic loading of the chains,
these pits can raise stress amplitudes locally and act as initiation points
for fatigue cracks. The current work is focused on fatigue initiation in R4-
grade mooring chain steel from both naturally corroded surfaces, idealized
geometries of corrosion pits and fatigue cracks blunted by corrosion.

The full-field digital image correlation (DIC) technique was used to measure
crack initiation on irregular, corroded surfaces from offshore mooring chain
during fatigue testing in air. Finite element analysis (FEA) was paired with
the DIC measurements to establish an initiation S-N curve for the surface.
The first cracks initiated at 13-24% of the lifetimes of the specimens. Initi-
ation lives were much shorter than in specimens with machined hemispher-
ical notches, indicating that fatigue tests of machined specimens yield non-
conservative initiation life estimates for mooring chains. Crack initiation
was measured close to the mouths of the hemispherical notches. In a strain-
controlled fatigue test, mean stress relaxation (MSR) was observed even at a
stress amplitude below the cyclic yield stress. When taking cyclic softening
and MSR into account in fatigue initiation predictions for the hemispheri-
cal notches, accuracy was significantly improved compared to calculations
based on a monotonic material model. Other specimens were subjected to
alternating phases of corrosion and fatigue to replicate in-service seasonal
load variations. No significant difference in fatigue lifetimes was registered
between specimens subjected to continuous fatigue and those periodically
interrupted by phases of accelerated corrosion. Moreover, eight months of
natural corrosion of specimens with fatigue cracks did not have a large effect
on their remaining fatigue lifetimes. Thus, crack tip blunting from disso-
lution by corrosion during calm summer seasons is not expected to have a
lifetime-extending effect on fatigue-cracked mooring chains.

FEA stress calculations based on a dynamic load analysis of an offshore
mooring system were performed. Results showed that the stress amplitudes
in the fatigue tests performed in the current work represents well the highest
stress amplitudes in the mooring chain links in service. It is suggested how
the method for generating fatigue initiation S-N curves in the current work
can be modified for fatigue tests in saltwater environments.
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1 Introduction

1.1 Motivation

Figure 1: Typical mooring system layout on a hydrocarbon production unit.

Mooring systems are integral structural elements of floating offshore struc-
tures used for hydrocarbon and wind energy production and aquaculture.
Fig. 1 shows a typical design, where sets of mooring lines are connected to
a series of anchors at the seabed, to keep a floating hydrocarbon production
unit in position. Failure in multiple mooring lines can cause the unit to move
out of position, which may lead to uncontrolled release of hydrocarbons or
collisions with nearby units[1]. Thus, safe operation is of paramount impor-
tance. Between 2010 and 2013, five cases of mooring single-line fatigue fail-
ure were registered on the Norwegian continental shelf[2]. This corresponds
to around 3 · 10−3 failures per line year[2] – considerably higher than the
target fatigue failure frequency for a complete mooring system of 10−3 per
year[3]. Some failures were attributed to inadequate design or maintenance
for the relevant loading and environmental conditions[2], signaling a need
for better understanding of degradation mechanisms. However, there were
also cases of incorrect heat treatment during production and operational
errors[2].

Determining the appropriate design and replacement interval for a moor-
ing line ultimately involve finding the solution with the lowest cost that
maintains a sufficient safety level. Increasing the accuracy of fatigue life es-
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timates for a mooring line can promote large material savings, which reduce
the financial and environmental costs of operation of a hydrocarbon pro-
duction unit. Moreover, findings from fundamental research can easily be
adapted to other offshore structures and can thus promote material savings
in a variety of industries. On the other hand, lowering the maintenance costs
of hydrocarbon production systems can lower prices and increase compet-
itiveness of their deliverables towards other alternatives that are produced
in less CO2 intensive manners. This may have a negative impact on the
climate.

1.2 Fatigue mechanisms and engineering approaches

Components can fail due to fatigue from cyclic loading at stress amplitudes
far below the monotonic strength. The fatigue life is usually considered to
consist of two stages: crack initiation and growth. In smooth steel compo-
nents, cracks initiate at defects, inclusions or grain boundaries, or due to
accumulation of plastic slip in grains that are favorably oriented relative to
the applied stresses[4]. Initially, the very small crack is affected by grain
orientations and boundaries, but it may eventually grow large enough to
assume continuous growth independently of grains, in a direction perpen-
dicular to the local stresses[5]. At this moment, the crack can be considered
having completed the initiation process. In smooth specimens, the initiation
process may be slow and account for most of a small component’s lifetime.

Figure 2: a) An S-N curve based on Basquin’s relation and b) definitions for a
stress cycle.
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The fatigue strength of a material is usually mapped by cyclically loading
a number of specimens to failure at different stress levels. Results are pre-
sented in logarithmic plots of the total failure lifetime, Nf, as function of the
stress amplitude, σa. Since the initiation life, Ni, accounts for most of the
total lifetime of a small, smooth specimen, one often does not differentiate
between them when processing the results. The linear Basquin relation[6]
can be fitted to the results, namely

σa = σ′
f(2Nf)

b. (1)

σ′
f and b signify the Nf = 0.5 intercept and the (negative) slope of the

line. Such lines are commonly referred to as S-N curves. An example is
shown in Fig. 2a. For a very low stress amplitude, measured lifetimes will
deviate from the Basquin relation and assume a zero or near-zero slope[4].
This stress amplitude is referred to as the fatigue limit, below which, the
material is assumed to have infinite fatigue life.

Some useful definitions for working with fatigue are those of the stress am-
plitude, mean stress, stress range and stress ratio, respectively

σa =
σmax − σmin

2
, σm =

σmax + σmin

2
, ∆σ = 2σa, R =

σmin

σmax
. (2)

σmax and σmin are the maximum and minimum stress. Fig. 2b illustrate
the definitions for a stress cycle.

Due to the heterogeneity of the microstructure and defects in a material,
fatigue initiation is not a deterministic phenomenon, and fatigue lives will
be somewhat scattered. For engineering purposes, design S-N curves are
shifted to represent low failure probabilities. However, for large components
or systems thereof, shifting the S-N curve alone does not account for the
size effect, which denote the increase in probability of failure for the system
due to the higher likeliness that it contains a critical weakness. In weakest
link theory, the size effect is considered by calculating an effective stress
amplitude[7],

σ̄a =

(
1

V0

∫
V
σβ
adV

)1/β

. (3)
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V denotes the volume, V0 a reference volume and β the Weibull shape
parameter, a measure of the scatter.

Another issue that arises from the random nature of fatigue, is the challenge
of fitting an S-N curve if some fatigue tests “run out”. That is, if failure is
not observed in time before the test must be discontinued for practical rea-
sons. By maximum likelihood estimation (MLE) both completed and run-
out tests can be accounted for by maximizing the log-likelihood function[8],

L =
k∑

i=1

[δi log pf + (1− δi) logPs] , (4)

for all k tests. Here, δ is an indicator function, which takes the value
1 if there is crack initiation in an element, and 0 if there is not. pf is the
probability density function for failure, and Ps is the cumulative distribution
function for survival.

If a static stress is superposed on the dynamic stress, this is referred to as
the mean stress (see Fig. 2). The static stress can originate from applied
loads or residual stresses in a component. A positive mean stress can shorten
the fatigue life by increasing the maximum stress in cycle and thus create
a higher driving force for opening and growing a crack[5]. Mean stresses
are typically accommodated in fatigue predictions by use of some empirical
relations to estimate an equivalently damaging stress cycle with zero mean
stress. Such relations include those of Goodman[9], Morrow [10], Gerber
[11], Walker[12] and Smith, Watson and Topper [13].

If the stress state is multiaxial, fatigue behavior might be affected, and pre-
dictions further complicated[4, 14]. However, since the current work con-
siders stress states that are largely uniaxial, the topic will not be discussed
further.

Notches in a component can act as macroscopic stress raisers that affect
the initiation mechanisms that happen on the grain scale. Due to the stress
gradient in the material under a notch, the fatigue process zone is sub-
jected to a decreasing level of stress, and fatigue initiation is not controlled
solely by the surface stress amplitude[4, 15]. To accommodate this, Taylor
alternatively considered the stress state at some “critical distance” below
the surface for fatigue predictions[16]. This approach is easily applicable
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to finite element analysis (FEA) results. Other approaches include those of
Peterson and Neuber, who based empirical relations on the notch radius[4],
and Siebel and Stieler, who considered the relative stress gradient[15].

σ′
f is typically significantly higher than the ultimate tensile strength of the

material[4]. Thus, it can be seen from Fig. 2a that Basquin’s relation can-
not hold for low Nf, where the ultimate tensile strength is exceeded. The
strain-based modification of Basquin’s relation by Coffin[17] and Manson[18]
includes a significant plastic strain component for the low-cycle fatigue re-
gion:

εa = εae + εap =
σ′
f

E
(2Nf)

b + ε′f(2Nf)
c. (5)

Here, εae and εap denote the elastic and plastic strain amplitude, respec-
tively. ε′f and c are equivalent to the Basquin parameters, but for a strain-life
plot. E is the elastic modulus of the material.

During cyclic loading above the yield stress, materials can experience cyclic
hardening or softening, raising or lowering the stress-strain curve. Moreover,
if a material is loaded past its yield stress, σmax will be limited by the plastic
stress-strain curve, which can lead to instant shifting of σm for the stress
cycle. Mean stresses can also transiently relax and redistribute during cyclic
straining[19].

For components subjected to variable-amplitude loading, the fatigue dam-
age caused by a stress cycle will vary based on the magnitude of the stress
amplitude. This is traditionally accommodated by summing up the relative
damage contributions from the number of cycles, n, from k stress levels
using Miner’s law of cumulative damage[20]:

k∑
i=1

ni

Nfi
= 1. (6)

The resistance for propagating a crack is lower than for initiating one. Stress
cycles below the fatigue limit can contribute to fatigue damage that has been
initiated at a higher stress level and must thus be included in the damage
sum. A cut-off limit signify a stress level, below which, stress amplitudes
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are too low to even propagate a crack and can thus be disregarded in fatigue
analyses.

Figure 3: Idealized model of fatigue crack growth rate.

For calculating the growth rate of an initiated fatigue crack, the stress in-
tensity factor range is the primary variable to consider[4],

∆K = F∆σ
√
πa. (7)

Evidently, a higher crack depth, a, leads to a higher ∆K. F is a geom-
etry factor. Paris[21] found that the crack increment per cycle could be
approximated by a linear dependency on ∆K in a logarithmic plot, namely

da

dn
= C(∆K)m, (8)

where C and m are material parameters. The relation is illustrated in Fig
3 and shows that growth of a fatigue crack is initially slow, but accelerates
as the crack grows. Below a threshold stress intensity factor range, ∆Kth,
there is no crack growth. Fatigue crack growth is relatively deterministic
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in nature, and less scatter is observed in crack growth lives than in crack
initiation lives for smooth components.

Mean stresses affect crack growth by controlling the maximum stress in-
tensity factor, Kmax, and the portion of stress cycle for which the crack is
closed. Cracks in brittle materials may close at zero load and experience
no growth for the compressive part of a stress cycle[4]. However, for ductile
materials, this behavior may vary due to plastic effects at the crack tip[4].
Similar to the effect that was described earlier for fatigue initiation, over-
loading of an initiated fatigue crack can lead to shifting of R, closure of the
crack and retardation of the crack growth rate[4].

When a steel component is submerged in a corrosive medium, like seawater,
and subjected to cyclic loading, fatigue process mechanisms and rates can
change compared to in air. Over time, corrosion can roughen the component
surface and create locally stress-raising pits, which reduce the fatigue initi-
ation life in a similar way as notches do. Once a fatigue crack has initiated
in a chain link, further fatigue crack growth can be enhanced by hydrogen
embrittlement, anodic or film-rupture facilitated dissolution at the crack tip
or cohesive strength weakening from Cl− ions[5, 22, 23]. Since corrosion is a
time-dependent mechanism, load frequency becomes an important parame-
ter to consider[5]. Mean stresses control the duration of the periods when
a corrosion fatigue crack is open and the magnitude of maximum tensile
strains, which can affect corrosion mechanisms. Dissolution by corrosion
can expose virgin layers of material that have not been affected by previ-
ous plastic overloads and thus may have higher mean stresses. Fatigue and
cut-off limits may be reduced or erased due to the assisting effects from
corrosion.

Design lives for submerged offshore structures can range up to several decades.
For such timescales, test programs on corrosion fatigue are impractical to
conduct at natural speeds. Consequently, most tests are accelerated. This
leaves researchers challenged by the task of interpreting results of time de-
pendent degradation mechanisms in light of in-service conditions, while ac-
counting for interactions between the different mechanisms[5, 24, 25]. Corro-
sion fatigue process modeling tasks are further complicated by the difficulty
of obtaining meaningful measurements of mechanical states and electrolyte
chemistry in corrosion pits and fatigue cracks[5].
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The current work is not focused on corrosion fatigue, but rather on geometric
effects from corrosion of the substrates which fatigue cracks can initiate
from.

1.3 Fatigue of offshore mooring chains

Figure 4: Typical layout of a mooring line. Reprinted from [26] with permission
from Equinor.

As shown in Fig. 4, a mooring line can consist of different segments made
up of either chain, steel wire or synthetic fiber rope. The current work is
focused on fatigue of chains. A single chain link is made up of two curved
and straight parts, referred to as “crowns” and “shanks”, respectively. The
current work deals only with so-called “studless” or “open” chain links[27],
which do not have studs placed between the shanks of the links. From
commonly used chain alloys, the low-alloy R4-grade steel[27] is considered.
This has a minimum yield stress and tensile strength of 580 and 860 MPa,
respectively[27]. The chain links do not receive any corrosion-protective
coating before being installed for service.

Offshore mooring chain links are produced by bending hot-rolled bars to
form the specified loop geometry, and then flash welding the ends of the bars
together. A minimum breaking load (MBL) is specified based on the steel
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grade and chain diameter[27]. All chains undergo proof load testing to 70%
of the MBL before installation to service[27]. This process deforms the chain
links plastically and induces compressive residual stresses in the crowns
upon unloading[28, 29] that are superposed on stresses from operational
loads. During operation, chain links are exposed to dynamic loads from
wave loads on the floating unit[30]. In addition, the chains are subjected
to mean loads from mooring line pretensioning, wind loads and the dead
weight of the mooring line[30]. The loads exerted on a chain link in service
can vary both on an hourly[30] and a seasonal[30–32] scale.

Figure 5: Photograph of corrosion pits on an offshore chain link. Reprinted from
[26] with permission from Equinor.

Offshore mooring chains can fail due to long-term degradation from the
combined action of corrosion and fatigue[2]. General corrosion and inter-
link wear can reduce cross-sectional area of a chain link, effectively increas-
ing nominal stresses. Inhomogeneities in surface chemistry, as well as mi-
crobiological activity, can lead to localized corrosion attacks that produce
macroscopic pits[26, 33], as seen in the photograph in Fig. 5. The cor-
rosion pits facilitate faster fatigue crack initiation and reduced fatigue life
for a chain link[34, 35]. The severity of corrosion attacks on chain links can
vary considerably along a mooring line, possibly due to differences in oxygen
concentration, levels of nutrients for microorganisms and electrode potential
from cathodic protection systems on the connected floating structure[36, 37].
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The corrosion mechanisms are not yet sufficiently understood to accurately
predict rates and extent of the localized corrosion attacks.

Several test programs on fatigue behavior of R4-grade steel have been con-
ducted in the recent years. S-N data for smooth specimens in air and salt
water environments have been collected[38–41]. A number of extensive test
campaigns on full-scale segments of corroded offshore mooring chain have
been carried out[34] at relatively high cyclic loads and load frequencies.
The most pronounced hotspot for fatigue initiation in a chain link has been
found to be on the outside of the crown[34]. This indicates that stresses
from the applied loads in the tests have exceeded the magnitude of the
compressive residual stresses, at least partly. However, representative stress
analyses of chain links in service, to verify that testing loads and observed
hotspots are relevant, are lacking. Such analyses require complex dynamic
load simulations of a complete mooring system to be performed.

Researchers have reached contradictory conclusions on the importance of
mean loads for the fatigue lives in full-scale tests of chain segments[30, 34, 42,
43]. The observation of cyclic softening and mean stress relaxation (MSR)
for R4-grade steel at plastic strain amplitudes[38] can further complicate
the discussion.

Accelerating the full-scale tests by increasing the applied load and load
frequency compared to in-service conditions reduces the relative impact of
corrosion on the fatigue crack initiation and growth processes. Moreover,
all tests have been run at constant load, and has thus not been capturing
any effects of load variations or periods of very low cyclic loads.

The current DNV design standard for offshore mooring chains[3] contain S-
N design curves that have been deducted from results of full-scale tests[1,
44], some lasting up to around 2 ·106 cycles. Design curves are extrapolated
to lower loads and longer lives by assuming a constant slope of b = −3.0.
Thus, for these low loads, which may be highly relevant for degradation of
chains in service, the design curves are not directly related to any fatigue
test data. Moreover, the effect of elevated load frequencies in the tests has
not been considered. The DNV standard does not consider the mean service
loads when design lives are to be calculated.
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The current review indicates that prioritized research areas should include:

� Prediction and monitoring of general and microbial corrosion rates.
� Fatigue crack initiation on corroded, R4-grade steel.
� Analysis of stress states in chain links under actual service loads.
� Corrosion fatigue behavior for such stresses in a variable-amplitude-
loading regime and for realistic load frequencies.

� Evolution of residual and mean stresses and their effect on fatigue of
corroded chain links.

1.4 The KPN LifeMoor project

The current work was performed in the project KPN LifeMoor. The project
has been a collaboration between the research organization SINTEF and the
Norwegian University of Science and Technology (NTNU) funded by the
Norwegian Research Council (NRC) and industry partners, primarily the
energy company Equinor. The goals of the project have been to improve
lifetime estimates of offshore mooring chains in service in the North and
Norwegian Sea through better understanding of degradation mechanisms,
as well as to allow for continuous updating of lifetime estimates through
monitoring and probabilistic methods. The lifetime assessments have been
mostly focused on corrosion fatigue.

Compilation of the full-scale test results has been performed in the project[34],
and NTNU has also contributed to the testing. In addition to registering the
fatigue life, non-destructive testing (NDT) by magnetic particle inspection
(MPI) has also been used on some chain segments after testing to document
any secondary cracks that did not result in fracture of a chain link. For some
tests, detailed 3D scans of the chain link surfaces have been generated.
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Figure 6: Hypothetical fatigue crack growth for a crack in an offshore mooring
chain link. Prediction curve is updated after the inspection at tinsp.

The goal of the LifeMoor project has ultimately been to develop a better
understanding of the actual condition of the chain at a given time. The
fatigue life of a chain link in service can be illustrated by initiation and
growth of the most critical fatigue crack, as shown in Fig 6. Over time, t,
the actual crack depth may deviate from the predicted one, due to differences
between the predicted and actual fatigue crack initiation lives, ti,pred and
ti,actual, and crack growth rates. Regular monitoring of the chains could give
valuable status updates and allow for recalibration of fatigue predictions,
as the inspection event at tinsp shows. However, in-situ crack detection in
offshore mooring chains is difficult. Monitoring the states of the corroded
surfaces seems more feasible. Thus, understanding fatigue crack initiation
behavior from surfaces damaged by corrosion is of great importance and has
been the primary focus of the current work.
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1.5 Research objectives

Figure 7: Variations in fatigue lives in an offshore mooring chain link due to a)
variations in initiation life and b) delayed crack growth after long periods of very
low loads.

Based on the review in section 1.3, the motivation and goals for the current
work are listed below.

Part 1
The severity of localized corrosion attacks has a significant impact the fa-
tigue life of a chain link[34]. Since the extent of increased stresses due to
a corrosion pit is limited, the crack growth rate should remain largely un-
affected, as illustrated in Fig. 7a). The fatigue initiation life in corroded
chain links has not yet been quantified, even though it may be important
for understanding the corrosion fatigue process and deciding how full-scale
test results should be extrapolated to in-service conditions. The goals of
Part 1 of the current work are therefore to

1. develop an appropriate method for measuring the fatigue initiation
life from corroded surfaces.

2. determine the ratio of crack initiation to growth life for specimens
extracted from corroded surfaces of R4-grade-steel offshore mooring
chain links.

3. establish a method for predicting initiation lives of mooring chain
links based on S-N data obtained from corroded surfaces of small
specimens.

13



Part 2
The evolution of stress-strain behavior for R4-grade steel under cyclic load-
ing has only been studied for plastic strain amplitudes. If MSR occurs at
lower strain amplitudes, for example at those produced in a corrosion pit in
a chain link at service loads, it has the potential to reduce the compressive
residual stresses from proof loading. This too can reduce the fatigue initi-
ation life, like Fig. 7a) shows. In Part 2 of the current work, the focus is
to

1. quantify the degree of MSR in R4-grade steel at an elastic stress am-
plitude.

2. determine the influence cyclic softening and MSR on fatigue initiation
in pit-like notches.

Part 3
All full-scale tests have been run at constant load amplitudes, and the effect
of periods of low loads on the corrosion fatigue process has not been studied.
During calm summer periods, one could imagine that any erasure of fatigue
damaged material, or blunting of a fatigue crack tip, from corrosion could
potentially extend the fatigue life of a chain link, since the crack must
reinitiate when the high loading resumes. This scenario is illustrated in Fig.
7b). In part 3 of the current work, effects of long periods of corrosion and
no fatigue load on remaining lives of fatigue cracks in R4-grade steel are
studied. The main goal is to

1. determine if calm summer periods give potential for lifetime extension
for mooring chains in service compared to fatigue results obtained from
full-scale tests.

The research topics in the current work were studied by combining experi-
mental fatigue testing programs with FEA. Other tools, like 3D surface scan-
ning, full-field fatigue crack detection by digital image correlation (DIC)[45]
and statistical results processing by means of MLE were used to complement
the study. Emphasis was put on combining simple techniques to create pow-
erful prediction methods that could increase the value of already available
full-scale test data.
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2 Summary

Part 1
Qvale P, Zarandi EP, Ås SK, Skallerud BH. Digital image correlation for
continuous mapping of fatigue crack initiation sites on corroded surface from
offshore mooring chain. Int J Fatigue, 2021;151:106350. DOI: 10.1016/j.

ijfatigue.2021.106350.

In part 1, specimens were extracted from the surface of corroded chain links
and fatigue tested in air in three-point bending. DIC was used for the first
time to monitor fatigue crack initiation on such corroded surfaces. Several
initiation sites were identified in each specimen. The surfaces were 3D
scanned, and FEA was used to calculate the local stress at each initiation
site. MLE was used for an S-N curve regression, which also statistically
included stress results from the regions of the surfaces where no cracks
initiated. From testing of only four specimens, it was possible to identify
fourteen initiation sites, as well as large areas with no initiation. From this
it was possible to construct an S-N curve with low uncertainty and scatter.
The method and S-N curve is deemed appropriate for fatigue initiation
predictions for chain links in air environment. The first cracks initiated at
13-24% of the total lifetimes of the specimens. This indicates that crack
growth is an important phase to focus on when extrapolating full-scale test
results.

Part 2
Qvale P, Zarandi EP, Arredondo A, Ås SK, Skallerud BH. Effect of cyclic
softening and mean stress relaxation on fatigue crack initiation in a hemi-
spherical notch. Fatigue Fract Eng Mater Struct 2022;1-17. DOI: 10.1111/

ffe.13834.

In part 2, the same fatigue test and DIC setup as in part 1 was used to
study fatigue crack initiation in machined, hemispherical notches, repre-
senting idealized geometries of corrosion pits. The entire notch profile was
monitored. Initiation was predicted and measured near the mouths of the
notches, where the stress and strain amplitudes were the highest. A comple-
mentary, strain-controlled fatigue test revealed significant MSR in R4-grade
steel even at a stress amplitude below the cyclic yield. For the hemispher-
ically notched specimens, accuracy of initiation life predictions improved
when cyclic softening and MSR were accounted for, compared to using only
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the monotonic stress-strain curve. This observation is considered important
in the current discussion of the mean stress effect on fatigue lives of mooring
chains. For initiation lives above 100,000 cycles, scatter in the S-N data
and residual stresses from machining of the notch made predictions for the
notched specimens less accurate.

Part 3
Qvale P, Nordhagen HO, Ås SK, Skallerud BH. Effect of long periods of
corrosion on the fatigue lifetime of offshore mooring chain steel. Mar Struct,
2022;85:103236. DOI: 10.1016/j.marstruc.2022.103236.

In part 3, two test programs of alternating corrosion and fatigue phases
were conducted to replicate seasonal load variations on mooring chains in
service. In the first test program, periodic corrosion phases were accelerated
by anodic polarization. It was observed that cracks quickly initiated from
the precorroded surfaces and grew too deep for the crack tip to be severely
affected by the polarization. Thus, this way of accelerating corrosion is
deemed inappropriate for studies of corrosion effects on fatigue cracks. The
growth of shallow cracks that experienced extensive crack tip blunting by
corrosion was, however, not significantly retarded by the periods of corro-
sion. In the second test program, fatigue-cracked specimens were exposed
to eight months of natural corrosion to study the effect on the remaining
lives. No marked effect was observed. Based on previous studies in the lit-
erature, it can be assumed that cracks with tips blunted by corrosion are as
critical for the fatigue life as sharp, uncorroded cracks. Thus, no beneficial
effect on fatigue lives of mooring chains can be expected from calm summer
periods, and no positive correction factor can be applied to full-scale test
results when employing them to in-service conditions.
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3 Complementary stress analysis of chain link

The small-scale test programs in the current work have been performed at
sufficiently high loads to be completed within practical time frames. The
same applies to the full-scale tests. To interpret and evaluate the relevance
of results from the current work, a comparison of stress states in chain
links in service and those of the tested specimens and chain links would be
very valuable. A comprehensive case study of dynamic loads on mooring
lines of a semi-submersible platform has recently been completed[31]. The
current section presents stress analyses based on the load output from the
case study. The surface stress levels are then compared to those of the tests,
while disregarding stress concentrating effects from any notches or corrosion
pits.

In [31], historic hindcast data of Norwegian Sea sea states from year 1958
through 2018 were used to calculate the dynamic loads for a semi-submersible
hydrocarbon production unit moored with 16 lines. In the current work,
the top chain of line number 13 is considered, which was calculated to have
the most fatigue-critical load history[31]. The fatigue damage was evaluated
using an S-N approach based on the nominal tension stresses in the shanks
of the chains. The chain diameter used in the dynamic load analysis was
142 mm. The authors of [31] have commented that the unit in the case
study did not obtain a high level of fatigue damage during a typical de-
sign life. For this reason, the following load states have been considered for
a particularly fatigue-damaging year (1993): The load cycle that resulted
in the highest accumulated fatigue damage during the year, as well as the
single load cycle with the highest load amplitude. All load data were ex-
tracted from the dynamic load analysis by the authors of [31]. In order to
investigate a scenario with a higher level of fatigue damage, stresses were
also calculated for a smaller, Ø114 mm chain link. In this additional stress
analysis, load ranges from the dynamic load analysis were used directly, but
the mean loads were scaled down proportionally to the MBL of the chain,
to approximate identical levels of pretensioning as in the Ø142 mm case.
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Figure 8: Meshed finite element model of contact between two chain links.

Contact between halves of two chain links was modeled using two planes
of symmetry in ABAQUS 2017. Fig. 8 shows the first-order hexahedron
element mesh. For the contact condition, the normal behavior was modeled
as hard, and the tangential behavior was modeled with a friction coefficient
of 0.3[46]. A monotonic material model for R4-grade steel from [38] was
used. Proof loading at 70% of the MBL was modeled before the test loading.
Since the proof loading process has been found to dominate the values of
residual stress in axial direction of the chain link profile[29], preceding heat
treatments were not included in the stress analyses.

The stresses for the specimens in Part 1-3 of the current work were calculated
using the FEA models described in the respective articles.

Fig. 9 shows the stress amplitudes and mean stresses for the specimens from
Part 1-3 and outside of the crown of the chain links from the full-scale tests
and chain links in service. Two markers are displayed for each diameter
of chain in service: The marker at the lowest stress amplitude shows the
most fatigue-damaging stress state, and the other marker shows the highest
stress state. Each load level in the test programs from Part 1-3 is displayed
with a separate marker.
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Figure 9: Surface stresses (from FEAmodels without pits or notches) in specimens
from part 1-3 compared to surface stresses outside of the crown of pit-free chain
links from full-scale tests and in service.

The full-scale tests have been performed with different chain diameters,
with load ranges from 6 to 20% of MBL and mean load from 6.4 to 20% of
MBL[34]. The region in Fig. 9 that approximately encompasses the pool of
full-scale test stress conditions was identified by performing FEAs of Ø142
mm chain loaded to these limits of load amplitude and mean load.

Since the FEAs do not take into account the non-Masing or any transient
stress-strain behavior of R4-grade steel that was discussed in [38] and Part
2 of the current work, especially the calculated mean stresses might be
inaccurate. Nevertheless, Fig. 9 provides a basis for a crude comparison of
the different stress states.

From Fig. 9, it is apparent that the full-scale tests represent well the mean
stresses and the highest stress amplitudes found for the current chain links
in service. The accumulated most fatigue-damaging stress amplitude that
was identified in [31] is not well represented. However, in [31], an S-N
curve without any fatigue or cut-off limit was employed to determine fatigue
damage. Corrosion fatigue behavior of chain links subjected to very low
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stress amplitudes needs to be studied before the most fatigue-damaging
load can be correctly identified.

The specimens from the test programs in Part 1-3 generally have higher
mean stresses than the chains in service. Stress amplitudes in Part 2 seem to
be higher than in chains in service, while Part 1 and 3 have stress amplitudes
that are more similar to highly loaded chains in service. However, the low
stress calculated for the first test program in Part 3 might be somewhat
misleading, since the circumferential notch in these specimens lead to a
significant increase in effective cross-sectional stresses that is not visible in
the nominal stresses in Fig. 9.

Implications of the results are further discussed in the following section.

20



4 Discussion

4.1 Fatigue crack initiation in offshore mooring chains

Conducting small-scale fatigue tests is a relatively inexpensive method for
isolating and studying effects on degradation in ways that would be imprac-
tical to achieve through full-scale tests. However, creating conditions that
are similar as for chains in service can be a challenge. In the current section,
relevance of the test programs in Parts 1-3 to fatigue initiation of mooring
chains is discussed in light of the presented stress comparison.

It has already been pointed out that mean stresses in the small-scale test
programs were higher than in chains in service, when disregarding notches
and corrosion pits. The reasons for the high mean stresses were mostly
practical: three-point bending fatigue setups were selected for their simi-
lar stress amplitude distribution to mooring chain crowns and sensitivity
of their stiffness to cracks. Such setups cannot accommodate negative R
values. However, as discussed in Part 2, mean stresses in a stress raiser,
like a notch and corrosion pit, can redistribute on the first loading or relax
transiently during the cyclic loading. Thus, effective mean stresses might
be more similar than Fig. 9 indicates. Consequently, it can be argued that
the stress amplitude is the most relevant quantity to compare.

It has been shown that for chains in service, the small-scale tests represented
well the highest stress amplitudes, which occur relatively infrequently. The
representation was poorer for the most damaging, very low stress ampli-
tudes. However, as mooring chains are also subjected to stress amplitudes
that lie between these two extremes, and such stress amplitudes have po-
tential to cause significant damage due to their magnitude or quantity, the
relevance of the small-scale tests to damaging stress cycles should not be
dismissed until a cut-off limit has been established for corroded R4-grade
steel in a service environment.
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Figure 10: Fatigue initiation lives for the naturally corroded and machined spec-
imens from test programs in Part 1 and 2.

Figure 11: Ratio of initiation lives to total lives for the naturally corroded and
machined specimens from test programs in Part 1 and 2.
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In Part 1, fatigue crack initiation lives were measured for surfaces retrieved
from offshore mooring chains. Crack initiation was defined by the lowest
inter-node displacement, or strain increase (1%), across a crack plane that
could be detected through the noise in the DIC signal. Possible sources
of errors and noise include obstructed views of the metal surface by DIC
paint and remaining corrosion products, as well as suboptimal image filter-
ing. A paint-free DIC setup has been demonstrated to yield higher strain
sensitivity[47] and could possibly have detected cracks at an even earlier
stage.

In Fig. 10, the initiation lives from the corroded specimens are compared
to those measured from specimens with hemispherical, machined notches at
similar load levels in Part 2. Arrows mark run-out tests. For the corroded
specimens, the initiation lives are significantly lower than for the machined
ones – almost two orders of magnitude for the lowest load level. The reduc-
tion in initiation life for the corroded specimens is presumably caused by
roughness or micro-scale surface features in the corrosion pits. The stress
concentration factors might also have been higher for some corrosion pits
than for the machined, hemispherical notches. The comparison of initiation
lives show that S-N data collected from fatigue tests of smooth specimens
cannot be used directly for corroded surfaces.

Since a fatigue crack becomes increasingly independent of the surface state
as it grows, crack growth lives are more similar between the corroded and
machined specimens. Consequently, the ratio of initiation life to total life
is lowest for the corroded specimens, at 13-24%, as shown in Fig. 11. In
a chain in service, the crack growth life would be extended by the larger
cross section that a fatigue crack has to traverse. Moreover, both crack
initiation and growth lives have been found to be shorter in salt water for
R4-grade[39, 40, 48] and other steels[5, 22]. Moreover, the discussion of the
Ni/Nf ratio for a crack in a mooring chain crown is also complicated by the
crack growing in stress field that is initially at least partly compressive (see
Fig. 9) and then turns more tensile at the crack tip as the crack grows[49].
However, by using the S-N curve from Part 1, it should be possible to
estimate the initiation life and Ni/Nf ratio for a chain link fatigue tested in
air. Improvement of estimates for fatigue tests in salt water is discussed in
the subsequent section.
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Even though Fig. 10 shows that machined specimens are not suitable for
measuring initiation lives that are directly applicable to corroded surfaces,
the work performed in Part 2 is still relevant for mooring chain fatigue. Part
2 showed that there is a significant MSR effect in R4-grade steel loaded at
elastic stress amplitudes, and that accuracy of fatigue predictions can be
increased when taking this into account. Data on MSR can aid future in-
vestigations on effects from mean stresses on the fatigue initiation life of
corroded surfaces. If MSR also occurs below corroded mooring chain link
surfaces, it could reduce the effect of the initial compressive mean stresses on
fatigue initiation. This could lead to nonconservative initiation life predic-
tions if not considered. Even if Fig. 9 shows that nominal stress amplitudes
are higher in the specimens from Part 2 than in chains in service, it is ap-
parent from Fig. 10 that corroded surface of a chain has more critical stress
raisers than the machined notches in Part 2. Thus, local stress amplitudes
in corrosion pits in chains in service might still be similar to those in the
notches in Part 2.

The discussion in Part 2 is based on a very limited amount of test data.
Higher confidence in the conclusions could be obtained if more relevant
tests could be performed and a more physically based material model could
be employed for the instant and transient stress-strain behavior. Future
testing should involve better control or elimination of machining stresses,
for example by stress-relieving heat treatments.

In Part 3, no indication was found of that calm summer periods greatly
influence the remaining lifetime of specimens with fatigue cracks. The sug-
gested explanation was that a corroded crack is as critical as a noncorroded
one with respect to the stress state at the crack tip. Fig. 9 shows that
nominal stress amplitudes in the specimens in Part 3 are similar to the
highest ones in chains in service. But even at lower stresses, the logic of the
explanation holds, and no great effect of calm periods should be expected.

One could imagine that a crack that have initiated from a corrosion pit can
close and arrest if it grows into a compressive stress field in the crown of a
chain link. Crack dissolution by a long period of corrosion could then pos-
sibly reopen the crack, allow for local relaxation of the compressive stresses
and promote a further increment of crack growth. Thus, in this scenario, a
corrosion pit or a blunted crack is more critical for fatigue initiation than a
sharp crack.
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Another proposed, hypothetical case could be if the initial yearly growth
increment for an initiated crack is smaller than the yearly corrosion rate[50].
If a surface is so severely corroded that the stress state is not worsened
locally by a year of corrosion – that is, if the stress concentration on the
pitted surface has converged – lifetime extension from erasure of the fatigue
crack could be expected. However, rather than studying this particular,
hypothetical case, efforts might be better spent on studying the effects of
corrosion under high service loads and realistic load frequencies.

4.2 Extension of techniques to full-scale tests

Monitoring of fatigue initiation during testing of corroded offshore mooring
chain segments can be a challenge, due to the many possible initiation sites.
However, as shown in Part 1, this property also allows for increased learning
from each test. The high cost of full-scale tests of mooring chains should
motivate researchers to maximize the results output. In the current section,
extension of techniques used for the small-scale tests in Part 1 to full-scale
tests is discussed.

Part 1 combined different simple tools in a powerful manner to construct
an initiation life S-N curve: stress analysis using FEA on 3D surface scans,
crack initiation using DIC and probabilistic post processing using MLE.
The result was an S-N curve that was accurately defined from only four
specimens, because it was based on measurements from the entire corroded
surfaces. Moreover, due to the continuous monitoring with DIC until failure
of the specimens, the S-N curve extended to initiation lives far longer than
the first initiations.

The generated S-N curve applies to corroded surface elements – not compo-
nents. Thus, it can be used to predict surface element survival probabilities
for elements in a chain link. Probabilities for all elements in a chain link
can then be multiplied to find the survival probability of the whole chain
link.

In Part 1, specimens were fatigued in air. Thus, the S-N curve is only appli-
cable to corroded chain links in air environment. Extending the technique
for use on full-scale tests would facilitate generation of an S-N curve that
is one step closer to chains in service. However, as dispersion of iron oxides
from the corroding chain links could limit visibility in the water and thus the
usability of DIC, some other full-field technique to detect fatigue initiation
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would have to be employed. An alternative could be to calculate fatigue
crack growth “in reverse” from the final fatigue fracture, as well as from
secondary cracks detected with MPI. Studies on crack growth predictions
for mooring chains is currently ongoing[51, 52]. The estimated initiation
lives could be combined with stress analyses on 3D scans of the chain links
to create an initiation S-N curve. Taylor’s critical distance method could
be employed for increasing the accuracy. Application of the S-N curve to
stress analyses of surface scans from chains in service would be technically
possible. Nevertheless, the results would be non-conservative, because of the
lower load frequency of chains in service compared to the full-scale tests,
and thus higher impact of corrosion.

Even if accurate estimates of initiation lives in the full-scale tests would be
difficult to achieve – due to a lack of appropriate models for crack growth in
compressive stress fields from irregular surface geometries – simply building
more systematic databases of secondary cracks and local stress states could
be helpful for quantifying initiation lives. A high density of initiated cracks
in highly stressed areas could statistically indicate that a large portion of
the fatigue life is spent on crack growth, since the first initiated crack would
otherwise grow to fracture before others could initiate.
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5 Conclusions

The current work involved different aspects of fatigue initiation from cor-
roded surfaces of offshore mooring chains made from R4-grade steel. Some
key findings are listed below.

� Small-scale specimens with corroded surfaces have been fatigue tested
in air. Fatigue initiation was measured from strain fields measured by
DIC. Fatigue cracks initiated after 13-24% of the total fatigue lives of
the specimens. A method for generating a S-N initiation curve for
corroded surfaces has been established and executed. Being surface-
element based, the resulting S-N curve can be applied to a mooring
chain link to predict its probability of failure.

� From the first load cycle to the half-life of a specimen, the mean
stress have been found to relax by 49% during loading at a stress
amplitude just below the plastic yield stress. Taking this observation
and cyclic softening into account increased the accuracy of fatigue
initiation life predictions for specimens with hemispherical notches.
The cracks initiated near the mouths of the notches.

� By exposing specimens with fatigue cracks to long periods in corrosive
environments, it was found that crack tip blunting from corrosion did
not extend the remaining lives significantly when fatigue loading was
resumed. Thus, any blunting of fatigue cracks in offshore mooring
chains during calm summer months cannot be expected to have a life-
time extending effect. Acceleration of corrosion by anodic polarization
of the specimens was found not to result in realistic appearances of
the crack surfaces.

� FEA stress calculations based on a dynamic load analysis of an off-
shore mooring system showed that the stress amplitudes in the small-
scale tests in the current work represented well the highest stress am-
plitudes in the mooring chain links. However, if the most damaging
load level in service could be identified with higher confidence, the
comparison could be improved.
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6 Suggestions for further work

In the current section, some concrete ideas and comments for further studies
are presented. The studies could not be completed in the current work due
to time constraints.

6.1 Corrosion fatigue at mooring chain service loads

As pointed out, it is important to investigate which loads are more damaging
for chains in service in order to determine relevant loads to use in future
fatigue testing. In the load analysis for a semi-submersible platform in [31],
the potentially most damaging loads were determined, assuming that even
the lowest loads that a chain experiences in service can propagate fatigue
cracks. However, if a cut-off limit exists, the most damaging load may be
higher, since the lowest loads can be ignored. Identification of the cut-off
limit thus remains one of the most important topics for accurate prediction
of mooring chain lives.

The fatigue and cut-off limit could be investigated in small-scale fatigue test
programs. Since offshore mooring chains are subjected to variable amplitude
loading in service, it is useful to determine the cut-off limit. This can
be calculated for a crack of a certain size from ∆Kth under realistic load
frequencies in sea water. A potential test program could involve exposing
specimens with fatigue cracks initiated at a higher load to realistic load
conditions and environment for a long period of time. If a load level does
not give any measurable crack growth increment, it can be considered to
control ∆Kth.

For determining the fatigue limit, corroded surfaces from offshore mooring
chains could be exposed to in-service load conditions and environment for
several months. Testing at different, low load levels could reveal at which
local stress amplitudes no initiation occurred.
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Figure 12: A hypothetical stress amplitude field in a chain link. Red areas show
the highest stresses, and blue the lowest stresses. Some regions of high and low
stresses are highlighted.

Alternatively, detailed FEA of selected, long-duration, full-scale tests could
be performed. The heterogeneous surface stress distribution in a chain link
under load could then be taken advantage of. A fatigue limit could possibly
be deducted from careful non-destructive or destructive testing combined
with stress analysis of regions of the chain links with different levels of stress.
If no initiations are measured in a region, this could indicate that stresses
are locally below the fatigue limit. Such a concept is illustrated in Fig. 12
for a hypothetical stress state in a chain link.
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6.2 Mean stress effect on fatigue initiation from corroded
surfaces

Figure 13: Section of fatigue fracture surface from another test program that
shows an example of a corrosion pit on a mooring chain surface.

Some authors have identified a mean stress dependency on fatigue life in
the full-scale tests[30, 42, 43]. It would be useful for understanding the
fatigue behavior of chains in service if any mean stress dependency could
be attributed to effects primarily on the crack initiation or on the crack
growth stage. The current section outlines a study of mean stress effect on
corroded surfaces.

Fig. 13 shows a small section of the fracture surface from a fatigue test in
air performed outside of the current work on corroded R4-grade steel from
a mooring chain link. Two corrosion pits with a highly irregular surface
can be seen. In the left pit, tendencies to smaller pits within it can be
seen, a constellation which has been demonstrated to increase the stress
concentration factor[53].

One hypothesis could be that corrosion pits-in-pits or other critical corrosion
geometries might yield sufficiently high local stress amplitudes to cause
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transient mean stress relaxation, or even instant mean stress reduction from
plastic overloads. If so, the effect of mean stresses on the fatigue initiation
stage would be reduced.

To investigate the micro-scale mean stress evolution in corrosion pits, FEAs
using the material models from Part 2 could be performed. Pit geometries
could be obtained from micro-scale 3D scans, or 2D profiles extracted from
micrographs could be used. Another alternative could be to model some
idealized, worst-case pit geometries.

When local mean stresses had been calculated, fatigue initiation lives could
be predicted. Eventually, fatigue tests with different mean stresses and the
DIC crack detection procedure developed in Part 1 could be used to verify
the predictions.

6.3 In-situ fatigue crack monitoring in offshore mooring chains

In-situ surface scanning of offshore mooring chains is time consuming and
can only give information about the corrosion condition. When combined
with FEA, it can provide the probability of crack fatigue initiation, but
it cannot identify an existing crack. In-situ fatigue crack monitoring, on
the other hand, would give valuable warnings about already cracked chain
links that are nearing the end of their fatigue life. However, in-situ crack
monitoring represents a practical challenge, and no applicable methods have
been demonstrated. The current section presents an idea for a monitoring
method.

Impulse excitation technique has been used to determine dynamic elastic
material properties for specimens with specified geometries[54]. The method
works by tapping on a specimen and measure the resonant frequencies.
Perhaps a similar approach could be used for detecting cracks in a chain link
with known elastic material properties, but an unknown state of cracking.

Crack growth in the outside of the crown of a chain link in tension is likely
to cause a measurable stiffness change, because of the bending moment
load in this location. FEA could be used for a sensitivity study of effect of
crack sizes on resonant frequencies. However, alterations of the chain link
geometry from corrosion and wear would also have to be accounted for.
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6.4 Other thoughts

Corrosion fatigue of mooring chains involves mechanisms that are not well-
understood and where fundamental research is still needed. Much of the
current research is based on empirical observations. Empirical models are
great for capturing trends in test data, but without a proper model of degra-
dation mechanisms on the micro scale, it is difficult to predict what will
happen outside of the ranges of a test program. Future research should
be focused on multiphysics modeling, especially on interaction between me-
chanical and electrochemical phenomena during fatigue crack initiation and
growth.

In the LifeMoor project, a large database of full-scale tests has been com-
piled. Even though some work on statistical processing of the test results
has been carried out[34], there is still potential for more. Especially if com-
bining with detailed stress analysis and material modeling, one could learn
more about what affects fatigue of the chain segments.

33



34



Bibliography

[1] Mathisen J, Hørte T, Moe V, Lian W. DEEPMOOR – Design methods for
deep water mooring systems – calibration of a fatigue limit state. DNV; 1999.
DNV Technical Report No. 98-3110 R, rev. 3.

[2] Kvitrud A. Lessons learned from Norwegian mooring line failures 2010–2013.
In: Proceedings of the ASME 2014 33rd International Conference on Ocean,
Offshore and Arctic Engineering. ASME; 2014. https://doi.org/10.1115/
OMAE2014-23095.

[3] Offshore standards, DNV-OS-E301, Position mooring. DNV AS; 2021.
[4] Dowling NE. Mechanical Behavior of Materials: Engineering Methods for

Deformation, Fracture, and Fatigue. 3rd ed. Upper Saddle River, NJ, USA:
Pearson Prentice Hall; 2007.

[5] Schijve J. Fatigue of Structures and Materials. 2nd ed. Springer Netherlands;
2009. https://doi.org/10.1007/978-1-4020-6808-9.

[6] Basquin OH. The exponential law of endurance tests. American Society for
Testing and Materials Proceedings. 1910;10:625–630.
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35



Int J Fatigue. 2010;32(10):1701-9. https://doi.org/10.1016/j.ijfatigue.
2010.03.011.

[16] Taylor D, Bologna P, Bel Knani K. Prediction of fatigue failure location on a
component using a critical distance method. Int J Fatigue. 2000;22(9):735-42.
https://doi.org/10.1016/S0142-1123(00)00062-1.

[17] Coffin LF Jr. A study of the effects of cyclic thermal stresses on a ductile
metal. Trans ASME. 1954;76:931-50.

[18] Manson SS. Behavior of Materials under Conditions of Thermal Stress. Na-
tional Advisory Committee of Aeronautics; 1953. NACA-TN-2933.

[19] James MR. Relaxation of residual atresses – an overview. In: Niku-Lari A,
editor. Residual Stresses. Pergamon; 1987. p. 349-65. https://doi.org/10.
1016/B978-0-08-034062-3.50026-4.

[20] Miner MA. Cumulative damage in fatigue. J Appl Mech. 2021 03;12(3):A159-
64. https://doi.org/10.1115/1.4009458.

[21] Paris P, Erdogan F. A critical analysis of crack propagation laws. J Basic
Eng. 1963 12;85(4):528-33. https://doi.org/10.1115/1.3656900. Available
from: https://doi.org/10.1115/1.3656900.

[22] Gangloff RP. Corrosion fatigue crack propagation in metals. In: 1st Interna-
tional Conference on Environment Induced Cracking of Metals. NASA; 1990.
https://ntrs.nasa.gov/citations/19900015089.

[23] Shipilov SA. Mechanisms for corrosion fatigue crack propagation. Fatigue
Fract Eng Mater Struct. 2002;25(3):243-59. https://doi.org/10.1046/j.

1460-2695.2002.00447.x.
[24] Montgomery EL, Calle LM, Curran JC, Kolody MR. Timescale correlation be-

tween marine atmospheric exposure and accelerated corrosion testing – part 2.
In: Corrosion 2012. NACE; 2012. NACE-2012-1730, https://onepetro.org/
NACECORR/proceedings/CORR12/All-CORR12/NACE-2012-1730/120250.

[25] Baldwin KR, Smith CJE. Accelerated corrosion tests for aerospace ma-
terials: current limitations and future trend. Aircr Eng Aerosp Technol.
1999;71(3):239 244. https://doi.org/10.1108/00022669910270718.

[26] Gabrielsen Ø, Liengen T, Molid S. Microbiologically influenced corrosion on
seabed chain in the North Sea. In: Proceedings of the ASME 2018 37th
International Conference on Ocean, Offshore and Arctic Engineering. ASME;
2018. https://doi.org/10.1115/OMAE2018-77460.

[27] Offshore standards, DNV-OS-E302, Offshore mooring chain. DNV AS; 2021.
[28] Zarandi EP, Skallerud BH. Experimental and numerical study of moor-

ing chain residual stresses and implications for fatigue life. Int J Fatigue.
2020;135:105530. https://doi.org/10.1016/j.ijfatigue.2020.105530.

[29] Martinez Perez I, Constantinescu A, Bastid P, Zhang YH, Venugopal V. Com-
putational fatigue assessment of mooring chains under tension loading. Eng
Fail Anal. 2019;106:104043. https://doi.org/10.1016/j.engfailanal.

2019.06.073.

36



[30] Lone EN, Leira BJ, Sauder T, Aksnes V, Gabrielsen Ø, Larsen K. Influence of
mean tension on mooring line fatigue life. vol. Volume 2A: Structures, Safety,
and Reliability of International Conference on Offshore Mechanics and Arctic
Engineering. ASME; 2020. https://doi.org/10.1115/OMAE2020-18628.

[31] Lone EN, Sauder T, Larsen K, Leira BJ. Probabilistic fatigue model for design
and life extension of mooring chains, including mean load and corrosion ef-
fects. Ocean Eng. 2022;245:110396. https://doi.org/10.1016/j.oceaneng.
2021.110396.

[32] Bauer E. Interannual changes of the ocean wave variability in the North
Atlantic and in the North Sea. Clim Res. 2001;18(1-2):63-9. https://doi.

org/10.3354/cr018063.
[33] Ma K, Gabrielsen Ø, Li Z, Baker D, Yao A, Vargas P, et al. Fatigue tests on

corroded mooring chains retrieved from various fields in offshore West Africa
and the North Sea. In: Proceedings of the ASME 2019 38th International
Conference on Ocean, Offshore and Arctic Engineering. vol. 3. ASME; 2019.
https://doi.org/10.1115/OMAE2019-95618.
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A B S T R A C T   

The full-field digital image correlation (DIC) technique was used to identify crack initiation and early crack 
growth on irregular, corroded surfaces from offshore mooring chain. Finite element analysis was paired with the 
DIC measurements, which made it possible to correlate initiation events with local stress concentrations due to 
corrosion pits. An initiation S-N curve was established based on this correlation. It included 14 crack initiation 
events from 4 specimens, in addition to statistical treatment of regions where no initiation occurred. The first 
cracks initiated at 13–24% of the total lifetimes of the specimens.   

1. Introduction 

Mooring chains are an integral part of floating structures for offshore 
energy production. In service, they have a limited lifetime, and corro-
sion fatigue is an important degradation mechanism. General corrosion 
reduces the cross section areas, and pitting corrosion raises the cyclic 
stress ranges locally[1,2]. Replacing the mooring chains on a production 
unit represents a significant cost for the operator. Thus, the industry 
needs more accurate lifetime estimates, allowing for more timely 
replacement of the chains. This could improve safety and reduce costs 
and environmental impact. 

A number of chain segments have been fatigue tested in artificial sea 
water during the past decades[3,4]. Although full-scale corrosion fa-
tigue tests give valuable benchmark data, it is still a challenge to use 
these results for in-service lifetime prediction. In order for the tests to 
finish within a reasonable time, the applied cyclic loads and load fre-
quencies have been higher than those experienced by the chains in 
service. Since corrosion is a time dependent process, effects of the cor-
rosive environment on fatigue is decreased when tests are accelerated. 
Considering this effect alone, full-scale laboratory data would give non- 
conservative predictions when applied to in-service chains. Test tem-
perature also affects free corrosion crack growth, and in this case the 
laboratory tests conducted at room temperature would be detrimental to 
fatigue life, i.e. conservative compared to the in-service temperatures 
experienced during the winter months in the North and Norwegian Sea 
[5]. There are several other uncertainties that exacerbate this 

fundamental problem of using corrosion fatigue lab data in the real 
world, such as the use of constant amplitude data for in-service spectrum 
loading, choice of damage accumulation methods, mean stress correc-
tions, and others[6–8]. The various approaches to account for these ef-
fects in lifetime prediction typically distinguish between initiation 
mechanisms and crack growth mechanisms. Detailed studies have been 
made on the initiation of cracks from pits[9–15] that have provided 
valuable insights into growth of small cracks from corrosion pits. 
Whereas these efforts were aimed at single artificially created pits, the 
current study is aimed at detecting initiation events within a larger area 
of corroded surfaces, either on full-scale chain links or on small-scale 
specimens. 

Digital image correlation (DIC) is a full-field, optical monitoring 
technique that can be used to track displacements on a surface from a 
series of sequentially captured images[16]. The method has been used to 
gain valuable insight into fatigue crack behavior on a macro (contin-
uum) scale [17,18] and micro scale [19]. Crack initiation from the 
mouth of an artificial corrosion pit in a smooth specimen has been 
monitored[10], and in a fatigue test a specimen with an electropolished 
surface, multiple microcrack initiation sites were revealed using DIC 
[20]. To the authors’ knowledge, there has been no attempt to monitor 
fatigue crack initiation on a surface with general corrosion from service, 
like that of an offshore mooring chain. 

The motivation for the current work is to promote detection of crack 
initiation in both small-scale and full-scale testing. Initiation life in this 
paper is defined, using the recorded surface displacements, as the 
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number of cycles until a crack of a certain size can be detected. An 
initiation event is thus not related to the micromechanical process of 
forming a crack from persistent slip bands[6]. Rectangular bar speci-
mens were extracted from mooring chain links retrieved from service, 
while keeping one face as-corroded. The specimens were subjected to 
cyclic loading in a three-point bending test setup in an air environment. 
DIC was used to measure displacement histories for a grid of points on 
the corroded surface. Early signs of crack initiation across the corroded 
specimen surface were captured by applying an initiation criterion to the 
displacement histories of the points in the grid, to determine the fatigue 
lifetime spent on initiation and growth, respectively. Finite element 
analysis (FEA) was performed on scanned specimen geometries to 
calculate the stresses at initiation sites. The database of initiation events 
was used to establish an initiation S-N curve for a surface element of a 
corroded mooring chain link. 

2. Methodology 

2.1. Experimental details 

2.1.1. Specimen preparation 
Four fatigue test specimens were cut from the non-welded straight 

section of two connected Ø114 mm mooring chain links, see Fig. 1. The 
links were made from R4 grade high-strength steel. Monotonic and cy-
clic yield strengths of 843 MPa and 630 MPa, respectively, have been 
measured on similar links[21]. The links had been retrieved from chains 
that had been in service on a floating production storage and offloading 
(FPSO) unit in the Norwegian Sea for 15 years. The two links had been 
exposed to identical service loads and environment. The specimens were 
cut from the chain links using electrical discharge machining (EDM), 
and then milled to their final dimensions, as shown in Fig. 2. The co-
ordinate system in the figure will be used as a reference throughout this 
work. It can be assumed that residual stresses from production of the 
chains[22,23] were relieved from the specimen material when the 
specimens were extracted. 

To remove corrosion products and expose the bare metal surface for 
optical fatigue monitoring, the corroded specimens were degreased and 
cleaned in a hydrochloric acid solution according to ASTM G1 - 03 
(2017) e1, procedure C.3.5[24]. Degreasing and cleaning was done in an 
ultrasonic acetone bath. Thereafter, the specimens were lightly brushed 
to remove remaining corrosion products. After the treatment, some 

corrosion products still remained in the deepest pits. However, since the 
metal surface everywhere else on the corroded surfaces had been suc-
cessfully exposed, the result was considered satisfactory. Ideally, no 
corrosion product should have been left on the specimens. Nevertheless, 
more aggressive cleaning procedures were not attempted, to avoid risk 
of damaging the surfaces. Fig. 3 shows the corroded surfaces of the 
specimens after cleaning. 

2.1.2. Fatigue test setup 
The specimens were loaded cyclically in a three-point bending setup 

as shown in Fig. 4. The specimens had been extracted from the straight 
part of chain links, to provide a corroded surface with a convenient 
shape for fatigue testing. However, the moment load induced by a three- 
point bending setup resembles more closely that found in the crown of a 
loaded chain link, where the majority of failures in recent full-scale tests 
have been found to occur[25]. The load levels that were used are shown 
in Table 1. The loads correspond to a nominal stress ratio (of minimum 
to maximum stress) of R = 0.2. The loads were applied using a trian-
gular wave shape and a frequency of 3 Hz. Loading was applied using an 
Instron 8800 250 kN test system and an A10025E cylinder with a stroke 
of 250 mm. An Instron 250 kN load cell was used. Load cell calibration 
performed 2 years before testing was executed showed 0.2% deviation at 
25 kN tension load. 

2.1.3. Monitoring by DIC 
A random, monochrome surface pattern was needed to provide 

surface references for the DIC monitoring. The corroded surfaces of the 
specimens were sprayed with a thin coat of white paint. Thereafter, a 
light dust of black paint was applied, leaving the specimens with a fine 
speckle pattern. 

For acquiring images, one 12.3-megapixel Basler acA4112-30um 
camera with a Sony IMX304 CMOS sensor and a Samyang 100 mm f/ 
2.8 ED UMC Macro lens was mounted on each side of the testing rig in a 
manner shown for one side in Fig. 5. A two-camera setup was used, to be 
able to capture displacements on different sides of surface features, and 
to allow for 3D post-processing of DIC images. Nevertheless, the algo-
rithms developed in this work only made use of 2D displacements. Since 
a beam in the testing rig prevented the placement of a camera directly 
below the surface, the cameras had to be placed at a 48◦angle to the 
surface normal. This setup allowed for sufficient depth of field to obtain 
images that covered the width of a specimen. The photographed mid-
sections had lengths of 40–42 mm. The image resolution was 3000 pixels 
(px) in the y direction. A Metz Mecalight LED-480 LED panel was placed 
85 mm below the specimen surface to keep the shutter times low. The 
cameras were triggered at the peak load of every 100th load cycle. Fig. 1. Extraction locations of specimens in a chain link.  

Fig. 2. Dimensions of specimens in millimeters. Reference coordinate system 
is shown. 
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Camera shutter times were 15–20 ms. 
Post-processing of images was carried out in the in-house, finite- 

element based DIC code eCorr v4.0[26]. A mesh consisting of 15-by-15 
px, isoparametric Q4 bilinear quadrilateral elements was created to 
track the coordinate evolutions on the relevant surface. This corresponds 
to an element length of 0.2 mm in the y direction and 0.3 mm in x di-
rection of the specimen. Each element had four corner nodes, and 
consequently, each node was shared between four elements. 

In the current work, crack initiation on the surfaces of the fatigue test 
specimens was detected by imposing a criterion on sub-pixel, inter-node 
displacement of the DIC mesh as load cycling progressed. The nodal 
coordinate histories were imported to the numeric computing environ-
ment MATLAB, and the following criterion was implemented on the 
nodal displacements in the y direction of the specimens: 

The distance between a node and its neighbor is thought of as a material 
ligament. A ligament is considered broken, and thus, a crack is defined as 
initiated, when the ligament length has increased by 0.15 px (2 μm) above its 
all-time minimum. 

Fig. 6 illustrates the criterion. Fig. 7 provides an example of an inter- 
node displacement history and application of the criterion. To avoid 
false indications of initiation caused by noise in the DIC measurements, a 
ten-point moving average of the displacement histories were used. As an 
additional measure against temporary fluctuations in ligament length, 
only ligaments eventually reaching 0.90 px (13 μm) of extension were 
considered real initiation points. The last intersection of the displace-
ment curve with the 0.15 px limit was defined as the initiation time. As 
will be shown, the criterion produced realistic initiation events and 
subsequent crack growth with few erroneous indications. 

Tilting of the cameras relative to the specimens introduced a small 
error in the DIC measurements. Since the camera sensor was parallel 
with the specimen y axis, the error along this axis due to perspective 
distortion could be readily estimated. With the current camera setup, the 
distance from the center of the lenses to the specimen surfaces was 
around 520 mm. Geometric calculations showed that measurements of a 
displacement in the y direction on the edges of the specimen could differ 
by ±1.3% compared to measurements made in the x-z midplane. This 
error was considered negligible for the purpose of using the crack 
initiation detection criterion. 

It should be noted that a more pronounced error can occur regardless 
of camera angle when cracks start to grow large in a specimen in a 
bending fatigue setup. As the bending stiffness is reduced, the deflection 
at maximum load along the loading axis increases cycle by cycle. In 
relation to the camera sensor, this results in an out-of-plane displace-
ment, which eventually causes a significant error in the inter-node 
displacement measurements. For reasons described later, the DIC pro-
cessing in the current work was limited to detection of cracks as long as 
they remained relatively small. In this domain, the recorded deflection 
at maximum load at the position of the load roller did not increase more 
than 0.14 mm for any specimen. Calculations for the current camera 
angle showed that this resulted in a maximum error of only 2.0% on 
displacements measured with DIC, which was deemed negligible. 

Fig. 3. Cleaned corroded surfaces of the specimens.  

Fig. 4. Three-point bending setup used for fatigue testing.  

Table 1 
Load levels for each specimen and original positions on the chain links. The highest nominal stresses in y direction at the surface of a specimen are also given.  

Specimen ID Link ID Position on link Load amplitude/kN Mean load/kN Nominal stress amplitude/MPa Nominal mean stress/MPa 

1 1 1 8 12 211 317 
2 1 2 10 15 263 395 
3 2 1 8 12 211 317 
4 2 2 10 15 263 395  
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2.2. Surface scanning and FEA 

For the purpose of stress calculations by FEA, all specimens were 
surface scanned using a GOM ATOS 5 8MP scanner with a MV170 lens 
pair, with a measurement volume of 170x130x130 mm. The system is 
based on fringe projection [27] and optical triangulation for relative 
positioning of multiple scans. The specimens were placed on a software 
controlled rotary table, thus multiple scans from different angles could 
be collected automatically to cover all sides of the surface pits. The size 
probing error and sphere spacing error have been found to be 6 μm and 
− 4 μm, respectively, according to VDI/VDE 2634–3:2008 test proced-
ures. GOM Inspect 2019 software was used for processing the scans, 
using the “high detail” setting to retain as much detail from the point 
cloud as possible. Autofill was applied in GOM Inspect to close holes that 
appeared in a few deeply recessed or dark areas. Finally, the mesh was 
smoothed with a surface tolerance of 0.01 mm in order to remove 
smaller asperities. The resulting surface meshes were regularized in the 
modelling software ANSYS SpaceClaim by applying its “shrinkwrap” 
feature. A 0.15 mm element size was used on the surface of the 
midsection of the specimens. In the FEA software ANSYS Mechanical, 
solid, quadratic-order tetrahedron meshes were generated, applying a 
slow transition from the midsection element size to a global element size 
of 1.5 mm. An example of a meshed specimen is shown in Fig. 8. 

A mesh sensitivity analysis was carried out for the midsection 
element size. For a semi-spherical Ø2 mm pit in the middle of an 
otherwise smooth specimen surface, 0.15 mm and 0.22 mm size ele-
ments provided nearly identical results for stresses in the y direction. A 
mesh consisting of 0.35 mm elements gave slightly deviating results. 
Thus, it can be concluded that both a 0.15 mm and 0.22 mm element 
mesh are of adequate resolution for accurate stress calculation for a 
pitted surface. 

For FEA of the specimens, loading was applied as concentrated line 
loads and displacements at the position of the rollers in the testing rig. As 
will be seen, stress amplitudes remained below the cyclic yield strength 
across all specimen surfaces. Thus, a monotonic material model for R4 

Fig. 5. One side of test rig with camera.  

Fig. 6. Schematic illustration of a) crack initiation criterion on DIC results on 
b) the midsection of a specimen. The black dots in a) represent DIC mesh nodes. 
Surface material ligament (red) was considered broken if inter-node displace-
ment exceeded 0.15 px, corresponding to a displacement of 2 μm. 

Fig. 7. Crack initiation detection criterion applied on a node pair in y direction. 
Initiation was said to happen at the last time the displacement curve crossed the 
line for 0.15 px above the all-time minimum, corresponding to a displacement 
of 2 μm. 
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grade steel from [21] was used. Stress amplitudes in the y direction of 
the specimens, Sya, were exported and used for the fatigue analysis. 

2.3. Censoring data for multiple initiation events 

On a corroded surface, corrosion pits and other stress irregularities 
act as stress raisers that are often highly local. Since a crack growing 
from a pit into a sharply decreasing stress field may need time to 
develop, time is left for secondary cracks to initiate from other areas 
with less severe stress states. Since the DIC technique can detect initia-
tion and growth of secondary cracks, this can provide statistical insights 
when coupled with the stress results from FEA. Since the surface stresses 
will be altered in a region surrounding the growing cracks, the initiation 
events should be censored if they are significantly influenced by 
neighboring cracks. 

A “stress sensitivity analysis” from a growing crack was performed, 
to see how the stress field compared to that of a crack-free specimen. As 
a worst-case example, a quarter-circular corner crack was placed in the 
x-z plane of a specimen with smooth surfaces loaded in three-point 
bending, see Fig. 9. Fig. 10 shows how Sy change at distances from the 
center of the crack. As an example, the presence of a 1-mm crack is 
marked by dotted lines. They show that at distances greater than 1.9 and 
3.6 mm from the crack center, Sy on path x and y, respectively, was less 
than 5% affected by the crack. 

Based on the results in Fig. 10, an algorithm for classifying crack 
initiation events as “independent” was implemented in MATLAB: The 
crack development log from DIC was replayed cycle by cycle. The first 

initiation was identified as stated earlier. As load cycling progressed, 
and further growth of the crack was registered by DIC, a 5% change in 
stress around the crack was said to invalidate the original FEA stress 
result. Only subsequent initiations outside of the region affected by the 
crack stresses were registered as new, independent initiations. As more 
cracks initiated, more regions of FEA stress were invalidated. 

These conditions were enforced by virtually lining up rectangular 
areas around initiation sites, as cracks grew from them, and censoring 
any initiations happening within the rectangles. The rectangle sides had 
half lengths corresponding to crossings of the 5% lines in Fig. 10. Since 
Fig. 10 is based on a worst-case crack, this was thought to be a conser-
vative approach. When the surface length of any crack in a specimen 
exceeded 3 mm, the effect on the original FEA stress field of a specimen 
was considered so extensive that the remaining stress field was 
invalidated. 

2.4. Statistical treatment of results 

The described algorithm returns data on initiation events on a 
specimen; however, it could also map regions that had survived without 
crack initiation at a given time. These data can be taken into account in 
the statistical treatment of the results. In the current work, the FEA stress 
amplitude fields for the midsection of each specimen were discretized 
into 0.1-by-0.1 mm, homogeneously stressed surface elements. Since it 
was known which elements experienced crack initiation and which did 
not, the best S-N curve fit to the data could be found using maximum 
likelihood regression. That is, an S-N curve was fitted to a few initiation 
events per specimen, as well as to the survival of every other 0.1-by-0.1 

Fig. 8. Different zooms on the finite element surface mesh used for the midsection of specimen 3.  

Fig. 9. FEA model for stress field sensitivity analysis for cracks of different 
sizes. The region enclosed in red is fixed in y direction at the x-z plane. Paths x 
and y are marked for outputting stresses. 

Fig. 10. Sy in a corner-cracked specimen with crack lengths 0.5 to 5 mm 
compared to a crack-free specimen. Stresses on paths x and y from Fig. 9 are 
shown. The dotted lines mark the distance from the crack center where a 1 mm 
crack causes 5% change in the stress field. 
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mm surface element. 
The curve fit was done by maximizing the log-likelihood function[28], 

L =
∑k

i=1
[δilogpi + (1 − δi)logPs] (1)  

for all k surface elements. Here, δ is an indicator function, which takes 
the value 1 if there is crack initiation in an element, and 0 if there is not. 
If the initiation lifetime is assumed to be Weibull distributed, then the 
probability density function for initiation, pi, and the cumulative dis-
tribution function for survival, Ps, of a surface element, is given by[29] 

pi =
ln2⋅βN

(n
N

)βN

n⋅2

(
n
N

)βN
and

Ps = 2
−

(
n
N

)βN

,

(2)  

where βN is the Weibull shape parameter, a measure of initiation lifetime 
scatter. n is the number of cycles recorded for the surface element, and N 
is the median initiation lifetime, given by the S-N curve[6], 

N = ASb
ya, (3)  

where Sya is the stress amplitude in the y direction. A and b are fitting 
constants, and 1/b states the slope of the S-N curve in a diagram with 
logarithmic axes. 

3. Results 

Height profile and gradient plots calculated from surface scans of the 
specimen midsections are shown in Fig. 11. Because of a limit in the 
maximum allowable number of nodes in the DIC software, only 27–32 
mm length segments containing the biggest pits around the middle of the 
specimens were analyzed. The plots in Fig. 11 have been cropped to 
show only these areas. It can be seen from the height profiles that, 
because of the irregular nature of the corroded chain surface, the actual 

Fig. 11. a) Height profile and b) gradient plots of the midsection from every specimen.  

Fig. 12. Photographs of specimen 1 taken by the right camera a) at first frame, b) at 13%, c) 78% and d) 97% of the specimen lifetime and e) at the last frame before 
final fracture. 
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maximum heights of the specimens varied between 22.6 and 23.5 mm. 
Specimen 2 and 4 seem to have a lower number of individual pits, but 
the pits have somewhat steeper walls than those in specimen 1 and 3, 
indicated by larger height gradients at the edges. 

Fig. 12 shows examples of the raw photographs taken of the 
midsection of specimen 1 at different times for the purpose of DIC post- 
processing. To the naked eye, changes in the surface are barely visible 
even at frame c, at 78% of the specimen lifetime. In frame d, at 97% of 
the specimen lifetime, the crack that soon thereafter lead to final frac-
ture, can be easily seen, along with one other crack. 

The left sides of Fig. 13 show plane maps of stress amplitudes from 
FEA for all specimens. The color scales have been capped at the lower 
end to highlight the regions of relevant, high stresses. The right sides of 
Fig. 13 shows maps of initiating and growing cracks that were identified 
from DIC. The photographs of crack-free specimen surfaces are dis-
played in the middle figures, with red dots marking the locations where 

crack development occurred. Note that in the DIC maps, the cracks are 
plotted according to their location on the photographs, which might 
deviate slightly from locations of the corresponding stress concentra-
tions in the plane coordinate systems of the FEA maps. 

Fig. 13 shows that there is good correspondence between the 
calculated stresses and the initiation location of each crack. Several 
cracks were detected in all but specimen 2. When looking at Fig. 13, 
more cracks can be seen in the DIC plot for specimen 1 compared to 
Fig. 12. Moreover, the DIC criterion was shown to detect cracks at an 
early stage. As early as in frame b of Fig. 12, crack initiation was 

Fig. 14. Fracture surfaces of all specimens, viewed from positive y side. Red 
circles mark the earliest initiation sites for each surface. 

Fig. 15. Initiation and total lifetimes for all specimens.  

Fig. 16. Illustration of search algorithm for crack initiation applied to spec-
imen 1. Red dots show crack initiation locations found by DIC, and the rect-
angles successively invalidates the FEA stress results in enclosing areas as 
cracks grow. 

Fig. 17. An S-N curve for initiation in 0.1-by-0.1 mm element fitted to initia-
tion and survival events from every specimen. The curve has a slope of 
b = − 4.49 when taking the logarithms of the axes. 
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registered by DIC. No changes in the specimen surface were visible to the 
naked eye until much later. 

As a crack grows and opens, a dark line becomes apparent on the 
photographs, as seen in Fig. 12. Eventually, the part of the DIC mesh 
interfering with the crack starts to break down and produce invalid 
displacement results. Therefore, this work was limited to detection of 
crack initiation and growth of small cracks. DIC measurements past the 
point of mesh breakdown were discarded. This is one reason why 
complete crack paths at final fracture are not shown on the crack 
development maps in Fig. 13. The time of mesh breakdown is stated by 
the maximum value on the color scale. 

Another reason that full crack paths are not visible in Fig. 13, is that 
the initiation criterion works in retrospect. For crack initiation to be 
registered at a node pair, the inter-node displacement has to reach 0.90 
px, even though the actual initiation time is registered earlier, at a time 
of only 0.15 px displacement. The result is that any node pair with a 
displacement between 0.15 and 0.90 px at the time of mesh breakdown 
does not show up on the crack development maps as initiated. 

Macrographs of the final fractures of all specimens are shown in 
Fig. 14. Red circles mark the sites of the first initiations on the final crack 
surfaces. For the case of specimen 3 and 4, this was not the first initiation 
site for the specimen as a whole. In these specimens, secondary cracks 
outgrew the first crack that initiated. Since the crack development maps 

Fig. 18. Calculated probabilities of crack initiation for all specimens (solid 
lines), as well as recorded initiation lifetimes (dotted lines). 

Fig. 19. Sya distributions for all specimens, discretized into 10-MPa levels.  

Fig. 20. Map of element crack initiation probability for the midsection of 
specimen 3 at the moment of measured initiation. 
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in Fig. 13 show cracks at a much earlier stage, it is difficult to correlate 
them completely to the appearance of the final fracture surfaces. How-
ever, Fig. 14 still provides some validation of the initiation location and 
early crack development measured by DIC. 

Fig. 15 shows the total lifetimes for all specimens, registered at the 
final, unstable fracture. The earliest initiation lifetimes recorded by each 
camera is also shown. The deviations in the initiation lifetime could be 
due to differences in depth of field and field of view for the two cameras, 
or due to noise in the DIC results. Fig. 13 displays results from the 
camera showing the earliest initiation for each specimen. In order to 
produce conservative initiation lifetime results, that same camera was 
used for further results processing for the specimen. 

It can be seen from Fig. 15 that crack growth dominates the fatigue 
lives at the current load levels, accounting for 76–87% of the lifetime of 
the specimens. 

The algorithm for logging initiation events is illustrated in Fig. 16. 
The contour plot shows FEA stresses, and the red dots mark all initiation 
sites. As cycling progresses, the rectangles lined up in white encloses 
progressively larger regions of the specimen surface. 

Data about initiation and survival of surface elements for all speci-
mens has been plotted in an S-N diagram in Fig. 17. Dots mark survived 
elements, and triangles mark initiations. It should be noted that a total of 
fourteen independent initiation events could be plotted from the four 
specimens, i.e. ten more than from an ordinary fatigue test. Every region 
on a specimen being enclosed by a rectangle is shown by a vertical line of 
data points. For each specimen, the data points are spread out over a 
large portion of total lifetime. Thus, for components where the first 
crack initiation occurs early, the method provides a good basis for S-N 
curve fitting even for single-load-level test programs. An S-N curve, 
marked by black lines, was fitted to the results using maximum likeli-
hood regression. The curve represents the probability of a crack initi-
ating in a 0.1-by-0.1 mm element at a given time. 

Solid lines in Fig. 18 shows the total cumulative distribution function 
of first initiation for every specimen, found by multiplication of element 
survival probabilities. The dotted lines represent the earliest recorded 
initiations. While cracks initiate in all specimens within the limits of the 
scatter, it happens at very low probabilities for specimen 1 and 2. The 
explanation lies in Fig. 17: Even though the S-N curve is based on data 
points from all specimens, specimen 1 and 2 have few surface elements 
that are stressed to levels of high initiation probability at the moment of 
first initiation. This just shows that there are variations in fatigue prop-
erties between the specimens, or between locations on them, that cannot 
be identified by stress calculations of the current scale. 

Fig. 19 shows the number of surface elements exposed to each stress 
amplitude level for all specimens. As expected, it can be seen in Fig. 18 
that it is the highest stress amplitudes, and the size of the area they 
cover, that controls the lifetime ranking of the specimens. Specimens 3 
and 4 have more severe stress states than the correspondingly loaded 
specimens 1 and 2. 

Finally, element crack initiation probabilities can be plotted as in 
Fig. 20. Although the appearance might not be much different from that 
of a stress amplitude map, it provides a properly scaled, graphical rep-
resentation in the initiation probability across a specimen surface. It can 
be developed into a tool for quantitatively comparing the severity of 
corrosion pits of different shapes. 

4. Discussion 

Stresses in corrosion pits were calculated with FEA. Even though the 
mesh was not fine enough to capture stresses induced by microscopic 
surface features and roughness from corrosion, the calculated surface 
stresses showed a good correlation with initiation lifetimes, and an S-N 
curve with low scatter was produced. This may indicate that the detri-
mental effect on initiation life of any smaller-scale features is largely 
even across the surface. Thus, even though the macroscopic appearance 
of corrosion has been shown to vary significantly between mooring 

chain links[2], the constructed S-N curve might still be valid if stresses 
are calculated from FEA with the current mesh resolution. However, this 
follows an assumption that microscopic surface damage from general 
corrosion is equal for all levels of macroscopic damage, which is 
debatable. To further reduce scatter in lifetime predictions, microscopic 
surface profiles could be included in the FEA[30]. Taking into account 
sub-surface stress distributions could also reduce scatter[31]. 

A geometric feature that is present in the specimens, but not in a 
chain link, is the sidewalls. The lack of surrounding material near the 
edges of the corroded surface lowers constraint, facilitating crack initi-
ation. This effect on the stress fields is well represented by the FEA and 
does not lead to any discrepancies between recorded lifetimes and 
calculated initiations stresses. However, cutting by EDM has been shown 
to introduce detrimental residual stresses, defects and metallurgical 
transformations[32], and milling is known to introduce shallow residual 
stresses that can affect fatigue lifetime both positively and negatively 
[33]. Since these effects are not accounted for in the FEA, they can be a 
source of scatter in the S-N curve. From Fig. 13 it can be seen that some 
cracks initiated from the edges of specimen 1 and 3. Even though most of 
these initiated from areas with high calculated stresses, the influence 
from machining stresses cannot be ruled out completely. 

In the current tests, large fractions of the specimen lifetimes were 
found to be spent on crack growth. This indicates that the crack growth 
phase should be the main one to focus on for the purpose of lifetime 
prediction at the current stress levels. In full-size chain links, there might 
be larger surface regions of high stress than in the specimens. This would 
increase the probability of early crack initiation. Moreover, the cross 
sections are larger, so cracks have to grow longer before final fracture. 
Thus, the lifetime fraction of crack growth for a chain link might be even 
larger than what was registered for the specimens. However, if the 
chains are loaded to lower stresses, the situation may be another. Future 
small-scale tests should be run at load levels that give surface stresses 
corresponding to relevant full-scale tests of mooring chain segments. 

Moreover, the current specimens were not tested in seawater. Even 
though the effects of the corrosive medium on crack initiation and 
growth lifetimes are less in laboratory fatigue tests of chain segments 
than in service, it should not be overlooked. 

The effect of mean stresses was not considered here. Mean stresses 
are likely to affect the processes of crack initiation and growth from a 
corroded surface differently. Changing the mean stress might thus alter 
the time fractions of initiation and growth. In the current work, mean 
stress relaxation occurred in highly stressed areas because of yielding 
during the initial upload. In the most highly stressed point on specimen 
4, R was reduced from 0.2 to − 0.2. However, stress-raising, microscopic 
surface features might have caused the actual mean stress relaxation to 
be even more pronounced than calculated by FEA. In mooring chains, 
residual stresses from production have been identified as compressive in 
some critical crack initiation locations[22]. When superposing these to 
fatigue loading of the chains, R values may effectively be lowered. By 
designing a fatigue test program with more varying mean loads, the 
techniques described in the current work can be applied to investigate 
the effects on fatigue initiation life of corroded specimens. 

DIC showed to be sensitive enough for crack detection, even when 
based on photographs of a highly irregular surface captured from an 
angle. High node coordinate resolution and accuracy is achievable and 
can likely be increased by rerunning the analyses using meshes where 
elements do not span the currently identified crack paths[26]. However, 
the crack initiation criterion could be made more robust, and alternative 
criteria could be evaluated. Moreover, better routines for transforming 
coordinates between DIC and FEA results should be developed, since 
manual linking is time consuming and vulnerable to human error. Any 
routine would benefit from more ideal camera placement. 

Locations of the initiation sites were manually measured from the 
DIC maps in Fig. 13. This procedure may be prone to manual measuring 
errors and inaccuracies caused by the limited resolution of the DIC mesh. 
Therefore, based on an estimate of manual measuring accuracy, a 
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tolerance was included on initiation site location: When counting an 
initiation event, the highest stress within a 0.6 mm distance from the 
located initiation site was considered to be the initiation stress. How-
ever, this definition leads to a bias in the results, when concluding that 
the highest FEA stress is controlling crack initiation. The problem would 
be lessened if tolerances in initiation site localization could be lowered. 
This would be possible if using a more accurate coordinate linking 
technique and a finer DIC mesh. 

Crack initiation in smooth specimens begins with cyclic slip within a 
single grain[6]. Since the element size in the DIC meshes in the current 
work is considerably larger than the grain size of the steel, it is unlikely 
that any intra-grain displacements would be picked up by the mea-
surements. Additionally, the paint on the specimen surfaces likely acts to 
soften the most local discontinuities in the displacement field that is 
visible to the cameras. This means that the displacement that is 
measured as initiation at a node pair in the current work presumably 
comes from the strain field in front of, or opening of, a crack that is 
already spanning multiple grains. Considering that a DIC element 
measures 0.3 mm in the x direction, a crack with a strain field of that 
same width could go unnoticed. Since the initiation criterion works in 
retrospect, it would be difficult to stop a fatigue test at the time of 
initiation in order to examine the crack appearance. 

The idea of taking the stress distribution across the whole specimen 
surface into account when calculating the probability of failure is not 
new. Discretization of the surface into homogeneously stressed elements 
represents a primitive application of the weakest link method[34]. A 
more advanced stress integration scheme could improve accuracy. 

For future work, it is planned to apply the constructed crack initia-
tion S-N curve to results from full-scale fatigue tests of chain links. If the 
total life of chain links could be predicted by combining results from the 
constructed S-N curve and those of an appropriate crack growth model, 
this would provide validation of the results obtained in the current work. 

5. Conclusions 

Specimens cut from corroded mooring chain links were fatigued in 
three-point bending, and the DIC technique was used to detect crack 
initiation locations. The initiation stresses were calculated by FEA. An 
algorithm for defining independent crack initiation events was imple-
mented, and the results were used to construct a crack initiation S-N 
curve for corroded surfaces of mooring chains. 

It was shown that DIC provides suitable coordinate data for detecting 
initiation and growth of multiple cracks on a corroded surface. When 
more crack initiation data is available per specimen, the number of 
specimens needed to develop a statistically sound results database is 
reduced, lowering testing costs. 

For the current load levels, it was found that cracks initiated from the 
corroded surface within 13–24% of the total specimen lifetime. The fact 
that the majority of the specimen lifetimes were spent in crack growth, 
suggests that the primary focus should be on this phase for fatigue 
lifetime predictions of mooring chains. However, the current test pro-
gram was limited in terms of stress levels, and a single stress ratio of R =

0.2 was used. Other stress states in mooring chains might yield other 
divisions of lifetimes in full-scale tests. 
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Abstract

Corroded surfaces of offshore mooring chains typically show a very irregular

shape with different pit geometries. Fatigue tests were performed in three-

point bending on specimens with hemispherical notches, representing an ide-

alized geometry of a corrosion pit. Digital image correlation was used to detect

crack initiation lives and locations. The aim of the study was to quantify mean

stress relaxation (MSR) and its influence on fatigue initiation life. MSR data

were obtained from strain-controlled fatigue tests on R4-grade offshore moor-

ing chain steel. Interestingly, MSR was observed even at a stress amplitude

below the cyclic yield stress. For initiation lives below 100,000 cycles,

significant improvement in predictions was obtained if cyclic softening and

MSR were accounted for. Using only the monotonic stress-strain curve led to

less accurate predictions. For longer lives, scatter in the base material S-N data

and residual stresses from machining of the notch made predictions less

accurate.

KEYWORD S

cyclic softening, digital image correlation, fatigue crack initiation, finite element, mean
stress relaxation, offshore engineering

1 | INTRODUCTION

The structural integrity of offshore mooring chains is
essential for safe operation of floating structures used for
oil and gas extraction, wind energy production, and aqua-
culture. In order to accurately predict fatigue or corrosion
fatigue lives of the chains, a good understanding of the
material's cyclic stress-strain response is needed. A recent
study by Zarandi and Skallerud1 documented that strain-

controlled load cycling of R4-grade mooring chain steel
at initial stress amplitudes above its monotonic yield
stress, Rp0:2, can significantly alter its stress–strain
response. The material exhibited cyclic softening and
mean stress relaxation (MSR)—effects that are often
neglected in fatigue calculations.

If fatigue loading is high enough to cause cyclic
plasticity, most metals exhibit either cyclic hardening or
softening.2 Materials that have been work hardened
tend to soften.2,3 Some materials have been reported to
soften at low strain ranges and harden at high strain
ranges.4–6

Manuscript submitted for review to Fatigue & Fracture of Engineering
Materials & Structures April 29, 2022.

Received: 29 April 2022 Revised: 18 August 2022 Accepted: 27 August 2022

DOI: 10.1111/ffe.13834

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. Fatigue & Fracture of Engineering Materials & Structures published by John Wiley & Sons Ltd.

Fatigue Fract Eng Mater Struct. 2022;1–17. wileyonlinelibrary.com/journal/ffe 1



The material response during cyclic plastic loading is
governed by dislocation movements and the interaction
between dislocations and the microstructure. Residual
stresses that are present prior to cyclic plastic loading will
relax by converting the elastic residual strains into micro-
structural plastic strains.7 This mechanism can also lead
to cycle-dependent MSR during non-symmetric (stress
ratio R≠ �1) strain-controlled cyclic loading and ratch-
eting during stress-controlled loading.3,8 It has been
assumed that cyclic plastic straining is a prerequisite for
MSR to occur.3,5,9 However, significant MSR has been
reported for mild steel at stress amplitudes of around
Rp0:2=3.

6

Neglecting MSR effects in fatigue life predictions may
lead to non-conservative predictions if initially compres-
sive stresses are assumed to exist throughout the life.
Current models used to calculate MSR10,11 can be some-
what physically based, in that they consider the evolution
of yield surfaces and backstresses in a material contin-
uum10,11 or the amount of cold work.12 However, it has
been demonstrated that the former models often overesti-
mate the amount of ratcheting or MSR.10 Recent models
have been developed to try to remedy this.13 However,
accurate MSR models are still lacking in commercial
FEA codes.14 Other MSR models6,15,16 are purely
empirically based, simply fitting an expression to the
measured shift of mean stresses as a function of the
number of load cycles. It can be argued that a model with
a physical basis is more likely to be adaptable to a variety
of conditions. However, cycle-by-cycle FEA for calculat-
ing the evolution of relevant stress tensors for a whole
component is often impractical due to the high
computational cost.

Offshore mooring chains are subject to general and
microbiologically influenced corrosion attacks.17,18 Dur-
ing cyclic loading, corrosion pits act as stress raisers, and
may become initiation sites for corrosion fatigue cracks.18

The current work aims to improve the understanding of
MSR and its influence on fatigue initiation. Since corro-
sion pits vary in size and shape,19 machined, hemispheri-
cal notches are considered here in order to develop a

generic approach for MSR in R4-grade steel chains. This
simplification is consistent with a previous study of local
strains around corrosion pits.1 Some studies using physi-
cally based MSR and ratcheting models in stress-strain
calculations for cyclically loaded notches exist.8,20,21

However, results of such calculations are not as easily
verified as for smooth specimens.

In the current work, the transient stress-strain
response, specifically cyclic softening and MSR, was cal-
culated based on low-cycle fatigue results from Zarandi
and Skallerud1 and a complementary fatigue test per-
formed at a lower strain level. A proposed MSR model
was then used to predict fatigue initiation times and loca-
tions in hemispherical notches. Half of the specimens
had compressive residual surface stresses, induced by an
initial overload, to replicate the stress state found in a
crown of an offshore mooring chain link.22,23 Fatigue ini-
tiation life and locations were verified from fatigue tests
by continuous monitoring with digital image correlation
(DIC).

2 | INVESTIGATION OF
TRANSIENT STRESS-STRAIN
RESPONSE IN R4-GRADE STEEL

Zarandi and Skallerud performed strain-controlled
fatigue tests on R4-grade steel specimens extracted from
the straight part (shank) of a mooring chain link.1 It was
found that the monotonic and cyclic stress-strain curve
for the material can be described by the Ramberg-Osgood
(RO) relation,

ε¼ σ

E
þ σ

K

� �1=n
, ð1Þ

with parameters as noted in Table 1. σ denotes the stress,
and ε denotes the strain. Parameters in in Table 1 for
monotonic loading were derived from a single stress-
strain test, while parameters for cyclic loading were based
on eight tests performed at fully reversed loading (strain

TABLE 1 Ramberg-Osgood parameters identified for monotonic and cyclic loading R4-grade mooring chain steel1

Parameter Symbol Monotonic loading Cyclic loading (stabilized) First load reversal

Strain hardening exponent n 0.0463 0.0688 0.1397

Strain hardening coefficient/MPa K 1124 966 3316

Elastic modulus/GPa E 207 207a 195

Yield stress/MPa Rp0:2 843 630 N/A

Note: A provisional model for the first load reversal is included in the rightmost column.
aIn the current work, the apparent strain range dependency on E that was measured at high strain ranges1 was disregarded, and the value of E for monotonic

loading was adopted to the cyclic material model.
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ratio Rε ¼�1). Moreover, in three non-symmetrically
loaded tests performed at strain amplitude εa ¼ 0:0045
and Rε ¼�0:33, Rε ¼ 0 and Rε ¼ 0:33, mean stresses
were found to relax by more than 90% during the fatigue
half-life of the specimens.1 The rate of MSR was shown

to be highest during the first few cycles, an observation
that is consistent with observations of MSR in other
steels.2,5,13

In Figure 1, the stress–strain response for the first
cycle (black line) and the nine subsequent cycles (blue
line) in one test are shown in more detail. Also shown are
results from elastoplastic finite element analysis (FEA)
using the monotonic material model from Table 1 with
kinematic hardening. While the maximum stress (point
C) in the first cycle is reasonably well replicated by FEA,
there is a discrepancy between the measured (D) and cal-
culated (D0) minimum stress. This is caused by instant
softening that manifests itself as non-Masing behavior.1,24

Using the computed stress values at point C and D0

directly in fatigue calculations would yield large errors in
mean stress estimates. However, it was observed that the
stress-strain curves for the first load reversal (C to D) for
all values of Rε had almost identical shapes, indicating
that the unloading behavior was independent of the
magnitude of the maximum strain. Thus, as an alterna-
tive to the Masing model, a RO relation with parameters
given in Table 1 could be fitted to the unloading curve by
least-squares regression (with coefficient of determina-
tion, R2 ¼ 0:9976). This then provides a much better a
much better estimate for the initial mean stress, which is
the basis for the MSR calculation described in
Section 3.2.2.

For the non-symmetrically loaded tests by Zarandi
and Skallerud,1 Figures 2 and 3 show the evolution in the

FIGURE 1 Stress-strain history for one of the non-

symmetrically loaded tests (εa ¼ 0:0045, Rε ¼ 0:33)1 compared with

FEA using the monotonic material model from Table 1. On

execution of the test, the specimen was strained according to the

following sequence: zero - mean (A) - minimum (B) - maximum

(C) - minimum (D). Thereafter, the specimen was cycled between

the strain levels of C and D until failure. The first 10 cycles are

displayed [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 Measured stress

amplitudes through the fatigue lives of

specimens from Zarandi and Skallerud1

and the current work, compared with

FEAs using the monotonic and cyclic

material models [Colour figure can be

viewed at wileyonlinelibrary.com]
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stress amplitude, σa, and mean stress, σm, as a function of
the ratio between the elapsed number of cycles, N , and
the failure life, N f . One additional test was made in the
current work at a lower strain amplitude, εa ¼ 0:003, and
Rε ¼ 0:33 to complement the previous tests. The test setup
was identical to that described by Zarandi and
Skallerud,1 except that the load frequency was 0.5 Hz,
the wave shape was sinusoidal, and an Instron 100 kN
servo-hydraulic machine was used. From Figure 3D, 49%
MSR at half-life can be identified for the specimen run at
εa ¼ 0:003. The strain amplitude corresponds to an elasti-
cally calculated σa ¼ 621 MPa, which means there is sig-
nificant MSR at a stress amplitude well below the
monotonic yield stress of the material (cf. Table 1). More-
over, the blue dashed lines in Figure 2 confirm that σa for
the first load cycle cannot be calculated accurately for
any of the tests by using the monotonic material model
in an FEA. However, the red lines show that the cyclic
material model can adequately represent the stabilized
stress amplitude. Regarding the mean stress, neither the
initial nor the stabilized value is well represented by any
of the two models without correction.

3 | FATIGUE TESTING OF
SPECIMENS WITH
HEMISPHERICAL NOTCHES

3.1 | Experimental setup

3.1.1 | Specimen preparation

For the study on hemispherical notches, eight specimens
were extracted near-surface from the non-welded shanks
of two connected Ø114 mm mooring chain links made
from R4-grade steel. The chain links had been processed
according to standard specifications.25 The chemical com-
position of chain links from the same production batch is
given in Table 2. The tests by Zarandi and Skallerud were
also conducted on material from a link from the same
chain. The current fatigue testing was performed in con-
junction with a study of fatigue initiation from natural
corrosion pits19 and thus involved a chain that had been
in service and submerged in sea water. The chain links
had been in service on a floating production storage and
offloading (FPSO) vessel for 20 years. The specimens

FIGURE 3 Measured mean

stresses through the fatigue lives of

specimens from Zarandi and Skallerud1

and the current work, compared with

FEAs using the monotonic and cyclic

material models [Colour figure can be

viewed at wileyonlinelibrary.com]

TABLE 2 Chemical composition

measured in chain links from the same

production batch as the specimens were

extracted from

Element C Mn Cr Ni Mo Si Fe and minor constituents

Percentage 0.24 1.3 1.3 0.7 0.3 0.3 Balance
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were cut from the chain links using electrical discharge
machining (EDM) and then milled to their final dimen-
sions shown in Figure 4. The coordinate system shown in
the figure is used as a reference throughout this article.
In half of the specimens, hereby referred to as the as-
machined (AM) specimens, Ø3 mm hemispherical
notches were drilled in the centers of the surfaces that
had been facing outwards on the chain link. Before the
notches were drilled in the other half of the specimens,
one high loading-unloading cycle was applied to them to
induce compressive residual surface stresses, as detailed
in Section 3.1.2. These specimens are referred to as pre-
loaded (PL) specimens. In the AM specimens, notches
were drilled using a drill bit with a Ø3 mm hemispherical
tip at 12,000 rpm and 180 mm/min feed rate. In the PL
specimens, vibrations occurred during drilling when pen-
etrating material with compressive residual stresses. To
remedy this, the feed rate was reduced to just 0.2 mm/min,
and the potentially dulled drill bit was replaced between
drilling of each notch. After drilling, any remaining lips
outside of the notches were removed by gently rubbing a
#2000 grit sandpaper in the z direction.

3.1.2 | Preloading and fatigue setup

The PL specimens were first preloaded in three-point
bending with a plastically deforming load and then
unloaded. This resulted in a compressive residual stress
field in the z direction opposite of the load surface.26 The
residual stress field was meant to represent that on the out-
side curved part (crown) of a proofloaded offshore mooring
chain, where longitudinal residual stresses of �500 to
�400 MPa had been measured close to the surface.23

Figure 5 shows the rig used for preloading and fatigue
loading. During preloading of the PL specimens, a 44 kN
load was applied at the load cylinder. After unloading, an
average residual stress in the z direction of �332 MPa
was calculated from X-ray diffraction stress measure-
ments directly opposite of the attack line of the load cyl-
inder on one specimen. The stress measurements were
performed using a Proto iXRD with a Cr cathode run at
20 kV and 4 mA, and a 1 mm diameter aperture. Proto

XRDWIN software was used to analyze the result accord-
ing to the sin2ψ method using 11 beta angles (±20�).
Elastoplastic FEA of the preloading was performed using
the monotonic material model. Details about the FEA are
provided in Section 3.2.1. Since the non-Masing behavior
during unloading was not accounted for by the kinematic
hardening model in the FEA (see Figure 1), Neuber's
rule27 was used to shift from the FEA result to the RO
curve for first load reversal from Table 1. In good agree-
ment with the measurements, a residual stress of
�319 MPa was calculated.

The specimens then underwent cyclic loading accord-
ing to Table 3. All load cycles had a load ratio of RL ¼ 0:2.
The loads were applied using a triangular wave shape
and a frequency of 3 Hz. Loading was applied using a cal-
ibrated Instron 8800 250 kN test system and an A10025E
cylinder with a stroke of 250 mm.

It is apparent from Table 3 that the notch mean stress
at the lowest load level was significantly lower in the PL
specimen than in the AM specimen, because of the resid-
ual compressive stresses from preloading (e.g., compare
results for specimens 1 and 5). For higher load levels, stress
ranges were so high that maximum (and mean) stresses
ended up at comparable levels. Minor differences in notch
stress amplitudes between the AM and PL specimens in
Table 3 at equivalent load levels were a result of plastic
deformation of the contact surfaces with the load cylinder
in the PL specimens during preloading. That is, the load
cylinder had a larger contact surface for the PL specimens.

3.2 | Prediction of fatigue initiation life

3.2.1 | FEA model

FEA models with two symmetry planes were created in
Abaqus 2017 for all specimens. Figure 6 shows the qua-
dratic reduced integration (type C3D20R) element mesh.
Doubling the element count along all axis directions forFIGURE 4 Fatigue testing specimen geometry

FIGURE 5 Schematic drawing of the three-point bending

loading rig
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one specimen resulted in less than 0.2% change in output
values at the notch mouth. Thus, the original mesh was
considered adequate for stress and strain representation.

It was assumed that all stresses from production of
the chain links were completely relieved during specimen
extraction. Thus, the specimens were modeled as initially
stress-free.

“Hard,” normal contact was modeled between the
specimen and the load cylinder in order to accurately
represent the plastic response in the specimen midsec-
tions during preloading of the PL specimens. The model
was configured to take into account geometric nonlinear-
ities. To replicate the specimen preparation process, pre-
loading was simulated on notch-free models, and
elements inside the notches were deactivated before

fatigue loading was applied. Multilinear, kinematically
hardening material models based on parameters from
Table 1 were employed.

The post-processing of the FEA results to calculate
fatigue initiation lives were performed in the numeric
computing environment MATLAB. Procedures are
detailed in the following section. In the calculations, both
applied mean stresses and any residual stresses from pre-
loading in the FEA results were considered as mean
stresses.

3.2.2 | Fatigue initiation prediction

The highest stresses in Table 3 show that the test pro-
gram extended into the low-cycle fatigue (LCF) domain.
Therefore, strain-based fatigue initiation prediction,
based on the Basquin28 and Coffin-Manson29,30 equa-
tions, was deemed most appropriate. For the specimens
with the lowest loads and limited plastic strains, this
approach reduces to a stress-based one. To account for
mean stresses, the model of Smith, Watson and Topper
(SWT)31 was employed, resulting in the equation2

σmax εa ¼ σ0f
2

E
ð2N iÞ2bþσ0fε

0
fð2N iÞbþm: ð2Þ

Here, σmax ¼ σaþσm is the maximum stress during a
load cycle. σ0f and b are the Basquin parameters that sig-
nify the N ¼ 0:5 intercept and the (negative) slope of an
S –N curve in a plot with logarithmic axes. ε0f and m are
equivalent Coffin-Manson parameters for an εplastic–N
curve. N i is the number of cycles at fatigue crack
initiation.

Stabilized stress and strain ranges to be used in the
fatigue predictions were calculated at the notch surface
using FEA and the cyclic material model with kinematic

FIGURE 6 Mesh of FEA model [Colour figure can be viewed

at wileyonlinelibrary.com]

TABLE 3 Load levels for each specimen

Specimen ID Preloaded Load amplitude (kN) Mean load (kN) Stress amplitude (MPa) Mean stress (MPa)

1 No 8 12 479 407

2 No 8 12 479 407

3 No 10 15 569 340

4 No 12 18 638 292

5 Yes 8 12 467 135

6 Yes 10 15 558 306

7 Yes 12 18 628 349

8 Yes 14 21 678 334

Note: Surface stresses in z direction from the most highly stressed point (close to the mouth) in the notch are given. Calculations are performed by elastoplastic
FEA using the monotonic material model and the RO relation for first load reversal. Stresses are valid for the first load cycle. Mean stresses include residual
stresses.
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hardening, since this model had shown in Figure 2 to
give accurate representations. It can be argued that, as
the load cycles are exerted on a specimen, the material
will soften in regions where the stress amplitudes exceed
the cyclic yield stress. Thus, the global cyclic response
will approach that which can be represented by the cyclic
material model.

In addition to the stress and strain ranges, an accurate
estimate of the mean stresses is also needed to determine
σmax in Equation (2). An estimate was achieved by firstly
calculating the mean stress in the first load cycle, by
using FEA with the monotonic material model and then
adjusting the minimum stress by shifting to the RO rela-
tion for first load reversal. The shift was performed while
keeping the strain constant, equivalent to moving from
point D0 to point D in Figure 1. Thereafter, a linear
regression from Figure 7, based on the observations of
MSR presented in Figure 3, was used to estimate the
mean stress at half-life. Figure 7 shows the ratio of half-
life mean stresses to initial mean stresses as a function of
the strain range. Since mean stresses have been shown to
quickly relax and approach more or less stable values,
constant mean stresses equal to those at the half-lives
were used in the fatigue predictions. Moreover, any
resulting stress cycles with maximum or minimum values
that exceeded the cyclic stress-strain curve, were adjusted
accordingly.

It is widely accepted that fatigue initiation in compo-
nents with steep stress gradients is not controlled solely
by the highest surface stress amplitude.32,33 Several
methods have been developed to take the subsurface

stress distribution into account.32 Taylor's point-based
critical distance method34 was adopted in the current
work. Instead of evaluating the surface state in the notch,
this method considers the stress and strain at some dis-
tance (related to the crack process zone) below the sur-
face. Thus, in the notch, rather the subsurface than the
surface stress was considered for the fatigue calculations.
For locations in the notch, the critical distance was
employed along the surface plane normals. The critical
distance method was chosen because of its simple appli-
cation to combined distributions of stress and strain.
Moreover, an exhaustive review of fatigue tests on
notched 30CrNiMo8 low-alloy steel specimens, showed
that the method could provide reasonably accurate
results for a variety of stress distributions.32

In lack of stress gradient sensitivity investigations for
R4-grade steel, the same critical distance as for the thor-
oughly reviewed 30CrNiMo8 was used in the current
work, that is, d¼ 34 μm.32 Taylor has argued the critical
distance of a material is related to its strength and grain
size.35 At 730–828 MPa32 and 20–40 μm,36,37 the yield
strength and grain size of 30CrNiMo8 is comparable to
843 MPa1 and 15–25 μm measured for R4-grade steel.
This provides some support to the claim that d should
also be similar for the two materials. Stresses and strains
at critical distance from the surface was found by linear
interpolation between FEA element nodal values at and
50 μm below the surface.

At d¼ 34 μm from the surface, calculated von Mises
stress amplitudes deviated by less than 4.5% from the cor-
responding normal stress amplitudes within the top
30� from the notch mouth. This indicated low degree of
multiaxiality in the stress states. Thus, little difference
can be expected between alternative multiaxial stress
criteria,38 and the z-direction/normal stress and strain
was conveniently used for the fatigue initiation analysis.
In summary, Figure 8 shows the complete methodology
for the fatigue prediction that was performed along the
notch profile.

For the fatigue calculations, low-cycle and high-cycle
S-N data for R4-grade steel were collected from Zarandi
and Skallerud1 and Arredondo et al,39 respectively. Some
additional, previously unpublished data points from
Arredondo's test program were included. It was assumed
that the use of smooth, small-scale specimens in the
referenced test programs promoted a high ratio of initia-
tion to total fatigue life, so that the data could be used to
predict initiation lives in the current notched specimens.
At least for long fatigue lives, this should be a sound
assumption. In addition to the S –N data, ε0f ¼ 0:725 and
c¼�0:6508 were obtained from Zarandi and Skallerud.1

Figure 9 shows all raw data points from the test pro-
grams in blue and grey. In the figure, and throughout the

FIGURE 7 Linear regression model for the ratio of half-life

mean stresses, σm;half-life, to initial mean stresses, σm;1, as a function

of the strain range. Maximum strain ranges in the hemispherical

notches, as well as results from the non-symmetrically loaded tests

by Zarandi and Skallerud1 and the current work have been plotted

[Colour figure can be viewed at wileyonlinelibrary.com]
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current work, arrows mark run-out tests—that is, tests
where no failure occurred during the testing period.
Zarandi and Skallerud's tests were run at stress ratio
R¼�1. Arredondo's tests were run at R¼ 0:1 and needed
to be adjusted to R¼�1 to produce correspondence. The
inherent mean stress correction term of Equation (2),
namely, σa;R¼�1 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σmaxσa
p

, was used to adjust the data
points.2 The adjusted points are shown by red markers in
Figure 9.

Maximum-likelihood regression19,40 was used to fit
the most probable double-slope S-N fatigue initiation
curve to the adjusted data, accounting for both failed
and run-out tests.† That is, the best fits of both slopes, as
well as the knee point, were determined simultaneously
by iteration over all possible configurations for the
whole data set. The S-N data was assumed to be
Weibull distributed.41 To accommodate the apparent
large scatter in N in the lower part of the data, the
regression was performed by treating N as the indepen-
dent parameter. The data point from Arredondo with the
lowest stress amplitude (σa ¼ 232 MPa for R¼ 0:1) was
considered an outlier and was thus not included in the
curve fitting.

3.3 | DIC measurements of fatigue crack
initiation life

Fatigue crack initiation was defined as the first sign of a
crack that could be detected by DIC. DIC is a full-field
monitoring technique42 that has recently been employed
to measure strain evolution around artificial corrosion
pits43 and crack initiation on naturally corroded sur-
faces19 during fatigue testing but has never been used
inside hemispherical notches. For acquiring photographs,
one camera was placed in the x-y plane on each side of
the specimen, at a 48� angle to the x-z plane. This allowed

the whole x-y plane surface profile of the notch of a speci-
men to be monitored. The DIC setup and crack detection
criterion that were used in the current work are identical
to those used by Qvale et al.19 The reader is referred to
Qvale et al19 for a detailed description of the camera
setup, DIC mesh, crack detection methodology and possi-
ble error sources.

4 | RESULTS

Figure 10 shows photographs of the notch of specimen
4 for DIC processing. The applied mesh in Figure 10B
was used to track movement of surface points and detect
crack initiation according to the detection criterion in
Coffin.19 Figure 10C shows a color plot of the displace-
ment field in z direction for a crack that has grown past
the mouth of a notch. Cracks at the initiation stage did
not show up as distinct features in color plots but could
be identified by tracking the inter-node displacements in
MATLAB.

FIGURE 9 Double-slope S–N curve for R4-grade steel and

R¼�1, constructed by maximum likelihood regression on data

from Zarandi and Skallerud1 and Arredondo et al.39 SWT's mean

stress criterion has been used to shift the raw data from Arredondo.

Arrows mark run-out tests [Colour figure can be viewed at

wileyonlinelibrary.com]

†Although the horizontal position of a run-out data point in an S–N
diagram is not defined, the run-out test suggests that the fatigue life is
longer than the test duration, that is, that the S–N curve is located to
the right of the point. This information is considered in maximum-
likelihood regression.

FIGURE 8 Flow chart for fatigue prediction methodology for the notched specimens

8 QVALE ET AL.



Crack surface lengths, 2c, at the moment of detection
could not be verified by other measurement techniques.
Nevertheless, a crude estimate can be calculated based on
FE solutions of Raju et al. for a semi-elliptical surface
crack under bending load44 and the current crack detec-
tion criterion, which signals a crack when the inter-node
displacement across the crack plane reaches 2 μm.19 The
solution for the shallowest crack of Raju et al. (still a rela-
tively deep crack with a depth-to-plate-thickness ratio of
a=t¼ 0:2), when assuming a=c¼ 0:8 and a bending sur-
face stress equal to the cyclic yield stress, yields a crack of
2c¼ 0:53 mm for a crack mouth opening displacement of
2 μm.

Micrographs of all fracture surfaces where cracks ini-
tiated are shown in Appendix A (Figure A1). Specimen
8 was part of an individual study, and fatigue testing was
stopped before final fracture.

Figure 11 shows the cycles to fatigue initiation regis-
tered by DIC, as well as the total fatigue lives, for all the
tested specimens. It is apparent that at high load ampli-
tudes the ratio of crack growth life to the total fatigue life
is the highest. Two of the specimens tested at the lowest
load level did not show any signs of fatigue initiation dur-
ing the testing period. Moreover, the test at the highest
load level was stopped after initiation, but before failure,
for an independent fractographic study of the specimen.

Longer initiation lives were documented for the PL speci-
mens than for the AM specimens.

Figure 12 shows the predictions for fatigue initiation
lives compared to measurements by DIC. The results are
also given in table form in Appendix B (Table B1) and
marked on fracture surfaces in Appendix A. Blue,
unfilled markers signify predictions where the cyclic
material model and MSR have been taken into account.
For the red markers, MSR has been neglected. Finally,
for reference, grey markers show the outcome of calcula-
tions based directly on FEA results where the monotonic
material model has been used without any further post-
processing. Isolines of the ratio r¼N i;predicted=N i;measured

give indications of the accuracy of the results. It is appar-
ent that the blue markers are closest to the r¼ 1 ideal
line. Agreement is very good for N i < 105 cycles. For
higher N i, all methods yield very conservative predic-
tions. Reasons for the deviations are discussed in the next
section. “Cyclic” and “Cyclic+MSR” predictions fall
together for the low load levels, meaning that it is here
predicted that the cyclic softening alone is controlling the
mean stress relaxation.

In Figure 13, notch profiles in the x-y plane are dis-
played for all specimens. For each notch, fatigue initia-
tion lives have been plotted on logarithmic axes normal
to the profile. This way of presenting the results allows

FIGURE 10 Crack development

and DIC mesh for the notch in

specimen 4. (A)–(D) all show the same

section of the specimen. In (C), blue

color shows positive displacements and

red color shows negative displacements.

In (D), the red circle shows the

initiation location [Colour figure can be

viewed at wileyonlinelibrary.com]
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for easy identification of fatigue hotspots and initiation
lives. The blue lines show the predicted initiation life dis-
tributions. Red dots show initiation locations and lives
measured by DIC. Red error bars from a dot show the
distance to neighboring DIC nodes, representing the sur-
rounding region that is unmonitored and where the
actual initiation could have occurred. Dashed red lines

show the test duration of run-out tests without any regis-
tered fatigue initiation.

DIC readings on some specimens exhibited indepen-
dent cracks growing from both sides of the notch. For
these specimens, both initiations are marked in the dia-
grams. In specimen 7, identical initiation lives were regis-
tered in two nodes on the right side. This indicates that a
crack initiated between the two nodes. A lot of noise was
observed in the DIC measurements for specimen
8 because of low gray levels in the photographs. Thus,
the results for this specimen are somewhat less accurate.
Overall, it seems that the (2D) DIC routine was adequate
to identify and display realistic developments of fatigue
cracks on the curved notch surfaces.

Predictions indicated that the most likely location for
fatigue initiation was just below the notch mouth, at 9 to
36� below the surface. Such observations are in line with
previous calculations of stress and strain concentrations
in hemispherically notched specimens45,46 and mooring
chain links.1 Actual initiations were measured between
0.3 mm outside of the notch and 30� down in the notch
and were in very good agreement with calculated loca-
tions. Variations in predicted initiation lives are generally
small within the notch of one specimen. The exception is
specimen 5, which is the only specimen with stresses in
the bottom of the notch lying below the knee point of the
S –N curve.

5 | DISCUSSION

The current work has demonstrated by a fatigue test that
mean stresses in R4-grade steel can relax by almost one
half of the initial value at a stress amplitude well below
the monotonic yield stress and just below the cyclic yield
stress. This contradicts the suggestion that macroscopic
plastic straining is needed for MSR to occur, as indicated
by some authors for other materials.3,5,9 However, in the
current work, the stress at 0.2% plastic strain, Rp0:2, is
regarded as the yield stress. Further investigations are
needed to determine the relationship between the onset
of MSR and fatigue loading with very low plastic strains.

One could hypothesize that dislocations created dur-
ing the initial uploading above the monotonic yield stress
facilitates some cyclic plastic straining at lower stress
amplitudes than the cyclic yield stress suggests. In
Figure 1, an indication of macroscopic plasticity is the
rapid deviation from elastic behavior at the first load
reversal C-D. Even the initial, small cycle A-B-A exhibits
a hysteresis loop, although the σa ¼ 450 MPa is much
lower than the cyclic yield stress of 630 MPa. The effect
high mean strains on the cyclic material model should be
investigated.

FIGURE 11 Measured numbers of cycles to fatigue initiation

and failure for the notched specimens [Colour figure can be viewed

at wileyonlinelibrary.com]

FIGURE 12 Predicted versus measured initiation lives for the

notched specimens. “Cyclic” and “monotonic” refers to the

respective material models used. Isolines of r¼
N i;predicted=N i;measured are shown. The specimen numbers from

Table 3 are printed below each vertical collection of points [Colour

figure can be viewed at wileyonlinelibrary.com]
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The linear relation that was used to estimate the
amount of MSR in the current work was based on mea-
surements for only two strain ranges. It would probably
have been possible to develop a more accurate model if
test data from more strain ranges were available. Never-
theless, the amount of MSR that was observed should

encourage taking this effect into account when predicting
fatigue lives, and the current relation offers one way of
doing so.

Preferably, a physically based plasticity model that
can take into account both the non-Masing behavior at
the first load reversal and the successive transient

FIGURE 13 Predicted and measured fatigue initiation locations and lives at the notch profiles of all specimen. Specimens 1–4 and 5–8
are AM and PL specimens, respectively. Initiation lives have been predicted while accounting for cyclic softening and MSR [Colour figure

can be viewed at wileyonlinelibrary.com]
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behavior should be developed. Such an approach would
be more robust than the current empirical fits and also
able to account for stress states with a higher degree of
triaxiality. Some recent studies show promising results,
but need more experimental verification.20 The RO model
for the first load reversal seemed to predict residual stres-
ses with high accuracy in the PL specimens after the
overload. However, for more complex load histories, the
use of the model becomes less trivial and its applicability
more questionable. A first step towards a model that is
universally applicable and simpler to use could be to try
to capture the kinematic hardening behavior during the
first load cycle that is not accurately represented by the
current FEA model.

In Figure 1, there are apparent deviations between
the FEA using the monotonic material model and the
measured stress-strain behavior, not only for the unload-
ing. Inability of the FEA to follow the loading path from
zero to point A, indicates that material parameters can
vary, also within one single production batch. This may
result in deviations in fatigue predictions. For more accu-
rate predictions, monotonic material model parameters
could be based on the average behavior from a broader
database of tensile tests on chain link material from the
same production batch.

For all the notched specimens, taking in account
cyclic softening and MSR in fatigue predictions led to
more accurate results. Prediction accuracy is high for
N i;measured < 105. For longer initiation lives, deviations
increase. Some possible explanations are discussed
below.

Machining has the potential to create shallow resid-
ual stresses, with magnitudes highly dependent on pro-
cess parameters, and that can be either tensile or
compressive in the depth range of the estimated critical
distance.47–50 In the notched specimens, one can assume
that the tangential feed motion of the ball end drill bit
with respect to the notch mouth, or the very low feed rate
used for drilling in the PL specimens, led to nonoptimal
cutting conditions and aggravation of the residual stress
state in the hot spots for fatigue initiation. It can be
shown by geometric calculations that the current drilling
parameters yields a cutting depth of of only 17 nm per
revolution at the bottom of the notch, and 3 nm at
10 degrees from the mouth of the notch. For high load
levels, the shallow residual machining stresses may have
been redistributed and effectively removed by the first
loading. For the low load levels, cyclic stresses might not
have been high enough to induce plastic straining in
regions of high, compressive residual machining stresses
(since the maximum surface stress amplitudes are below
the cyclic yield stress, cf. Tables 1 and 3). Thus, the
machining stresses might have altered the effective mean

stresses and been a major contributor to the observed
deviations at long fatigue lives.

The scatter (in N) in the data in Figure 9 increases
greatly when approaching the knee point of the S-N
curve from the high σa side. Moreover, Lassen et al51 doc-
ument S –N data points for R¼ 0:1 loading of R4 steel
that are even deviating from those of Arredondo. In addi-
tion to the scatter, comes the uncertainty of using an
empirical relation to correct non-symmetric stress cycles
to equivalent symmetric ones. Stress amplitudes in the
hemispherical notches at the lowest load levels lie quite
close to the knee point, and the high scatter makes accu-
rate prediction of initiation lives of single specimens chal-
lenging. Fatigue testing a larger number of
hemispherically notched specimens at one load level
would have yielded a measure of the scatter among these
and allowed for a clearer comparison of predicted and
measured initiation lives. Moreover, the gradual transi-
tion in the scatter around the knee point is not well
represented by the current S –N curve model. Moreover,
the shallow slope that is predicted for the lower part of
the S –N curve might indicate that the stress amplitudes
are close to the fatigue limit.

The increasing scatter in lower part of the S –N
curve in Figure 9 gives rise to a considerable size effect.
That is, the probability of initiation in a specimen
increases if the highly stressed region is enlarged. The
area of a notch that had stress amplitudes above 90% of
the highest one was around two orders of magnitude
smaller than the homogeneously stressed area on speci-
mens that the S –N curve was constructed from. Taking
the size of the stressed area into account would thus
result in longer predicted initiation lives for the notched
specimens.

A reason for the deviations in predictions could also
have been that the critical distance for the material was
not accurately determined, since it was adopted from a
different alloy. Moreover, for higher load levels, the criti-
cal distance is known to increase compared to at the
fatigue limit.52 A sensitivity analysis presented in Appen-
dix C showed that doubling the value of d improved the
fatigue predictions somewhat but had generally small
impact except for on specimen 5.

6 | CONCLUSIONS

In the current work, a non-symmetric fatigue test on
R4-grade steel performed at a stress amplitude just below
the cyclic yield stress showed that the initial mean stres-
ses relaxed by 49% during the half-life of the specimen.
This proves that MSR is significant also at relatively low
loads and should be considered in fatigue predictions.
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The non-Masing behavior of R4-grade steel controlled
the mean stress in the first load cycle.

Eight specimens with hemispherical notches were
fatigue tested in a three-point bending setup. Fatigue ini-
tiation lives were predicted, using an R4-grade-steel S-N
curve compiled from the literature and taking into
account the cyclic softening and MSR. This showed an
improved accuracy over fatigue predictions based on the
monotonic material model. Fatigue initiation locations
were well predicted close to the mouths of the notches as
measured by DIC. Good agreement between predicted
and measured initiation lives was found for N <105

cycles. For longer initiation lives, deviations were overly
conservative. The deviations were likely caused by scatter
in the S –N data and residual machining stresses in the
notches. A single value was used for the critical distance,
independent on the load level. More accurate predictions
are expected if a load dependent critical distance value
is used.

Although the experimental data is limited, the cur-
rent results show that MSR has a significant influence on
fatigue initiation life in R4 steel. The approach outlined
here is able to improve predictions in the finite life
regime.
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NOMENCLATURE
a crack depth
b negative slope of the Basquin curve
c crack half-length
d critical distance
E elastic modulus
K strain hardening coefficient
m negative slope of the Coffin-Manson curve
N number of cycles
N f fatigue life
N i fatigue crack initiation life
N i;measured measured fatigue crack initiation life
N i;predicted predicted fatigue crack initiation life
n strain hardening exponent
R stress ratio
R2 coefficient of determination
RL load ratio
Rp0:2 yield stress

Rε strain ratio
r ratio of N i;measured to N i;predicted

t thickness
x, y, z axes of Cartesian coordinate system
ε strain
εa strain amplitude
ε0f N ¼ 0:5 intercept of the Coffin-Manson

curve
εplastic plastic strain
σ stress
σa stress amplitude
σ0f N ¼ 0:5 intercept of the Basquin curve
σm mean stress
σm;1 mean stress at first load cycle
σm;half-life mean stress at half-life
σmax maximum stress
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APPENDIX A: FRACTURE SURFACES

APPENDIX B: TABLE OF FATIGUE INITIATION
LIVES

TABLE B1 Comparison between predicted and measured fatigue initiation lives

Specimen ID 1 2 3 4 5 6 7 8

Preloaded Yes Yes Yes Yes No No No No

Load amplitude (kN) 8 8 10 12 8 10 12 14

Mean load (kN) 12 12 15 18 12 15 18 21

N i;measured 359,600 (1,653,300) 27,200 12,200 (1,527,610) 54,900 16,700 5800

N f 421,328 - 64,920 33,452 - 93,605 39,687 (18,554)

Runout No Yes No No Yes No No After initiation

Values of r¼N i;predicted=N i;measured.

Cyclic + MSR 0.11 0.02 0.41 0.51 0.26 0.38 0.39 0.88

Cyclic 0.11 0.03 0.41 0.37 0.26 0.38 0.36 0.46

Monotonic 0.04 0.01 0.22 0.26 0.11 0.17 0.20 0.35

Note: Cycle numbers in parentheses mark the counts when fatigue testing was ended in run-out tests.

FIGURE A1 Micrographs of fracture surfaces of all notched specimens where cracks initiated. Red arrows mark initiation sites detected

by DIC. Fatigue testing of specimen 8 was terminated before final fracture, in order to perform a separate study [Colour figure can be viewed

at wileyonlinelibrary.com]
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APPENDIX C: SENSITIVITY ANALYSIS ON
CRITICAL DISTANCE

To investigate the sensitivity of the fatigue predictions to
the critical distance, a sensitivity analysis was performed,
where d was doubled from 34 to 68 μm. The results in

Figure C1 show generally low impact on predictions,
although accuracy improves slightly for all specimens.
The increase in d has, however, a large effect on the max-
imum stresses in the notch of specimen 5, which is char-
acterized by largely elastic stress cycling up from a highly
compressive residual stress. Thus, fatigue predictions are
greatly affected.

FIGURE C1 Predicted versus measured initiation lives for the

notched specimens, if doubling the critical distance to d¼ 68 μm
[Colour figure can be viewed at wileyonlinelibrary.com]
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A B S T R A C T

R4-grade mooring chain steel specimens were subjected to alternating phases of saltwater
corrosion and air fatigue to replicate seasonal load variations on chains in service. No significant
difference in fatigue lifetimes was registered between precorroded specimens subjected to
continuous fatigue and those periodically interrupted by phases of accelerated corrosion.
Moreover, eight months of natural corrosion of specimens with fatigue cracks did not have
a large effect on their remaining fatigue lifetimes. Retardation of fatigue crack growth by crack
tip blunting from corrosion is deemed unlikely based on observations from the current work and
the literature. Corrosion accelerated by anodic polarization is demonstrated to be unsuitable for
replicating natural corrosion of fatigue cracks.

1. Introduction

Position mooring systems are integral parts of floating offshore structures used for oil and gas extraction, wind energy production
and aquaculture. Uncoated steel mooring chains experience combined degradation from corrosion and fatigue. Design standards
have been established based on laboratory fatigue tests on chain segments, some of which were carried out in seawater [1]. In
order to keep test durations at acceptable levels, tests have been conducted at considerably higher loads and frequencies than
those experienced by chains in service. While these tests are quite relevant for severe weather conditions, they provide no data for
modeling the degradation during calm periods. Since corrosion is a time-dependent process, accelerating the tests means that the
effect of corrosion is diminished.

Sea states in the North and Norwegian Sea are characterized by severe winter storms and much calmer summer conditions [2,3].
The calm sea states give rise to stress ranges that are below the cutoff in an accelerated test program. This implies that the
intermediate periods between storms are essentially ignored, both in testing and in modeling, although cracks that initiated during
a storm may very well be affected by corrosion processes during the calm summer months. This topic is explored in the current
paper.

In mooring chains, general and microbiologically influenced corrosion reduce cross sectional areas and introduce macroscopic
pits [4,5], increasing stresses globally and locally. Submersion in an electrolyte can accelerate fatigue damage development
compared to that in dry air environment: The time of crack initiation is advanced by introduction of surface damage [6] and crack
growth rates are believed to be enhanced by hydrogen embrittlement and film-rupture facilitated dissolution at the crack tip [7,8].

Under certain conditions, however, crack growth rates can also be reduced, by corrosion product-induced crack closure [7,9].
Moreover, dissolution at the crack tip implies that blunting may occur [7], which could reduce the local stresses at the crack tip.
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Observations of corrosion-induced blunting have been reported from several corrosion fatigue test programs: On the surface of
high-strength steel in synthetic seawater at low loads, notch-like pits developed instead of narrow fatigue cracks [10]. For other
high-strength steels in distilled water, an attempt to isolate the dissolution mechanism by anodic polarization indicated that blunting
was responsible for the observed crack growth retardation [11]. Crack arrest, supposedly from crack tip blunting, has been reported
for mild steel with prefabricated fatigue cracks at low load levels and frequency in 3.5% NaCl solution [12]. Also for 2024 aluminum
alloy in 3.5% NaCl solution, a retarding effect on crack growth for low load frequency has been shown [13].

It has also been postulated that corrosion-driven dissolution of the free surface that a crack is growing from can retard fatigue
damage development by reducing the effective crack depth, or even eliminating the crack altogether [14]. However, it has been
demonstrated that crack initiation from a corrosion pit is controlled by the threshold stress intensity factor (SIF) range of an equally
sized/deep crack [10,15,16]. Thus, if a short crack in a pit gets eliminated, it would quickly reinitiate from the encompassing, larger
and more critical pit.

In the current work, the seasonal load variations on mooring chains have been simplified by assuming that no fatigue-driving
load is exerted on the chains during the long ‘‘summer’’ season, and that fatigue is the dominating degradation mechanism during
the short ‘‘winter’’ season. During summer, this leaves the corrosion mechanisms to act on fatigue damage over a much larger time
scale than during continuous corrosion fatigue. This could lead to more pronounced crack tip blunting, as well as dissolution of a
fatigue-damaged chain surface layer, if fatigue is still in the early stages of development. Since build-up of thick oxide layers in a
crack in a corrosive environment is facilitated by repeated layer breaking and reforming from contact of the crack surfaces [9], it
is assumed here that oxide-induced closure effects during the load-free summer season are limited.

Few records of test programs on alternating fatigue and corrosion exist — none on steel in sea water or other naturally, actively
corroding substrate–electrolyte systems. Results from accelerated corrosion phases are difficult to correlate directly to realistic service
environments and time scales [17,18], but they can still provide some indications on qualitative effects of corrosion. Alternating tests
have been carried out on some aircraft aluminum alloys. Both slightly positive [19] and slightly negative [20] effect of corrosion
on fatigue life have been registered. Periodic electropolishing of copper specimens between fatigue phases resulted in up to tenfold
improvement in fatigue lifetime compared to continuous-fatigue lifetimes [21]. However, it is unlikely that such extreme trends can
be observed for naturally corroding systems that induce corrosion pits.

In this article, two alternating corrosion and fatigue test programs on mooring chain steel are presented. Section 2.1 describes
test program 1 (TP1), where the effect of periodic, accelerated corrosion on fatigue lifetimes was explored. The purpose of TP1
originally was to investigate if fatigue lifetimes could be prolonged by erasure of fatigue surface damage by corrosion at regular
intervals. However, during a fatigue phase, cracks quickly initiated and grew past the surface layer affected by the next phase of
corrosion. Thus, TP1 turned into an evaluation predominantly on the effect of accelerated corrosion on developed fatigue cracks.
Section 2.2 describes test program 2 (TP2), where the effect of a single, eight-month period of natural corrosion in seawater on
remaining lifetimes of fatigue-cracked specimens was investigated. The purpose of TP2 was to see if anodic dissolution would blunt
the crack tip sufficiently to cause crack growth retardation. The design of the test programs allowed results for fatigue cracks at
various stages of development to be obtained in a manageable time frame. It also provided some basis for comparison of natural
and accelerated corrosion of fatigue cracks.

2. Methodology

2.1. TP1: Effect of periods of accelerated corrosion on fatigue lifetimes

In TP1, one group of precorroded specimens were fatigued to failure in air at room temperature. Fatigue tests on the other group
of precorroded specimens were periodically interrupted, and the specimens underwent a phase of accelerated corrosion before
fatiguing was resumed. This alternation was continued until failure, and the mean lifetimes of the two groups were compared.
Specimens in the first and second group are hereafter referred to as continuous fatigue (CONT) and alternating corrosion and fatigue
(ALT) specimens, respectively, even though they all underwent the same precorrosion phase.

Fatigue testing was done at high frequency in air. This was considered appropriate, since the dissolutive effect of corrosion on
mooring chains is largest during the summer season. Corrosion was accelerated in order to complete several corrosion phases in a
reasonably short time.

2.1.1. Specimen preparation
Notched specimens were cut from near the surface on the non-weld straight part of two connected ∅114 mm chain links made

from R4-grade high-strength steel. The links had been laying on the deck of a floating production storage and offloading (FPSO)
unit in the Norwegian Sea for 10 years. The links had minimal corrosion surface damage and had never experienced service loads.
Figs. 1 and 2 show the cutting specification and machined specimen geometry. Yield strengths, 𝑅p0.2, from position 5 of link 1 and 2
were measured to be 823 and 846 MPa, respectively. In both of the current test programs, it was assumed that any residual stresses
from production of mooring chains [22,23] were relaxed during cutting of the specimens, and that any residual stresses that were
introduced during machining were erased by material removal during the precorrosion phase.
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Fig. 1. Cutting specification for TP1 specimens from a chain link. All dimensions are given in millimeters.

Fig. 2. As-machined specimen geometry for TP1. All dimensions are given in millimeters.

Fig. 3. Corrosion cell for anodic polarization of TP1 specimens during precorrosion and corrosion phases.
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Fig. 4. Fatigue rig for tension loading in TP1. Housings of the spherical bearings that were installed to relieve any bending moment loads are visible.

2.1.2. Corrosion setup
The specimens were corroded in an unloaded state at room temperature in separate cells containing 3.5 wt% NaCl solution.

All corrosion phases were accelerated by galvanostatic anodic polarization using a Gamry Interface 1000 galvanostat. The applied
current density of 6.29×10−4 A/cm2 was calculated [24] to give an average material removal rate of 20 μm/day across the corroding
section of a specimen. The current density corresponds to a potential of about 100 mV above the open circuit potential [25]. The
nominal surface area for application of current on the specimens was recalculated after the precorrosion phase. Platinum wire was
used as cathode, arranged in a circular manner around each specimen, as shown in Fig. 3, to provide as uniform as possible current
density in the notch surface on all sides. The non-corroding sections that are detailed in Fig. 2 were sealed off with tape. After each
corrosion phase, any loose corrosion products were removed with a plastic brush, and the specimens were dried in warm air.

Precorrosion to remove 300 μm of material was carried out on all specimens to create a rough initial surface, and to limit the
relative increase in roughness during subsequent corrosion phases. The corrosion phases on the ALT specimens were calculated to
remove 100 μm of material per phase.

Corrosion rates of R4-grade and other carbon steels in seawater have been found to be 50–240 μm/year at temperatures below
18 ◦C [26,27]. The local corrosion rate on a chain link will depend on its location in a mooring line [28,29] and other factors.
However, it can be concluded that 100 μm of average material removal by a corrosion phase is at least of the same order of magnitude
as what can be expected on a chain from one summer season in service in the North or Norwegian Sea. The corresponding yearly
corrosion rate on the specimens in the accelerated corrosion phases was 7.3 mm/year.

2.1.3. Fatigue setup
The specimens were fatigued in tension in an Instron 1603 electromagnetic resonance fatigue tester at a load frequency of about

170 Hz. Fig. 4 shows the fatigue rig. The load amplitude and ratio were 17 kN and 0.3, respectively. The load amplitude was
calculated by finite element analysis (FEA) to correspond to a longitudinal stress amplitude in the notch after precorrosion of 281
MPa, when disregarding the stress raising effect from any corrosion pits. Details about all FEAs performed in the current work can
be found in Appendix A. Fixings at both ends of the specimens had spherical bearings, to avoid any bending moment load on the
specimens from misalignment. The temperature in the specimens during fatigue loading was not measured. Thus, no evaluation of
the effect of temperature increase on fatigue lifetimes could be performed. For similar test programs in future research, this effect
should be evaluated.

The tension fatigue setup and specimen geometry with a circular cross section and a relatively gentle notch was chosen to
facilitate fatigue initiation in a limited segment of the specimen. This way, the development of fatigue damage or initiation in
consistent locations on the circumference of the specimen could be followed during fatigue and corrosion phases. At the same time,
the notch was not sharp enough to induce fatigue cracking immediately.

The CONT specimens (seven specimens) were fatigue tested until ‘‘failure’’, i.e., full separation of the crack surfaces. Fatigue
testing of the ALT specimens (eight specimens) was interrupted and corroded every 145,000 cycles (corresponding to about 46%
of the recorded mean lifetime for the CONT specimens), in an attempt to conduct the corrosion phase before any large-scale crack
growth had occurred. For clarity, the flowchart for TP1 is shown in Fig. 5.
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Fig. 5. Flowchart for TP1.

Fig. 6. Cutting specification from a chain link for the TP2 specimens. All dimensions are given in millimeters.

Fig. 7. As-machined specimen geometry for TP2. All dimensions are given in millimeters.

2.2. TP2: Effect of a period of natural corrosion on remaining lifetimes of fatigue-cracked specimens

For TP2, a group of CONT specimens were continuously fatigued to failure. A group of ALT specimens were fatigued until cracks
of certain sizes had initiated. The ALT specimens were then left to corrode in seawater for eight months. Thereafter, fatiguing was
resumed and continued until failure, and the remaining lifetimes were compared to that of the CONT specimens with similar crack
sizes.

2.2.1. Specimen preparation
The TP2 specimens were designed for fatigue testing in a three-point bending setup. The reason for such a setup was that the

bending stiffness of a specimen is sensitive to sizes of any cracks growing from the notch. This property was utilized to monitor
crack growth, as described in detail in Section 2.2.3. Notched specimens were cut from the non-weld side of a link from the same
chain as the specimens in TP1. Figs. 6 and 7 show the cutting specification and specimen geometry.

2.2.2. Corrosion setup
Precorrosion was carried out on all specimens, so that the ALT specimens, when cracked, could begin the subsequent corrosion

phase with a homogeneously corroded surface free from residual machining stresses. The procedure and calculated average corrosion
rate for the precorrosion phase was the same as in TP1, but only an average of 100 μm of material was removed. In the precorrosion
cell, shown in Fig. 8, a platinum wire cathode was arranged at an even distance from the notch-side surface of the specimen to
provide roughly uniform current density in the notch.

For the corrosion phase for the cracked ALT specimens, the specimens were left to corrode freely in seawater for 8 months,
to allow the full effect of all time-dependent corrosion mechanisms in the fatigue cracks from a summer season. All specimens
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Fig. 8. Cell for precorrosion of a specimen in TP2. To accurately define the anode surface area on the specimen, the top of the specimen was sealed off with
tape.

Fig. 9. Natural corrosion of the TP2 ALT specimens. Large amounts of oxide is visible.

were corroded together in a 15 l cell, shown in Fig. 9. Water was continuously pumped from 80 m depth in the Trondheim fjord
(Trondheim, Norway) to an indoor laboratory. The flow rate through the corrosion cell was about 0.3 l/min. The water temperature
varied between 10 and 16 ◦C. When the corrosion phase was finished, the specimens were cleaned with a plastic brush and
dried.

2.2.3. Fatigue setup
The specimens were fatigued in three-point bending in an Amsler 100 HFP 5000 electromagnetic resonance fatigue tester at

a load frequency of about 105 Hz. Fig. 10 shows a test specimen in the fatigue jig. Assuming that the degree of crack growth
retardation from corrosion blunting might be sensitive to the load level, fatigue testing was done at two slightly different load
levels, LL1 and LL2, as shown in Table 1. The loads were selected to give similar lifetimes as in TP1. Compared to in TP1, higher



Marine Structures 85 (2022) 103236

7

P. Qvale et al.

Fig. 10. TP2 three-point bending fatigue rig, with a distance between rollers of 56 mm. The nut and string are attached only for alignment purposes.

Table 1
Load level specifications. The longitudinal stress amplitude in the notch after precorrosion, calculated by FEA,
is also stated.
Load level Load amplitude/kN Load ratio Notch stress amplitude/MPa

LL1 3.30 0.3 397
LL2 3.47 0.3 418

Fig. 11. Quadratic regression of relationship between total crack area and load frequency drop based on measurements on the CAL specimens.

surface stress amplitudes were needed. Reasons for this might be the less severe surface topographies on the specimens, due to a
shorter precorrosion phase, or a steeper stress gradient due to the smaller notch and the applied bending load.

Before the CONT and ALT specimens were fatigued, a group of calibration (CAL) specimens were used to investigate the
relationship between crack geometry and measured load frequency in the resonance fatigue tester. As a crack grows in a specimen,
the bending stiffness of the specimen will be reduced. In a resonance fatigue tester, where the load frequency follows the natural
frequency of the specimen and other vibrating components, this results in the load frequency dropping. In the current test program,
the frequency drop was measured live and used to monitor crack growth. In order to translate the measured frequency drop into a
useful crack geometry measurement, fatigue tests of six CAL specimens were stopped at different frequency drops of 0.2–1.2 Hz. The
specimens were broken apart and the corresponding fatigue crack geometry was measured from the fracture surface. The 0.2 Hz
value was chosen as the smallest frequency drop that could be detected over the noise of the load frequency signal. Such a detectable
frequency drop indicated that a crack had initiated.

Fig. 11 shows the results of the calibration. A strong link between measured 𝐴c, the total area of all cracks in a specimen, and
frequency drops was registered. Quadratic regression resulted in a high coefficient of determination of 𝑅2 = 0.99. Measured crack
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Fig. 12. Flowchart for TP2.

Fig. 13. (a) Probability density functions (solid lines) and mean log𝑁 (dashed lines) for both specimen groups. Diamond markers show observed lifetimes for
individual specimens. (b) Comparison of the measured lifetimes with DNV-RP-C203 𝑆–𝑁 mean and design (97.7% probability of survival) curves for detail
category C in air.

depths showed a weaker correlation to the frequency drops than did the crack areas. Appendix C shows the fracture surfaces for
the CAL specimens after they were broken off in liquid nitrogen. Details about crack geometries are provided in Appendix B.

From a theoretical point of view, it seems reasonable that a quadratic function would fit the data in Fig. 11 well. Derivations
from the Euler–Lagrange equation for a freely vibrating, simply supported Euler–Bernoulli beam [30] with rectangular cross section
yields a natural frequency, 𝜔, that depends on the cross-section area to the power of 3/2 instead of 2, viz.

𝜔 ∝
√

𝐼 =
√

𝑤ℎ3
12

∝ 𝐴3∕2. (1)

Here, 𝐼 , 𝑤, ℎ and 𝐴 is the second moment of inertia, width, height and area of the beam cross section, respectively. However,
this equation does not apply to notched and cracked specimens and does not include effects of vibrating parts of the fatigue tester.

After finishing the calibration, one CONT specimen was fatigued until failure at LL1, and two at LL2. The failure lifetime of a
specimen was defined as the number of cycles for the load frequency to drop 20 Hz. This seemed to correspond to a crack covering
nearly half of the original cross-section area of a specimen, see macrographs of the fracture surfaces in Appendix C. For the three
specimens, the remaining lifetimes from measured frequency drops of 0.2–1.2 Hz until failure were noted and used as reference
that the ALT specimens could be compared to.

Then, seven ALT specimens were fatigued until load frequency drops of 0.2–1.2 Hz. This was done at 18% higher load than LL1,
to reduce the risk of any tests running out. The seven specimens were then corroded, before fatiguing was resumed and continued
until the sum of frequency drops before and after corrosion was 20 Hz. Three specimens were fatigued at LL1, and four at LL2. The
measured remaining lifetimes were compared to those of the CONT specimens at corresponding frequency drops and load levels.
The flowchart for TP2 is shown in Fig. 12.

3. Results

3.1. TP1

Markers in Fig. 13a show the measured failure lifetimes, 𝑁 , for all specimens. The results are also given in table form in
Appendix B. Only one ALT specimen survived long enough to experience three corrosion phases (which are shown as gray,
dotted lines every 145,000 cycles). Log-normal distributions have been fitted to both specimen groups by maximum likelihood
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Fig. 14. Notch surface of an ALT specimen after a) precorrosion and b) two corrosion phases. Lines parallel to the rolling direction at the notch base likely
results from microstructural features of former, elongated austenite grains.

Fig. 15. Appearance of corroded cracks on the fracture surface of an ALT specimen after a corrosion phase and subsequent fatiguing.

regression [31]. Solid lines show the probability density functions (PDFs). For reference to offshore standards, the measured lifetimes
have been plotted together with 𝑆–𝑁 curves from DNV-RP-C203 [32] in Fig. 13b.

The one CONT specimen that endured several times more load cycles than any other CONT specimens has been considered an
outlier and disregarded during fitting of the PDF. Moreover, this specimen failed due to fatigue in threads, and the test is therefore
marked as a run-out. During the test, the load frequency started dropping already at around 1.08 × 106 cycles, indicating a growing
crack in the threads and, thus, possibly an altered stress distribution in the notch.

Even though the measured log𝑁 for the ALT specimens (mean = 5.49, standard deviation = 0.14) were on average slightly lower
than for the continuous fatigue specimens (mean = 5.50, standard deviation = 0.16), an independent-samples 𝑡-test revealed that the
difference was not significant, 𝑡(12) = 0.15, 𝑝 = 0.44.

Fig. 14 shows macrographs of the notch surface of an ALT specimen after a) precorrosion and b) two corrosion phases. Since
corrosion was accelerated by anodic polarization, one can imagine that shorter distances between protruding surface features and
the cathode may have resulted in decreased electrolyte resistance and higher current densities at these, thus causing some degree
of surface leveling. Nevertheless, the resulting surfaces in Fig. 14 are relatively rough, with obvious anodic and cathodic sites. By
the end of the second corrosion phase, it is apparent that the surface has evolved into a slightly rougher one, and pits at persistent
anodic sites have increased in size. The larger pits might have led to higher stresses at and near the surface, promoting earlier
fatigue crack initiation than if the surface had remained in the precorroded state.
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Fig. 16. Cycle count measurements at different load frequency drops for the CONT specimens. Each line represents one specimen, with IDs corresponding to
the notation from Appendix B.

Fig. 17. (a) Remaining lifetime of the cracked CONT specimens at different load frequency drops. (b) Comparison with the cracked ALT specimens after eight
months of corrosion and fatigue testing until failure.

From Fig. 15, which shows cracks in an ALT specimen after a corrosion phase, it can be seen that the dissolution rate has been
high along the crack mouth down to a depth of about 0.2 mm during the anodic polarization. This indicates an anodic site for large
cracks that is not at the crack tip, at which the dissolutive effect of corrosion might thus be limited.

From fractographs in Appendix C, it seems that all ALT specimens failed by fracture from cracks that had corroded in the previous
corrosion phase. Of three specimens with corroded cracks that were shallow enough to be enclosed by the aforementioned zone of
high dissolution, only one specimen experienced more than one corrosion phase. For the other two, it is thus clear that the extensive
blunting of the crack tip did not retard crack growth sufficiently for the specimen to survive until the next corrosion phase. Four
ALT specimens with larger corroded cracks showed even bands of high dissolution along the crack mouths, which indicated that
the crack surfaces had been exposed only during the last corrosion phase.

3.2. TP2

Fig. 16 shows the load frequency drop measurements that were done on the CONT specimens at different cycle counts, 𝑛. In
Fig. 17a, the curves from Fig. 16 have been translated horizontally so that the failure lifetimes (𝑁) of the three specimens are
aligned on the right vertical axis. By normalizing the curves by failure lifetime, the remaining lifetime, 𝑁 − 𝑛, of a specimen at a
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Fig. 18. Remaining lifetimes predicted according to BS 7910, compared to measured remaining lifetimes.

certain frequency drop can be read from the horizontal axis. In the current work, the remaining lifetime (consisting of crack growth)
was adopted as measure for comparing lifetimes of the CONT and ALT specimens, to avoid the higher scatter often associated with
crack initiation times.

In Fig. 17b, remaining lifetimes that were measured for the ALT specimens after the corrosion phase have been plotted by
markers, for comparison with the CONT specimen curves. The right axis shows the crack areas that correspond to the load frequency
drops on the left axis, as calculated from the quadratic-regression fit of Fig. 11. For LL2, there seem to be not much deviation between
the CONT and the ALT specimens. For LL1, remaining lifetimes of the ALT specimens are slightly longer than for LL2, as expected.
However, the remaining lifetime of the single CONT specimen is much longer than those of the corresponding ALT specimens.

To provide additional background for discussion, remaining lifetimes of the CONT and ALT specimens were predicted based on
the crack growth rates of ferritic steel in air given in the BS 7910 standard [33]. The crack growth calculations were carried out by
using a SIF solution for a single-edge-cracked bending specimen with rectangular cross section [34], while assuming an initial crack
depth of 𝑎 = 𝑑 + 𝐴c∕𝑊 . Here, 𝑑 and 𝑊 is the notch depth and specimen width, respectively. While this approach might be crude,
it allows for some degree of comparison between the CONT and ALT specimens. Fig. 18 shows the calculation results together with
measured remaining lifetimes. It can be seen that, although the calculations slightly underestimate the measurements, the scatter is
relatively low. The exception is the CONT specimen loaded at LL1, for which the measured remaining lifetimes are far higher than
predicted. Reasons for this will be discussed later in the succeeding section.

4. Discussion

Contrary to what was expected, the corrosion phases did not have any significant effects on remaining fatigue lifetimes in air.
Some likely explanations for this observation are given here, as well as what can be inferred from this finding regarding fatigue of
mooring chains.

Firstly, the method for accelerating the corrosion phases in TP1 is reviewed. TP1 was designed to explore the effect of corrosion
on fatigue surface damage. However, cracks initiated and developed too quickly to highlight this topic extensively. Thus, the relevant
site for corrosion shifted to the crack tip, where the corrosion mechanisms are geometrically more restricted. Since the electrolyte
resistance is inversely proportional to the area through which charge is being carried, the narrow opening of a fatigue crack results in
a very high resistance, thus limiting the current. Therefore, after a fatigue crack had initiated in a specimen, the effect of accelerating
corrosion with the current method was likely very limited at the crack tip.

Significant effects of the corrosion phases can thus only be expected for fatigue surface damage and for short cracks in the
high-dissolution zone. By the looks from the notch surface outside a corroded crack in a dummy specimen in Fig. 19, it seems that
the crack’s width of around 0.2 mm in the high-dissolution zone is at least as extensive as could be expected from average corrosion
rates in the North Sea. Yet, for the shallow, corroded cracks from TP1, it has been shown that corrosion did not seem to have a
great lifetime-extending effect from crack tip blunting.

As no high-dissolution zone is visible on the corroded crack surfaces of TP2, the current way of accelerating corrosion exhibits
dissolutive patterns in cracks that are clearly deviating from those in naturally corroding cracks. Thus, when studying corrosion
effects on cracks, specimens should be subjected to natural corrosion to obtain the most accurate results.

For determining effects of corrosion phases on fatigue cracks in TP2, the remaining lifetimes of CONT and ALT specimens were
compared. It was assumed that the crack growth is a relatively deterministic phenomenon, and that the crack growth rate depends
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Fig. 19. Corroded crack in the notch of a dummy specimen in TP1.

closely on the crack driving force. Thus, two specimens with similar geometry and crack shape should have roughly the same
remaining lifetime if loaded equally under the same conditions. However, even if two cracks yielded the same load frequency drop
in fatigue tests, indicating similar crack areas, it does not mean that their shape is the same. Thus, the SIF ranges may differ between
the cracks, and so will the crack growth rate. The CONT specimen that was subjected to LL1 is shown in Fig. 17 to have considerably
longer remaining lifetime than the specimens subjected to LL2 have, at only 5% lower load. This seems peculiar and might have
been a result of an atypical crack shape in the specimen and a less critical SIF range at the crack tip. Even though there was scatter
in the rest of the TP2 results, it seemed to be low enough in the results from both CONT and ALT specimens to conclude that the
eight-month corrosion phase at least did not have a large impact on the state of the cracks of the ALT specimens.

To explain this insensitivity to the corrosion phase, some discussion on the hypothesis that blunting of a crack by corrosion
can retard crack growth is useful. As already mentioned, several authors have found that a corrosion pit has an equally severe SIF
as a crack of the same depth [10,15,16]. It can be argued that a crack blunted by corrosion cannot have a geometry that is less
stress-raising than a corrosion pit. Thus, it seems unlikely that blunting by corrosion would have a significantly retarding effect on
crack growth. Any retarding effects that might be observed, are assumed to be results of other mechanisms. A mechanical explanation
may be that even if a crack appears ‘‘blunted’’, the crack tip is not smooth. There may exist severe microscopic surface features
that facilitates swift crack reinitiation. Even macroscopically, a blunted crack is still a very powerful local stress raiser, which too
promotes crack reinitiation.

In the current test programs, the intensity and duration of the load in a fatigue phase might have deviated from what a mooring
chain experiences during a winter storm. On small-scale fatigue tests of corroded surfaces of offshore mooring chains under high
loads, fatigue initiation times have been demonstrated to be relatively short [35]. If, because of higher loads, initiation times in the
current tests are shorter than for chains in service, then the potential for fatigue process retardation is reduced. Work is under way
to quantify the magnitudes of the stresses in mooring chains in service, so that the relevance of the current tests can be evaluated.

Whereas mooring chains are subjected to stochastic loading and continuous corrosion, the test conditions in the current work
were simplified by separating the corrosion and fatigue phases. In both phases, the simplification likely leads to reduced dissolution
at the crack tip from corrosion compared to in-service conditions: In the summer season, static stresses from pretensioning and
self-weight loads on an offshore mooring chain would increase crack opening and crack tip strains, promoting higher dissolution
rates. In winter, the presence of seawater during load cycling would also lead to some additional dissolution. However, even though
these effects would result in more pronounced crack tip blunting, the arguments about its effects on fatigue behavior still apply,
and it is unlikely that blunting significantly retard further crack growth.

The absence of the corrosive environment during the fatigue phases is furthermore likely to push lifetime results in a non-
conservative way compared to in-service conditions for mooring chains. Nevertheless, applying alternating corrosion and fatigue
phases is seen as a practical way of investigating qualitative effects on crack development of the relevant seasonal extreme load
variations during corrosion fatigue.

In order to stay within the load limitations of the fatigue rig used in TP1, specimen dimensions had to be kept relatively small.
Consequently, as a result of reducing the specimen cross sections with each corrosion phase, the surface stresses in the notch grew.
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Fig. 20. Longitudinal notch surface stresses calculated by FEA after removal of material layers with uniform depths. The depths of the removal of material are
corresponding to estimated removed material from corrosion phases. The stresses have been normalized w.r.t. the stresses after precorrosion.

Fig. 21. Surface stress amplitude S-N plot of all specimens from the first fatigue phase of TP2. For the CONT specimens, the cycle count until 0.2 Hz load
frequency drop is shown. Unfilled markers show run-outs, and dashed lines connect measurements that were made on the same specimen.

An increasing notch radius also meant that the stress-raising effect of the notch extended deeper into the material. These increased
stresses, in addition to raised surface stresses from growing corrosion pits, promoted faster crack initiation. To yield conservative
results, no adjustments were made to the load during the course of the testing. Thus, in order to limit the increase of stresses in
the notch, corrosion phases had to happen relatively infrequently. Fig. 20 shows the nominal effect on the notch surface stresses
from the corrosion phases, calculated by FEA, assuming uniform material removal rates. For the specimen that underwent three
corrosion phases, a final change in stress of 6.0% was calculated. This might have had a substantial impact on the total fatigue
lifetime.

For TP2, the effect was less pronounced, with notch stresses for the ALT specimens being only 1.4% higher after the corrosion
phase, assuming that 0.1 mm of material was removed uniformly across the surface during this phase.

Because of the larger dimensions of mooring chains, the same material removal rates as used in these tests will, of course, have
less effect on chain surface stresses than in the specimens.

To give the reader a sense of the stress levels used in TP2, measured cycle counts for the first fatigue phase of all TP2 specimens
have been compiled in 𝑆–𝑁 format in Fig. 21. This means, for the CAL specimens, all cycles until they were cracked open in liquid
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Fig. A.22. FEA models used in the current work.

Table B.2
TP1 specimen positions and measured lifetimes. Positions refer to Fig. 1.

Specimen ID Link ID Position on link 𝑁/cycles No. of corrosion phases (after precorrosion)

TP1-CONT-1-1 1 1 417,758 N/A
TP1-CONT-1-12 1 12 498,589 N/A
TP1-CONT-1-14 1 14 306,174 N/A
TP1-CONT-2-4 2 4 1,328,576a N/A
TP1-CONT-2-6 2 6 316,096 N/A
TP1-CONT-2-8 2 8 174,610 N/A
TP1-CONT-2-14 2 14 277,691 N/A
TP1-ALT-1-5 1 5 509,112 3
TP1-ALT-1-6 1 6 313,607 2
TP1-ALT-1-9 1 9 196,800 1
TP1-ALT-1-10 1 10 320,370 2
TP1-ALT-1-15 1 15 247,110 1
TP1-ALT-2-5 2 5 415,814 2
TP1-ALT-2-12 2 12 228,170 1
TP1-ALT-2-15 2 15 328,721 2

aRun-out because of failure in the threads.

nitrogen. For the CONT specimens, the cycles until 0.2 Hz frequency drop are shown, and for the ALT specimens, the cycles endured
at load 18% above LL1. Surface stress amplitudes have been calculated by FEA. The load levels in TP2 were chosen by means of
gradually stepping up the load for a few run-out CAL specimens until load frequency drops could be observed. In the figure, results
from the step-up of load have also been included. All markers connected by dashed lines represent the same specimen. From the
large scatter at medium loads, it may seem that the final testing loads are just above the fatigue limit — or at least a lifetime regime
governed by a gentler-slope 𝑆–𝑁 curve.

5. Conclusions

In the current study, two test programs of alternating corrosion and fatigue phases on R4-grade steel were conducted to replicate
seasonal load variations on offshore mooring chains in service. One was on the effect of periodic phases of corrosion on fatigue
lifetime of precorroded specimens. Here, corrosion was accelerated by anodic polarization. The other was on the effect of eight
months of natural corrosion on the remaining lifetime of specimens with fatigue cracks.

For the specimens in the first test program, no significant difference in mean lifetime was registered compared to the reference
group that was fatigued in air. Extensive blunting of shallow fatigue cracks in a few specimens did not seem to retard further crack
growth to a large degree. However, in the majority of the specimens, cracks grew deep during fatigue phases, largely restricting
any effect from accelerated corrosion processes at the crack tip during the following corrosion phase. Thus, accelerated corrosion is
deemed unsuitable for studies of effects of natural corrosion on cracks. A weakness in the current test setup was that surface stresses
were increased with each corrosion phase, promoting faster crack initiation in the specimens undergoing corrosion phases than in
the reference group.

In the second test program, contrary to what was expected, no large extending effect on remaining lifetimes from crack tip
blunting by natural corrosion was registered. However, the conclusion that a fatigue crack blunted by corrosion is as critical as a
sharp one is supported by observations in the literature. This implies that any potentially retarding effects on crack growth likely
result from other mechanisms.
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Table B.3
TP2 specimen positions, load levels and measured crack sizes and lifetimes. Positions refer to Fig. 6.

Specimen ID Position on link Load level 𝐴c/mm2 Depth of deepest
crack/mm

Frequency drop
before corrosion/Hz

𝑁/cycles (𝑁 − 𝑛)/cycles

TP2-CAL-6 6 1.18 × LL1 6.77 1.1 −1.1 122,515 N/A
TP2-CAL-8 8 1.07 × LL1a 3.35 1.19 −0.44 167,147 N/A
TP2-CAL-11 11 1.03 × LL1 5.5 1.58 −0.77 215,515 N/A
TP2-CAL-12 12 1.18 × LL1a 2.04 0.71 −0.24 87,903 N/A
TP2-CAL-15 15 1.03 × LL1a 6.67 1.47 −1.17 220,686 N/A
TP2-CAL-16 16 LL1 4.49 1.34 −0.58 348,815 N/A
TP2-CONT-3 3 LL2 N/A N/A −20 175,598 N/A
TP2-CONT-4 4 LL1 N/A N/A −20 396,688 N/A
TP2-CONT-5 5 LL2 N/A N/A −20 168,905 N/A
TP2-ALT-1 1 LL2 N/A N/A −0.34 95,700 41,470
TP2-ALT-2 2 LL2 N/A N/A −0.43 89,503 35,664
TP2-ALT-7 7 LL2 N/A N/A −0.79 114,790 29,110
TP2-ALT-9 9 LL2 N/A N/A −1.05 108,092 28,243
TP2-ALT-10 10 LL1 N/A N/A −1.06 116,604 33,940
TP2-ALT-13 13 LL1 N/A N/A −0.33 102,938 43,670
TP2-ALT-14 14 LL1 N/A N/A −0.65 123,372 40,203

aLast applied load level. Specimens also sustained significant numbers of cycles at lower load levels. See Fig. 21 for details.

Fig. C.23. Macrographs of fracture surfaces of specimens from TP1. Codes on the figure refer to the specimen IDs stated in Table B.2.
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Fig. C.24. Macrographs of fracture surfaces of specimens from TP1. Codes on the figure refer to the specimen IDs stated in Table B.3. The CAL specimens were
submerged in liquid nitrogen and cracked open after fatiguing to different crack depths. The ALT specimens were cracked open in ambient temperature after
fatiguing until 20 Hz load frequency drop. Fracture surfaces of some CAL specimens were damaged by corrosion in air during storage. Specimens TP2-ALT-1 and
TP2-ALT-2 were fatigued until unstable fracture at load frequency drops between 20 and 25 Hz, instead of terminating the fatiguing at 20 Hz drop. However,
the cycle count at 20 Hz drop was used for lifetime evaluations.
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Appendix A. FEA methodology

All FEAs in the current work was performed using the Abaqus 2017 software and 3D solid models. Material properties for
R4-grade steel was implemented in the form of a monotonic material model from [36].

The meshed FEA models are shown in Fig. A.22. For TP1, the whole specimen was modeled. As boundary condition, one end
surface of the specimen was fixed. The axial load was applied on the other end surface, while forcing this surface to remain plane.
Quadratic-order tetrahedron elements (C3D10) was used in and around the notch. The element length was 0.39 mm in the tangential
direction of the notch. Thus, each element covered a 7◦ sector of the notch profile. The total element count in the model was 332,730.
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In TP2, the two planes of symmetry were utilized to model only one quarter of a specimen. In the location of the support rollers
(see Fig. 10), vertical translations were fixed. The load was applied along a non-deformable line at the center of the specimen,
representing the load punch. Linear-order hexahedron elements (C3D8) were used in the model. The element length in tangential
direction of the notch was 0.11 mm, covering 4◦ of the notch profile. The total element count was 12,090.

For calculating stresses after corrosion phases, specimen dimensions were changed accordingly, and the models were remeshed.

Appendix B. Specimen details and lifetimes

See Tables B.2 and B.3.

Appendix C. Macrographs of fracture surfaces

See Figs. C.23 and C.24.
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