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This paper presents a computational fatigue assessment method of mooring chains under tensile
loading, it is composed of a mechanical analysis followed by a fatigue analysis. The mechanical
analysis is performed in two steps: residual stress prediction and service loading. From this
analysis, the shakedown cycle is extracted at the critical points, ie: the asymptotically stabilized
stress-strain cycles. As the mooring chain under service loading is under elastic shakedown, the
Dang Van fatigue criterion is applied for the fatigue analysis. The accuracy of the proposed
fatigue assessment method is proved by comparing with the experimental results from full-scale
fatigue testing of mooring chain in seawater. The numerical results match both the experimental
observations with respect to the localization of the damage zone and the lifetime.

1. Introduction

Mooring system are designed to keep dynamically floating structures on a fixed geographical position within a specified tolerance.
Mooring systems have been traditionally used by the Oil and Gas industry for production units (FPSO) and have recently found
application in the Offshore Renewable Energy Industry, as for example in mooring floating wind turbines. For both industries, the
failure of the mooring system can give rise to large accidents with devastating economic losses as well as dramatic environmental
consequences. Mooring systems are generally composed of a series of lines each of them composed of 3 sections: chain links in the upper
(at the interface with the vessel) and bottom sections (sea bed touch down area) and polyester or wire rope in the central section.

During the last decade, the increasing number of mooring incidents has risen a concern among Oil and Gas companies. The
following graph (Fig. 1) reveals an upwards trend of the number of failures or pre-emptive mooring line replacements between 1997
and 2013. This graph displays data gathered from a survey among Oil and Gas companies conducted by Fontaine et al. [1]. Con-
firming this trend, Kvitrud [2] reported 15 failures of offshore mooring lines in the Norwegian North Sea between 2011 and 2013.
More details of some of these failures can be found in [1–4].

Several authors [1–6] have identified fatigue at the origin of various incidents and accidents that resulted in the failure of the
chain links. They reported that statistically, fatigue is the most frequent failure mechanism, followed by overload and damage during
installation. Consequently, understanding the factors governing fatigue behaviour and developing efficient and robust fatigue as-
sessment methods represents a challenge for industry. Within service loading, two particular loading configurations have been
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identified and are actually accepted as standard fatigue failure modes: Tensile loading and Out-of-Plane Bending (OPB).
In the last two decades, an important effort has been made for the understanding of the failure of mooring chains due to fatigue.

Some of the projects, both JIP (Joint Industry Projects) and academic, in this direction focus on: understanding Out-of-Plane Bending
[7–9], studying corrosion and its effect on fatigue life [10–12], assessing the remaining life of used chains [13], deriving S-N curves of
mooring chains accounting for corrosion [14], obtaining fatigue properties of mooring chain steel [15–17], quantifying residual
stresses and their impact on fatigue life [18–20] or provide guidance for underwater inspection and monitoring [5,21].

Let us provide a brief description of both fatigue failure modes. Out-of-Plane Bending of chain links was considered as the main
cause of the Girassol incident, as first identified by Jean et al. [8]. It was a premature failure of several chain links of the mooring line of
the loading buoy. The rupture occurred eight months after the installation and was not predicted by industry standards. Therefore, this
loading mode attracted the attention of several research programs and multiple publications can be found in the literature, see for
example [7,9,22–27]. Among this effort in understanding and quantifying Out-of-Plane Bending, it is worth mentioning a Joint Industry
Program (JIP) gathering 28 different companies whose objectives were a better understanding of Out-of-Plane Bending fatigue and
propose fatigue design recommendations, their main findings can be found in [7,9]. When this project concluded, Bureau Veritas issued
a guidance note with recommendations for better assessing the damaging effect of Out-of-Plane Bending [22]. However, these results
still do not provide a robust design and fatigue assessment method for this loading mode, they provide parametric formulas and Stress
Concentration Factors to estimate the stresses at the critical locations. Moreover, a drawback of their work is how they predicted
residual stresses. They did not account for all the stages of the manufacturing process that generate residual stresses. This simplification
can have a significant effect in the estimated lifetime, as already demonstrated by Martinez et al. [28].

Tensile Loading is the nominal loading mode. Current Standards (API-RP-2SK [29] and DNV-OS-E301 [30]) base the fatigue
assessment on S-N curves derived experimentally, without specifying the mean load for which they have been obtained and ne-
glecting the effect of the mean load. Nevertheless, recently it has been pointed out that mean load should be incorporated in the
fatigue assessment of mooring chains under tensile loading [13].

In spite of the research effort done in the last decade, we still do not dispose of a robust and comprehensive fatigue design method
for the lifetime prediction of mooring chains under both loadings. The design method must include the combine effect of mean load
and residual stresses. The latter should be measured experimentally or predicted accounting for all the relevant manufacturing stages,
and not only the last one.

In this paper, we shall show that one can define a computational design method for assessing the lifetime of mooring chains taking
into account essential features both of the manufacturing process and the multiaxiality of the load path in the stress space. From the
manufacturing process we have modelled heat treatment and proof loading, which has permitted and accurate estimation of the
residual stress field in the chain. Both the residual stress state and the multiaxiality of the loading cycle are taken into account by
Dang Van fatigue criterion [31,32]. Similar problem settings have already been proposed in the past for the fatigue life prediction of
rail tracks [33]or crankshafts [34], in both problems residual stresses have a non-negligible influence in the fatigue lifetime. The
originality of the present study lies essentially in adapting and interpreting classical notions, models and techniques in order to obtain
a reliable fatigue prediction for mooring chains. The discussion presented next is dedicated to Tensile loading of the mooring chains.
However, the generality of the proposed method permits a similar analysis of other loading conditions, such as Out-of-Plane Bending,
as well as the extension to variable loading using a stress-resistance approach [35–37].

This paper proposes a computational fatigue assessment methodology of mooring chains under tension loading accounting for
residual stresses. They were predicted studying all the stages of the manufacturing process. In a computational method, as commonly
practised in the industry [38], one can distinguish two steps:

(i) A mechanical analysis based on the knowledge of the geometry, the constitutive law, the boundary conditions, the manufacturing
process and the service loading, which will provide the cyclic response of the structure in terms of strain and stress.

(ii) A fatigue analysis based on the study of the stress-strain response computed before in each geometric point of the structure and the
assessment of the local elastic or plastic shakedown state or a ratcheting state and the application of an appropriate lifetime criterion.
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Fig. 1. Number of mooring legs failed or pre-empltuy during a five year period. Data from [1].
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An example of a complete approach can be found in [39]. The mechanical analysis has shown that the stabilized cycle of mooring
chains under tensile loading is of an elastic shakedown. Consequently, the Dang Van Fatigue Criterion [40] has been chosen for the
fatigue analysis.

This paper starts with an overview of mooring chains, i.e. geometry, material, service loading and its manufacturing stages. The
second section presents the mechanical analysis: residual stress prediction followed by service loading. Two different FEA (Finite
Element Analysis) models are described: Heat treatment model (which simulates the heat treatment of chain links during the
manufacturing process) and Tensile loading model. The third section reports the fatigue analysis implementing Dang Van fatigue
criterion. The last section compares the fatigue lifetimes derived previously with fatigue tests performed at TWI Ltd. as part of a Joint
Industry Program.

2. Mooring chain: structure and material

A mooring chain is composed of a series of interconnected links (see Fig. 2) which transmit the applied load from one link to the
next by direct contact. Mooring chains are manufactured out of hot rolled low alloy carbon steel. Engineering Standards (DNV-OS-
E302 [41] and IACS W22 [42]) define different grades of mooring chain steel. The difference between each grade relates to the
required mechanical properties. The newest material grades are R6 and R5S [43], although previous material grades, R5 and R4 are
still widely used today. In addition, no chain made of R5S or R6 is yet in service today. Mooring chain steels have high yield strength
compared to other low alloy carbon steels. Table 1 reports the mechanical properties for both steel grades measured by different
authors and the minimum values required by the Standard DNV-OS-E302 [41]:

The main steps in the manufacturing process or mooring chain links are (i) cutting of the length of the chain link out of a bar, (ii)
hot bending, (iii) flash butt welding of the extremities, (iv) heat treatment and (v) proof loading. We shall focus in the last two
operations, because as it will explained in the following section, they are the only ones relevant from a residual stress point of view.
The heat treatment stage is composed by double quenching in water, tempering and cooling in water. The temperatures of the first
and second quench are 920 °C and 880 °C respectively [16,17]. The resulting microstructure from heat treatment is fine grain
tempered martensite and bainite [15–17]. As a final operation before being putted into service, chains links must undergo a man-
datory proof load to check their strength and fitness for service, the value of the Proof load is established by the Standards [41,42]
and is specified to be about 70% of the static breaking load. For each of these steps, residual stresses are generated due to non-
homogenous strains and/or thermal gradients. The resultant residual stress field will be the superposition of residual stresses from
heat treatment and proof loading.

The nominal dimensions of the chain are given as a function of the diameter [42], as reported in Fig. 2. This figure also illustrates
the fatigue failure locations of chains under tension loading [13,20,44,45]. At both locations Stress Concentration Factor (defined as
the ratio between the maximal principal stress and the nominal stress; the latter computed dividing the total external force applied at
the chain by its cross section) take high values, approximatively a value of 4 [44].

One chain size has been considered in this study, a 127mm diameter. The Minimum Breaking Load (MBL) is the minimum load
that a chain segment of at least 3 chain links must withstand during 30 s without fracture [42], it is defined as a function of the
material grade and the diameter of the chain. The imposed fatigue loading will be referred as a percentage of the Minimum Breaking
Load (MBL). Table 2 presents the values of Proof Load and Minimum Breaking Load for the diameter (127mm) and material grades
studied in this paper.

Fig. 2. Nominal dimensions of a chain link and fatigue failure locations under tensile loading.

Table 1
Mechanical properties of mooring chain steel from the literature and minimum values required by engineering standard DNV-OS-E302 [41].

Material grade σ0.2%
Y [MPa] σU [MPa] Source σmin

Y [MPa] σmin
U [MPa] εf %

R4 896 959 [9] 580 860 12
880 1000 [20]

R5 970 1018 [17] 700 1000 12
1000 1100 [20]
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3. Mechanical analysis

As specified in the introduction, the first part of the computational design methods is the mechanical analysis. The first operation
within this part is the simplified modelling of the manufacturing process to predict residual stresses, after, service loading is applied
to derive the stabilized stress cycle. Two different FEA models have been employed:

(i) Heat treatment model: Simulates heat treatment
(ii) Tensile loading model: Simulates Proof load and Service loading.

Both of them have been computed using ABAQUS 6.14 and have the same geometry: two chain links accounting for one symmetry
plane. Nevertheless, they have different constitutive laws, the main characteristic of Heat treatment model is that it uses temperature
dependant material parameters, while Tensile loading model accounts for combined nonlinear hardening. This section is divided as
follows, first the modelling of the residual stress field remaining after manufacturing is described. Second, the FEA models are
presented. Third, the predicted residual stress field after heat treatment and at the end of the manufacturing process is presented.
Finally, the stabilized response of the chain when subjected to service loading is illustrated.

3.1. Manufacturing residual stress prediction

Different models for predicting residual stresses in mooring chains can be found in the literature, to mention a few [18,20,46]. All
these models only considered proof load as source of residual stresses. They assumed that after heat treatment mooring chain links
were residual stress free, however it is widely accepted that in quenched cylinders heat treatment leaves considerable compressive
residual stresses at the surface and tensile at the core [47–50]. In addition, tempering partially relaxes the residual stress distribution
left by quenching. In order to overcome this, Martinez Perez et al. [28] presented a model that accounted for both heat treatment and
proof loading as sources of residual stresses. This model has been used in this study.

As described before, mooring chain manufacturing involves several steps during which residual stresses are generated due to non-
homogenous strains and/or thermal gradients. The initial temperature of the second quench is above the temperature at which
austenite stops forming (Ac3), it can be assumed that the residual stresses created in the previous stages (hot bending of the chain,
welding and first quench) are relaxed. Consequently, only the last stages of the manufacturing process, second heat quench, tem-
pering and proof loading have been modelled:

- Step 1: Quenching. Starting at the quenching temperature, the chain is cooled down in water. The water bath is continually
refrigerated; therefore, the temperature of the water has been considered to be constant.

- Step 2: Tempering. The chain is heated until tempering temperature is reached.
- Step 3: Water Cooling. The chain is cooled down in water until room temperature.
- Step 4: Proof Load. The value of the Proof Load depends of the material grade and the chain diameter, it has been indicated in
Table 2.

- Step 5: Unload. Proof load is removed and residual stresses from heat treatment and Proof load remain in the chain.

Residual stress prediction has been subdivided in two models, heat treatment (Steps 1, 2, 3) simulated by Heat treatment model
and proof loading (Steps 4,5) simulated by Tensile loading model.

3.2. Heat treatment model (steps 1, 2,3)

Quenching and tempering are multiphysics processes where the temperature field, the microstructure and the stress/strain field
interact between each other in a complex manner. Heat transfer is the main physical process which drives heat treatment by triggering
phase transformation and the formation of thermal stress/strains. In the model presented in this paper, no phase transformations have
been taken into account. By neglecting phase transformations, the computational cost of the fatigue assessment is kept under a rea-
sonable level. The validity of this assumption was checked qualitatively against residual stress measurements on small quenched
cylinders, more information can be found in [28]. The assumption that the thermal problem is uncoupled from the mechanical problem
has been made, the contribution of inelastic dissipation to heating and heat transfer by means of conduction in the contact zone between
chain links have been neglected. No contact interaction has been considered in this model. This model has two different analyses:

First, a Heat Transfer analysis is run for obtaining the thermal profile. During the first and third step, the interaction between the
chain and water is complex. When the chain is immersed the following process is triggered. First, a water blanket appears, then

Table 2
Minimum breaking load and proof load for a 127mm chain. Source DNV-OS-E302 [41].

Diameter (mm) Material grade Proof load (kN) Minimum breaking load (MBL) (kN) Nominal stress under MBL(MPa)

127 R4 10,479 14,955 590.3
R5 12,171 17,466 689.4
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nucleate boiling takes place and finally convective cooling occurs. In order to account for this mechanisms, a temperature dependent
heat transfer coefficient taken from the literature [50] has been used.

Second, the obtained thermal profile was exported to a Stress analysis for predicting the resultant residual stress field. The
mechanical fields are defined by an elastoplastic constitutive law under the hypothesis of small strains and the equilibrium equation:

=div 0 (1)

The mechanical field is defined as follows:

= C( )p th (2)

= f A( )p (3)

where εth and εp are the plastic and thermal strain tensors respectively, C is the fourth order elasticity tensor (defined by the Young
moduli and the Poisson ratio). The values of γ and Ap are defined by a von Mises equivalent stress yield criterion and the assumption
of isotropic hardening behaviour:

=A devp (4)

= J A
3

2
( )p2 (5)

where J2(Ap) is the second invariant of the deviatoric stress tensor.
The model has two temperature dependent parameters, the Young moduli (E)and the yield limit, which are presented in Fig. 3,

more information can be found in [28].

3.3. Tensile loading model: proof loading (steps 4,5) and service loading

This model predicts the final residual stresses field after Proof load and the stabilized stress cycle when service loading is applied.
The predicted residual stress field from the heat treatment stage is incorporated as an initial state before Proof loading analysis. The
material behaviour was modelled as elastic-plastic with combined non-linear isotropic and non-linear kinematic hardening. The yield
surface is given by von Mises equivalent stress yield criterion:

=F f ( ) 0 (6)

The isotropic hardening is given by:

= + Q b| [1 exp( )]p
0

0 (7)

where σ0 is the flow stress, σ|0 is the initial yield stress and Q∞ the asymptotic value of the flow stress, b the isotropic hardening
exponent and C, are material parameters.

The kinematic hardening is described by:

= C
1

|
( ) p p

0 (8)

where C and γ are material parameters and p represents the equivalent plastic strain rate and can be written as a function of the
plastic strain rate as follows:
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Fig. 3. Temperature dependent mechanical properties.
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=

2

3
:p p p (9)

This model has six material parameters, σ|0, Q∞, b, C, and γ. For R4 steel grade they take the can be found in [9] and are presented
in Table 3:

The geometry of this model is presented in Fig. 4:
An important characteristic of this model is the formulation of the contact between chain links. From a physical point of view,

when contact takes place, a normal force to the surface of contact and a shear force are transmitted. Contact is intrinsically a
nonlinear phenomenon. The contact pressure between the contact surfaces is defined as a function of the penetration distance
between the contact surfaces. Hard contact definition has been chosen, it does not allow the transfer of tensile stress across the
interface nor penetration between contact surfaces. It has been enforced using penalty method, which allows some small penetration,
consequently improving the convergence rate. Moreover, the penetration distance is generally negligible.

Shear force is defined by the frictional model. Fiction between chain links has been modelled as an isotropic Coulomb law.
Experiments have illustrated that friction coefficient μ is close to 0.3 in salt water and 0.5 in air [8]. A friction coefficient of 0.3 has
been used in this study.

The geometry has been meshed with 3D solid quadratic elements with reduced integration (C3D20R). Compared to linear ele-
ments, they have a higher computational burden, although when subjected to bending they capture stress concentrations better and
are more accurate. As shown in Fig. 4, the right hand side link (where the load is applied) has been meshed with a finer mesh,
especially at the potential fatigue failure locations (Kt Point, the Crown, these locations are reported in Fig. 2). This has two ad-
vantages, the first one it reduces the memory requirements of the analysis, the second one, it improves the contact convergence rate
between chain links, since a finer mesh of the slave part will avoid penetration and improve convergence.

3.4. Results: residual stresses after heat treatment

A contour plot of the hydrostatic stress (Let's recall that is defined as the average of the trace of the stress tensor) remaining after
quenching is displayed in Fig. 5. The figure highlight's that after quenching high compressive residual stress (the value is near the
yield strength of the steel, reported in Table 1) remains at the surface while tensile at the core. This distribution is characteristic of
quenched cylinders, as reported by different authors [47–49]. Aligned with this, Fig. 6 presents the residual stress distribution in a
cross section of the chain link expressed in local cylindrical coordinates. Again, compressive residual stresses are found at the surface
and tensile at the core. This figure highlights the multiaxiality of the residual stress tensor.

For fatigue analysis, residual stresses are specially of interest at the surface. Fig. 7 illustrates the evolution of the stress in the hoop
direction at the Crown. At the end of the quench, high compressive residual stresses remain in the chain surface. Fig. 7 reveals that
when the chain is tempered the material softness and residual stresses are partially relaxed. Heat treatment ends with water cooling,
which has a similar effect as quenching, it generates compressive residual stress at the surface. Finally, it is worth reminding that

Table 3
Non-linear combined hardening parameters. Source
[9].

Parameter Value

σ|0 723.6MPa
Q∞ −141.6MPa
B 1.42
C 2.4410E+5MPa
γ 1379MPa

Fig. 4. Geometry and boundary conditions of FEA model.
The boundary conditions are the following:
Sections B-B’: Symmetry boundary conditions.
Sections A-A’ are coupled with the reference point P. The displacements of this point are restrained in all the directions except the direction of the
applied load F. The external loading is applied at reference point P. The value of the Proof load has been specified in Table 2.
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phase transformation have not been accounted, the effect of phase transformation would be to reduce the magnitude of the com-
pressive thermal stresses at the surface [51], although this reduction is not expected to vary significantly the predicted results. As said
before the microstructure of mooring chain steel is composed of martensite and bainite [15–17].

3.5. Results: final residual stress field after manufacturing (tensile loading model)

After heat treatment and Proof load significant compressive residual stresses remain at the Crown and the Kt point, as illustrated
by Fig. 8. Let's recall that these are the locations where fatigue failure take place. In addition, residual stresses are more compressive
at Kt point than at the Crown. Unlike the von Mises stress, hydrostatic stress gives information about the nature of the stress
distribution, compressive or tensile. The figure also reveals that high tensile residual stresses are found at the boundary of the contact
zone and at a location midway between the intrados and the extrados of the link's axis. Those locations with high tensile residual
stresses have already been identified by Bastid and Smith [20], although they only took into account Proof load as source of residual
stresses.

Fig. 9 highlights that as expected, there is no relative displacement between contact surfaces of the chain links during Proof load.
Furthermore, it also shows that high normal contact forces are predicted.

Fig. 5. Hydrostatic residual stress distribution after quench.

Fig. 6. Residual stress distribution after quenching at the mid section of the chain link expressed in local cyclindrical coordiantes.
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3.6. Results: service loading (Tensile loading model)

Residual stress prediction is followed by the analysis of service loading, it is the last stage of the mechanical analysis. The aim of
this analysis is to derive the asymptotic response of the chain when subjected to fatigue loading.

Service loading is defined as the external force applied to the chain links and characterized by a periodic function. It has been
referred as a percentage of the Minimum Breaking Load (MBL) of the chain, reported in Table 2. Fig. 10 presents the stress versus
strain at the crown under proof loading, unloading and service loading. Service loading corresponds with a mean load of 20%MBL
and a load amplitude of 8%MBL. The graph highlights that the chain reaches a stabilized state of elastic shakedown.

4. Fatigue analysis

The Dang Van fatigue criterion has been selected for the fatigue analysis. It has already been used for the fatigue assessment of
mooring chains under OPB [7,9].

Fig. 7. Evolution of thermal stress in the hoop direction at the crown during heat treatment.

Fig. 8. Hydrostatic and von Mises Residual Stress distributions after Heat treatment and Proof load.
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4.1. Dang Van fatigue criterion

The Dang Van criterion [31,32] defines the fatigue damage as a linear combination of the maximum mesoscopic shear stress and
the hydrostatic stress. It states that fatigue failure will not take place if the following inequality is satisfied.

+ <t a t bmax[ ( ) ( )]
t

h (10)

where:τ(t): Maximum mesoscopic shear stress.σh(t): Hydrostatic stress.a and b are material parameters.
Dang Van criterion is an endurance criterion. Nevertheless, it can be also be implemented for finite fatigue life [52–54] by

defining material parameters a and b as a function of the number of cycles to failure.
Engineers work with macroscopic stresses (for example obtained from FEM calculations). Under the assumption of elastic sha-

kedown at the macroscopic scale and based on Lin-Taylor hypotheses, Dang Van derived a change of scale expression that enables to
derive mesoscopic stresses from macroscopic ones:

= t S( ) (11)

where: : Stress tensor at mesoscopic level.σ(t) :Stress tensor at the macroscopic level in the elastic shakedown state.S∗: Represents
the local residual stress state and characterizes the local stress fluctuation at the mesoscopic level. Under elastic shakedown, it is time
independent and can be computed as the centre of the smallest hypersphere that circumscribes the path of the stress deviator.

The effect of mean stress is accounted in Eq. (10) by the term hydrostatic stress.
A description of the implementation of the Dang Van criterion is presented in Appendix A.

Fig. 9. Contact beteeen chain links during Proof load.

Fig. 10. Stress-Strain in the Hoop direction during Proof Load and Service loading (20% MBL mean load and 8% MBL load amplitude).
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4.2. Fatigue prediction: mean load: 20%MBL, load amplitude: 8%MBL

The fatigue lifetime prediction corresponding to a cyclic loading of 20%MBL load amplitude and 8%MBL mean load is presented.
Fig. 11 presents the Dang Van diagrams for the locations that govern fatigue lifetime, Kt and the Crown (presented at Fig. 2).

Fig. 11 reveals that for the loading considered, the Crown is the location determining the fatigue lifetime of the chain. Also, it can
be concluded that the Crown and Kt have the same maximum mesoscopic shear stress, they are only differentiated by the hydrostatic
stress (which accounts for the combined effect of mean load and residual stresses). Fig. 12 presents the Dang Van load paths for both
locations with and without accounting for residual stresses.

Fig. 12 highlights how residual stresses from the manufacturing process delay the fatigue failure by shifting towards the left the
Dang Van path. This effect is more significant at Kt than at the Crown.

5. Comparison with experiments

The predictions derived from the fatigue assessment method have been compared with experimental data. The comparison has
been done in two different stages. First a qualitative comparison has been performed. The criterion has been applied at all the nodes
of the surface of the chain link. The aim is to check whether the predicted fatigue failure locations, by Dang Van criterion, correspond
with the locations where chains are known to fail (Kt point and the Crown, both reported in Fig. 2). Second, the predicted fatigue
lifetimes have been compared against the lifetimes obtained from fatigue testing of mooring chains under saline water flow.
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5.1. Qualitative comparison

As described in Annex A, the use of BFGS optimization method has enabled to apply the Dang Van fatigue criterion at 11960
nodes in less than 4min using a standard desktop computer. For each node, the following damage indicator was computed:

=
+

C
t a N t b N

b N

max[ ( ) ( ) ( )] ( )

( )
DV

H

(12)

Fig. 13 presents a contour plot of the Dang Van fatigue damage parameter. Surprisingly, it unveils that the two most critical
locations were neither the Kt point nor the crown, they are the region at the boundary of the contact zone (Region 1) and the region
midway between the intrados and the extrados of the link axis (Region 2). Fig. 14 illustrates the Dang Van load path for the locations
reported in Fig. 13.

Fig. 14 highlights that at the boundary of the contact zone (Region 1) and midway between intrados and extrados of link's axis
(Region 2) hydrostatic stress is significantly bigger compared to mesoscopic shear stress amplitude. This fact can be explained by
looking the values of residual stresses at these locations. As already reported in Fig. 8, residual stresses take high tensile values at
Region 1 and Region 2. Moreover, this is in agreement with the results from Bastid and Smith [20], who predicted principal residual
stresses of 1512MPa and 710MPa at Region 1 and Region 2 respectively by means of elastic-plastic finite element analysis. They only
accounted for residual stresses from proof loading. At first, it could be considered that these high values were predicted because heat

Fig. 13. Contour Plot of the Dang Van Fatigue damage parameter and Zoom in at the boundary of the contact zone.
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treatment has not been accounted for. In fact, when heat treatment is considered, these values are reduced, but are still important. For
a 127mm R5 chain the predicted residual stress values accounting for heat treatment and Proof loading are 625MPa and 450MPa at
Region 1 and Region 2 respectively. In other words, even if heat treatment is considered in the prediction of residual stresses, high
tensile residual stresses are still derived at both regions.

Dang Van Fatigue criterion is of phenomenological nature. Similar to critical plane methods, it is based on the mechanisms that
govern fatigue crack initiation. It considers that crack initiation is driven primarily by shear stress amplitude, having hydrostatic
stress a secondary although important role. Susmel et al. [55] addressed that when the ratio between maximum normal stress and
shear stress amplitude relative to the critical plane attaints an upper value, critical plane criteria have no longer physical sense. In
other words, failure is not governed any more by the mechanisms which are the base of critical plane methods. The critical plane
stress ratio is defined as follows:

= /n max a, (13)

The mechanisms that govern static failure are different from the mechanisms of fatigue failure. When ρ takes high values, we are
closer to a static problem rather than to a fatigue problem. In these cases, lifetime will not be governed anymore by shear stress
amplitude. Critical plane approaches can be applied as long as the critical plane stress ratio remains below a certain value, in other
words, as long as shear stress amplitude is significant compared to mean stress.

Susmel et al. [55] derived an equation to obtain the limit value of the critical plane stress ratio, although the expression of this
ratio might change from one criterion to another, it gives an initial approximation of a threshold for which critical plane approaches
can be used. The limit value is dependant of the material fatigue material properties, and is the defined as follows:

=

2
lim

A

A A

,

, , (14)

In the case of R5 grade for corroded specimens and a fatigue lifetime of 10E6 cycles, the limit value is around 1.81. The critical
plane stress ratio was calculated for Region 1 and Region 2, obtaining values of 35 and 6.5 respectively. Therefore, at these locations
critical plane should not be used, they do not have a physical sense since shear stress amplitude is small compared to normal stress, as
already reported in Fig. 14. Moreover, at these locations, there is a competition between the negative effect of damage and the
beneficial effect of hardening [56]. In addition, the Dang Van locus should be modified at the high hydrostatic region, it should be
derived from fatigue tests performed on notched specimens and account for the positive effect of hardening [57].

Excepting Region 1 and Region 2, the most critical locations according to the Dang Van fatigue criterion are the Crown and Kt. In
fact, for a 20%MBL mean load, the Crown was found to be the location governing the fatigue lifetime of the mooring chain links. This
was confirmed by fatigue testing (more details are provided in the following section), most of the fatigue failures occurred at the
Crown. These failure locations under tension loading are in agreement with the literature [14,44]. Fig. 15 and Fig. 16 report fatigue
cracks that led to failure at Kt Point and the Crown respectively.

5.2. Quantitative validation: comparison with experimental results

As part of a Joint Industry Project lead by TWI Ltd., fatigue testing of mooring chains under saline solution flow has been
performed. The fatigue results have been compared with the predicted fatigue lifetimes by the computational fatigue assessment. A
127mm R5 chain has been tested at different mean loads and load amplitudes ranging between 3.75%MBL and 8%MBL. In this
project, full scale fatigue testing of mooring chain was carried out in air and 3.5% NaCl solution under tension-tension loading, at
loading frequencies between 0.2 and 0.5 Hz at a temperature around 10 °C. Each chain segment was composed of seven links. Once a
link failed, it was replaced with a Kenter link to continue the tests till three link failures in each segment had been achieved. Most
tests were achieved at a mean stress equal to 20%MBL, while one test at a 10%MBL.

The predicted fatigue lifetimes by the computational fatigue assessment have been compared with experimental results.

Fig. 15. Fatigue crack at the Kt position.
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5.2.1. Mean load 20%MBL
Different load amplitudes have been tested at a 20%MBL mean load, in total 48 test were carried out. The difference between the

logarithmic values of the estimated and predicted lifetimes is presented at (Fig. 17) under the form of a histogram. The distribution of
the error has been fit with a normal distribution. The mean value of this distribution is 0.05 while the standard deviation is 0.13.
Consequently, on average Dang Van fatigue criterion tends to predict fatigue lifetimes that are 1,12 times lower (therefore con-
servative) than the experimental fatigue results. Moreover, a small standard deviation indicates that the estimation error tends to be
concentrated near the mean value.

5.2.2. Mean load 10%MBL
As already reported by Martinez Perez et al. [58], mean load has an influence in the fatigue performance of mooring chains. For

low mean loads, (for example 10% MBL), they suggested to use the modified Dang Van locus proposed by Desimone et al. [59], who
modified the Dang Van locus by dividing it in two parts. For positive hydrostatic stresses the locus remains unchanged, while for
lower hydrostatic stress values the locus becomes horizontal (Reported in Fig. 18). This modification is a conservative approach
which avoids overestimating the predicted fatigue lifetime for high compressive mean stresses, which is a drawback of the Dang Van
fatigue criterion, already pointed by different authors [60–63].This modified Dang Van locus has been applied by different authors
for studying Rolling Contact fatigue [61,63].

For a 10%MBL mean load, the fatigue lifetimes predicted by both locus (the original proposed by Dang Van [31,33] and the
modified locus proposed by Desimone [59]) are reported in Fig. 19.

Fig. 19 highlights the difference between the fatigue lifetime predicted by both loci. When the modified conservative locus
proposed by Desimone et al. [59] is applied, the definition of the failure location is ambiguous, since at both locations the maximum
mesoscopic shear stress takes the same value. In other words, the chain is likely to fail indistinctively at the Crown or Kt. Only one
fatigue test at a low mean load was performed. The Modified Conservative Locus by Desimone et al. [59] matched better with the
experimental result, being the difference of the logarithms of the predicted and measured fatigue lifetime less than 0.075.

Fig. 16. Fatigue crack at the Crown.

Fig. 17. Histogram of the Dang Van Prediction for a 127mm R5 chain link under a 20%MBL mean load.
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6. Conclusion and discussion

This paper has addressed the fatigue lifetime prediction of mooring chains under tension loading from a global approach. First, a
residual stress prediction accounting for the manufacturing has been performed. Second, cycling loading has been imposed for deriving
the stabilized response of the chain. Finally, the Dang Van criterion has been applied. The following conclusions have been drawn:

- For mooring chains working at high mean loads (20% MBL) the Dang Van criterion has yielded fatigue predictions that are close
to experimental results. This has been concluded after comparing the predicted lifetimes with 48 fatigue tests.

- For mooring chain working at low mean loads (10%MBL) the Modified Conservative Locus proposed by Desimone et al. [59] gave
a fatigue prediction closer to experimental results than the original Dang Van locus. Desimone et al. [59] considered that the
beneficial effect of compressive residual stresses on the fatigue lifetime is bounded. However, it is important to keep in mind that
only one fatigue test was performed at a low mean load. More fatigue testing both in chains and in small specimens should be done
in order to understand better the behaviour at the region of high compressive hydrostatic stress values.
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Fig. 18. Original and Modified Dang Van Locus for the compressive hydrostatic stress region.
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Appendix A. Implementation of the fatigue criterion

The fatigue analysis has been performed by post processing the results from the mechanical analysis with MATLAB. There are
three aspects to which attention has been paid in order to apply the criterion accurately and in a reduced computational time. The
first one, relates to the mathematical points at which the criterion is applied, the second one, how to derive mesoscopic stresses from
macroscopic ones. Finally, the third one, the calibration of the material parameters a and b of the fatigue criterion.

Because of the high stress gradient predicted in the region of the Kt point (as illustrated in Fig. 8), the value of the stress at the
integration point is not representative of the peak stress at the element. The stress values extrapolated at the nodes of elements with
quadratic interpolation were thought to be more reliable for this analysis, Consequently, in this study, the fatigue criterion has been
applied at the nodes, rather than at the integration points.

From a calculation point of view, when solving Eq. (11) the main challenge is to obtain S∗. It can be calculated through com-
putational geometry [64] although most of the applications in the literature use optimization methods (for example [52,65–67]) or in
textbooks [68], and obtain as S∗:

=S s sminmax
s t (A.1)

In this study BFGS optimization method has been used for solving Eq. (A.1).The MATLAB code HANSO [69], available at [70],
which is based on BFGS method but performs an inexact line search has been employed. This method is fast in terms of computational
time. Moreover, unlike other optimization methods, for example Nelder-Mead Simplex [71], it provides good results when the
smoothness of Eq. (4) is not guaranteed. Another advantage of this methods is that since it uses the information provided by the
gradient, it requires less iterations to converge than Nelder-Mead Simplex. To our knowledge BFGS has not been used before in the
context of fatigue analysis, nevertheless it has enabled a fast fatigue assessment of the chain link, taking less than 4min to analyse
11,960 nodes.

As a final aspect to be considered, is the calibration of the criterion. The predicted lifetimes depend on the material parameters a
and b. These parameters can be obtained from simple test on small specimens, for example alternated tension and alternated torsion.
In this case, the expression of the parameters is the following:

= =a N b N( ) ( )
N

N
2

3

N

N

where:

τN: Alternated torsion fatigue strength for N cycles.
σN: Alternated tension fatigue strength for N cycles.

Mooring chains work in a corrosive environment, seawater. Consequently, fatigue properties accounting for corrosion should be
used for deriving material parameters a and b. The assumption that a remains constant with the number of cycles has been made. This
assumption is commonly made when applying Dang Van for finite fatigue life [52,53]. For mooring chain steel under corrosion it
takes a value of 0.55 [9]. Therefore, only b remains to be calculated, it can be rewritten as a function of a and the alternated fatigue
strength as follows:

= +b N a( )
3 2

N N

There are two different approaches for deriving fatigue properties (alternated torsion and tension fatigue strengths) accounting
for corrosion, the first one is to pre-corrode specimens (for example following the standard EN ISO 9227) and perform fatigue testing
in air, the second one is to perform the testing under sea water flow. Corrosion is a time dependent phenomenon, for a given loading
conditions, decreasing testing frequency is expected to decrease the fatigue lifetime. Just to give an example, Endo and Miyao [72]
found that in the range of 1E6 and 1E7 cycles, varying the test frequency from 42.5 Hz to 4.08 Hz of a carbon low alloy steels tested in
a saline solution, decreased the fatigue lifetime by 50%.

The fatigue properties of R5 steel grade accounting for corrosion have been published by different authors, Perez Mora [19,20],
Fernandez et al. [14] and Arredondo et al. [73]. All the datasets were obtained from specimens under tension loading. On the one
hand, Perez Mora obtained fatigue properties of R5 steel of small specimens under sea water flow tested at 20 kHz and small pre-
corroded specimens tested on air. On the other and, the second and third authors presented fatigue tests on small specimens tested at
0.5 Hz. Following the discussion about the dependency of the fatigue properties on the test frequency presented before, the data from
Fernandez et al. [14] and Arredondo et al. [73] has been used. In addition, fatigue properties from a report [74] have also been
employed for calibrating the Dang Van fatigue criterion.

A slope of 3 (value recommended by API-RP2SK [29] and DNVGL- OS- E302 [41] for mooring chain steel under sea water) has
been used for interpolating the fatigue limit as a function the number of cycles.
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