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A B S T R A C T   

The main objective of this work has been the validation of a methodology to assess fatigue crack propagation in 
offshore mooring chains under service conditions. For this purpose, analytical Stress Intensity Factor (SIF) so-
lutions with step-by-step application of the Paris law and the Extended Finite Element Method (XFEM) imple-
mented in the Abaqus® 2018 software have been studied. The fatigue crack propagation analysis is divided in 
two stages. First, a static analysis -pre-stretch and subsequent unloading-representative of the manufacturing 
process is performed. Next, the fatigue crack propagation simulation is performed under simplified loading 
conditions and taking into account the residual stresses induced in the previous analysis. Finally, analytical 
solutions, numerical simulations and experimental results have been compared. Results justify the use of the 
Extended Finite Element Method (XFEM) for fatigue crack propagation analysis in mooring chains.   

1. Introduction 

Offshore mooring chains of floating structures are subjected to 
various degradation phenomena, mainly fatigue and corrosion. In 
particular, knowledge of the fatigue phenomenon constitutes a major 
competitive advantage for these sectors that demand highly reliable 
components under severe working conditions. The higher the accuracy 
predicting the life of a component under fatigue condition the lower the 
maintenance and life cycle costs. Moreover, the product becomes more 
attractive and reliable. Consequently, mooring systems are designed 
considering both corrosion and fatigue by means of TN and SN curves 
(API RP 2SK, 2005) (DNV-OS-E301, 2021). However, these standards 
apply for intact chains and do not cover the presence and growth of 
fatigue cracks, which can endanger the safety of these components, as 
well as the integrity of the whole structure. 

In recent years, great efforts have been devoted to investigate the 
frequency, locations and main causes of failures in offshore mooring 
chains, as well as to develop inspection and certification needs (Brown 
et al., 2010) (Ma et al., 2013) (Gordon et al., 2014). These studies 
conclude that fatigue and corrosion are the main degradation phe-
nomena that affect chains. Hove (2016) studied fatigue crack growth in 
idealized corrosion pits combining global and local finite element 

models. However, the research is limited to the crown of the chains, and 
the crack paths and shapes are predetermined. Crapps et al. (2017) 
presented the strength assessment of degraded mooring chains based on 
laboratory break tests and finite element simulations of degraded chains. 
The paper discusses the strength capacity of mooring chains, but it does 
not discuss fatigue endurance of degraded chains. Ibekwe et al. (2018) 
studied the crack growth as part of the remnant life assessment of 
mooring chains. They compared reference versus 3D scanned geome-
tries and they applied the real load histogram. However, residual 
stresses were ignored, and the crack front was fixed to straight shape. 

In this work, both numerical methods based on finite element com-
putations and simplified analytical methods have been used to evaluate 
crack growth behaviour. In particular, the Extended Finite Element 
Method (XFEM) implemented in the Abaqus 2018 software (Giner et al., 
2009) and the Stress Intensity Factor solutions proposed by Aursand and 
Skallerud (2021) together with a step-by-step calculation have been 
used. Finally, the results obtained by different methods have been 
compared with experimental results. Results justify the use of the 
Extended Finite Element Method (XFEM) for fatigue crack propagation 
analysis in mooring chains. 

Therefore, the main contribution of the paper is the validation of a 
methodology to assess fatigue crack propagation in prospective cracks of 
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offshore mooring chains under service conditions, which is not currently 
available in literature. 

2. Fatigue crack propagation analysis 

Fatigue crack propagation analysis has been performed by both nu-
merical and analytical methods. Regarding the numerical methods, the 
Extended Finite Element Method (XFEM) implemented in the Abaqus 
2018 software has been used (Giner et al., 2009), while for the analytical 
methods, the Paris Law has been applied with the Stress Intensity Factor 
model described by Aursand and Skallerud (2021). 

2.1. Extended Finite Element Method (XFEM) 

2.1.1. Formulation 
The Extended Finite Element Method (XFEM) extends the conven-

tional finite element approximation with extra enrichment functions 
(Belytschko and Black, 1999) (Melenk and Babuska, 1996): a set of 
near-tip asymptotic functions to model stress singularity around the 
crack tip and a discontinuous Heaviside function to represent the 
displacement jump across crack surfaces (takes on the value + 1 above 
the crack and − 1 below the crack). This enriched formulation allows the 
crack to be modelled independently of the mesh and enables simulating 
crack propagation of a discrete crack along an arbitrary, 
solution-dependent path without the need for re-meshing. The XFEM 
displacement interpolation function can be written as: 

u(x)=
∑

IεN
NI(x)

[

uI +H(x)aI +
∑4

α=1
Fα(x)bα

I

]

(1)  

where NI(x) are the usual nodal shape functions; uI is the conventional 
nodal displacement vector associated with the continuous part of the 
model (applies to all nodes); the second term is the product of the nodal 
enriched degree of freedom vector, aI, and the Heaviside function, H(x) 
(applies to the nodes whose shape function is cut by crack surfaces); and 
finally the third term is the product of the nodal enriched degree of 
freedom vector, bI

α, and the associated elastic asymptotic crack-tip 
functions, Fα(x) (applies only to those nodes whose shape function is 
cut by the crack tip). The asymptotic crack functions, Fα(x), for an 
isotropic and linear elastic material are given by: 
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(2)  

where (r, θ) denote a polar coordinate system located at the crack tip. 
(θ = 0 is tangent to the crack). 

2.1.2. Fatigue analysis 
The criteria available in Abaqus/Standard for fatigue crack initiation 

and propagation are characterized by the Paris law, see Fig. 1, which 
relates the crack growth rate, da/dN, to the range of energy release rate, 
ΔG, at the crack tip based on the Virtual Crack Closure Technique (VCCT). 

The Paris regime is characterized by ΔG (= Gmax – Gmin), where Gmax 
and Gmin correspond to the potential energy release rates when the 
structure is loaded up to Pmax and Pmin, respectively. The Paris regime is 
bounded by Gthresh (energy release rate threshold) and Gpl (energy 
release rate upper limit): for values of G lower that Gthresh there is no 
fatigue crack growth, while above Gpl the fatigue crack will grow at an 
accelerated rate. GC is the fracture toughness of the material. 

Besides, the fatigue crack growth initiation criterion is defined as: 

f =
N

c1ΔGc2
≥ 1.0 (3)  

where c1 and c2 are material constants and N is the number of cycles. 
Once the crack growth initiation criterion is satisfied, the crack growth 
rate, da/dN, is computed based on the energy release rate range, ΔG. 

Crack growth in each cycle is defined by the Paris law: 

da
dN

= c3ΔGc4 if Gthresh < Gmax < Gpl (4)  

where c3 and c4 are two other material constants. 
Abaqus/Standard extends the crack by fracturing at least one 

enriched element ahead of the crack tip. Given the material properties 
and the crack propagation direction, combined with the characteristic 
enriched elements length at the crack tip, the minimum number of cycles 
to split an enriched element ahead of the crack tip can be calculated. 

aN+ΔN = aN + ΔNc3ΔGc4 (5) 

The most critical element is fractured and zero stiffness and zero 
constraint is assigned after the loading cycle is stabilized. Therefore, the 
load has to be redistributed and a new range of energy release rate has to 
be calculated at the enriched element containing the new crack tip. The 
process is repeated until the maximum number of cycles is reached or 
until the ultimate load carrying capability is reached. 

The capability of XFEM predicting fatigue crack growth under fa-
tigue conditions and complex stress fields using the Paris law has been 
proved by Bergara et al. (2017) (Bergara et al., 2019). 

2.1.3. Limitations of the direct cyclic analysis 
One limitation of the direct cyclic analysis –analysis by which fatigue 

crack propagation is performed-is that it is not capable of considering a 
variable contact during the fatigue cycle (SIMULIA User Assistance, 
2018b). In addition, another limitation of the direct cyclic analysis is 
that it completely fractures the elements from one cycle to another based 
on the cyclic variation of the fracture energy, without considering a 
“degradation” or a continuous variation of the stress distribution 
(SIMULIA User Assistance, 2018c). 

2.1.4. Finite element (FE) models 
Two different mooring chain models have been analysed: 120 mm 

chain -the length and width are 720 mm (6 times the diameter) and 402 
mm (3.35 times the diameter), respectively- and 146 mm chain -the 
length and width are 876 mm (6 times the diameter) and 489.1 mm 
(3.35 times the diameter), respectively-. Both chains differ in di-
mensions, proof and working loads. Both cases have been studied 
because they presented fatigue crack propagations in different locations 
in actual experiments. In the 120 mm chain the crack initiated and 

Fig. 1. Fatigue crack growth is driven by Paris law (SIMULIA User Assis-
tance, 2018a). 
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propagated in the inner bend area, while in the 146 mm chain the crack 
initiated and propagated in the crown area (both locations are typical 
“hot-spots” for fatigue crack initiation). The finite element (FE) models 
have been created and meshed using the Abaqus 2018 software; and 
crack propagation has been simulated using the Extended Finite Element 
Method (XFEM) implemented in this software. All the elements used 
have been 8-noded hexahedrons with reduced integration (C3D8R). The 
FE model of the 120 mm chain has 133824 elements, of which 109824 
correspond to the refined chain, while the 146 mm chain has 161608 
elements, of which 139528 correspond to the refined chain. 

The original FE meshes designed for the two chain models are shown 
in Fig. 2. In order to reduce the computational cost of the FE model and 
thus to reduce the simulation time, only the zones of interest have been 
modelled with a fine mesh. Areas that have been finely meshed are the 
zones where boundary conditions and loads are applied to the model, 
the contact zone between the two chains, and specifically the crack lo-
cations and prospective crack propagation paths. The “Guidance Note” 
NI604 R00 of Bureau Veritas (Fatigue of top chain of mooring lines due to 
in-plane and out-of-plane bending) (https://marine-offshore.bureau-
veritas.com/sites/g/files/zypfnx136/files/pdf/604-NI_2014-10.pdf., 
2014) specifies that at least three chain links have to be considered (one 
for analysis, a half for applying the load and another half as a retaining 
component). The code is intended for top chain links attached to the 
structure where the loads are applied in multiaxial directions. However, 
in our study, the link is supposed to be in the catenary, where it works 
under pure tension. Therefore, a simplified model has been considered 
for the numerical simulations, and only the contact between two half 
chain links has been modelled taking advantage of symmetry. 

The fatigue crack growth simulation is as follows. First, a static 
analysis – proof loading and subsequent unloading, see PRE-LOAD loads 
in Table 3) - is carried out with elastic-plastic material behaviour to 
emulate the manufacturing process. The objective of this process is to 
check the quality of the chains and to adjust them to the required di-
mensions, thus inducing residual stresses in the areas of highest stresses 
(the elastic limit of the material is exceeded in these areas when the 
proof load is applied), see Fig. 3 and Fig. 4. Residual stresses shown in 
the selected sections (right side of the figures) corresponding to the 
crack planes are approximately perpendicular to those sections. Max. 
Principal Stress (abs) is the largest principal stress when the absolute 
value of all principal stresses are compared. If the value shown is 
negative, this means that the principal stress with maximum absolute 
value is negative. The residual stresses are compressive in the crack 
initiation zone in both chains, these being higher in the 120 mm chain. 
However, the compressive residual stresses in the crack initiation zone 
of the 120 mm chain are located in a very small zone, while in the 146 
mm chain the zone of compressive residual stresses is much bigger. 

Next, before the cyclic loading, another static analysis is performed 
in order to load the chains up to the minimum load of the fatigue cycle 
(see FATIGUE loads in Table 3). Once the chains are loaded with the 
minimum load, the fatigue analysis is performed by applying the 
maximum fatigue load in sinusoidal waveform with constant amplitude. 
In this analysis the material used has been assumed to be linear elastic. 
The fatigue analysis is carried out with a small crack already inserted in 
the FE model (cracks do not initiate in compressive stress fields) to 
guarantee its stable propagation and with the residual stresses of the 

previous analysis as the initial stress field. 
The elastic-plastic behaviour of the material has been defined ac-

cording to a Ramberg-Osgood hardening law (equation (6)). The mate-
rial parameters used in the simulations are shown in Table 1 and Table 2. 

ε= σ
E
+ α σ0

E

(
σ
σ0

)n

(6)  

where ε is the strain, σ is the stress, E is the Young’s modulus, σ0 is the 
yield strength and α and n are constants that depend on the material. 

R4 and R5 materials are specific grades according to the Standards 
for offshore mooring chains. The material can be classified as Advanced 
High Strength Steel and its microstructure is composed by tempered 
bainite and martensite. 

The chains in seawater have been assigned a normal “hard” contact 
and a friction penalty coefficient of 0.3 based on the work by Rampi 
et al. (2016) and Jean et al. (2005), see Fig. 5. 

The loading conditions imposed to both models are shown in Table 3; 
the values were taken from real experiments, see Fig. 22, so they are part 
of actual fatigue research programs to obtain S–N curves for design. The 
shape of the fatigue loads is sinusoidal with a constant amplitude. The 
applied loads, as well as the boundary conditions imposed on the FE 
models, are shown in Fig. 6. 

As mentioned before, one limitation of the direct cyclic analysis 
–analysis by which fatigue crack propagation is performed-is that it is 
not capable of considering a variable contact during the fatigue cycle 
(SIMULIA User Assistance, 2018b). As a consequence, in a first approach 
to solve the problem, both chains links were joined by a fixed contact 
between them. This situation would be equivalent to “welding” the two 
links through a common surface. In reality, the contact between the links 
varies during the fatigue cycle, being the maximum contact with the 
highest load, and minimum with the lowest load, see Fig. 7. The real 
contact conditions were replaced by approximate contact conditions. In 
order to study the influence of this approximation, three different con-
tact models were created for each type of chain, each one with a 
different joining area. The sizes were the maximum contact zone, the 
minimum contact zone and the intermediate zone between both. The 
numerical results obtained with this approach were greatly affected by 
the size of the joint zone used in the calculations (the mesh and also the 
residual stresses changed from one to another). For each model, the 
crack geometry was different during its propagation, and therefore its 
growth rate (Bergara et al., 2018). 

To solve this problem, a global-local modelling methodology has 
been implemented. This methodology is based on obtaining a global 
solution using a coarse finite element mesh, called the global model, and 
then detailed results are obtained by refining the finite element mesh in 
the area of interest, called the local model. Nodal displacements or nodal 
forces of the global model are interpolated onto the nodes on the 
appropriate parts of the boundary of the local model. However, the 
traditional global-local modelling methodology implemented in the 
Abaqus 2018 software is not compatible with the direct cyclic analysis 
(SIMULIA User Assistance, 2018, 2018). Nevertheless, the software al-
lows a “manual” global-local modelling approximation. This “manual” 
approximation is as follows. The initial static analysis representative of 
the manufacturing process, as well as the static analysis that leads to the 
minimum fatigue load are performed as explained above. On the con-
trary, the direct cyclic analysis is replaced by a static analysis. The same 
load is applied to the model, but this time statically. From this analysis, 
the maximum and minimum nodal forces due to the contact between 
both links of the chains in the fatigue cycle are obtained (see Fig. 7); 
these forces are then used as input for the submodel (local model). As 
can be seen, the contact zone changes depending on the applied force, 
being the maximum contact area with the highest load, and minimum 
with the lowest load. Then, the submodel is created. For this purpose, 
the global mesh is imported and the elements and nodes of half a link are 
eliminated (the original model consists of two half links), creating in this 

Fig. 2. FE meshes designed for 120 mm chain (left) and 146 mm chain (right).  
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way the submodel (one half link). Then, the fatigue crack growth 
simulation is performed using the direct analysis but only in the sub-
model. The nodal contact forces obtained in the previous analysis are 
applied as the driving force for crack propagation. Furthermore, this 
approximation allows importing the residual stresses calculated in the 
previous analysis. 

In addition, the direct cyclic analysis does not consider a “degrada-
tion” or a continuous variation of the stress distribution (SIMULIA User 
Assistance, 2018c). As a consequence, the computations would predict 
that the cracks do not initiate and grow on the free surfaces as a 
consequence of the residual compressive stresses induced in the 
manufacturing process, as will be discussed later on. In reality, the 
compressive residual stresses relax over time as a consequence of 
continuous fatigue cycling, in most cases finally leading to crack initi-
ation (Kim et al., 2013). To avoid this inconvenience, the fatigue ana-
lyses have been performed with an initial crack already inserted in the 
FE model, see Fig. 8. In each submodel a semi-circular crack has been 
inserted, the crack being 12 mm in diameter for the 120 mm chain and 
14 mm in diameter for the 146 mm chain, respectively. The size of the 
crack has been chosen in such a way that it is as small as possible pro-
vided that it guarantees its propagation. In addition, in case the crack 
surfaces come into contact with each other during the fatigue cycle, the 
crack has been assigned contact properties, these being the same contact 
properties imposed previously to the chain links, see Fig. 5. 

2.1.4.1. Sensitivity analyses. To find the best FE model for the analysis, 
as well as to study the influence of the most important parameters of the 
calculations in the response of the model, different sensitivity analyses 
have been performed in the FE model of the 120 mm chain. These have 
been divided in four main groups: material fatigue properties, initial 

Fig. 3. Maximum principal stress distribution (Abs) (residual stresses) in the 120 mm chain.  

Fig. 4. Maximum principal stress distribution (Abs) (residual stresses) in the 146 mm chain.  

Table 1 
Plastic properties assigned to FE models.   

120 R5 146 R4 

Yield point 962 MPa 836 MPa 
Breakage stress 1026 MPa 906 MPa 
Elongation at breaking stress 9% 11% 
N 58.23 49.33 
А 0.4345 0.4947  

Table 2 
Material properties of FE models.  

Young’s modulus 206800 MPa 

Poisson’s ratio 0.29 
Critical fracture energy (GIC) 44.12 MPa mm  

Table 3 
Loading conditions for each chain type.  

PRE-LOAD 120 mm R5 Chain 146 mm R4 Chain 

Proof load 1.1047 × 107 N 1.3228 × 107 N 
Unload 100 N 100 N 
FATIGUE 120 mm R5 Chain 146 mm R4 Chain 
Minimum load 3 × 105 N 2.5 × 105 N 
Maximum load 2.7 × 106 N 3.15 × 106 N  
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Fig. 5. Contact properties assigned to the chains.  

Fig. 6. Application of load and boundary conditions in the FE model.  

Fig. 7. Minimum (up) and maximum (down) contact forces in the three main directions during the fatigue cycle for the 120 mm chain.  
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crack location, idealized/scanned real geometry and mesh refinement. 
In addition, numerical simulations have been carried out with and 
without residual stresses in order to assess their influence on the ge-
ometry of the crack as well as on its growth rate. 

First, different material fatigue properties have been used to evaluate 
their influence on the numerical results. The constants of the Paris’ law 
used in the computations are:  

(1) C = 1.72 × 10− 5 and m = 1.3 (BS7910 (BS 7910:2013+A1:2015, 
2015), free corrosion, stage B (ΔK > 42.25 MPa√m), R < 0.5, 
average + 2SD).  

(2) C = 1.13 × 10− 5 and m = 1.3 (BS7910, free corrosion, stage B, R 
< 0.5, average).  

(3) C = 4.05 × 10− 9 and m = 3.42 (BS7910, free corrosion, stage A 
(ΔK ≤ 42.25 MPa√m), R < 0.5, average).  

(4) C = 2.14 × 10− 8 and m = 2.88 (obtained from (Lassen et al., 
2005)). 

When da/dN is expressed in mm/cycle and K in MPa√m. The SIF 
values, K, have to be converted to G values by means of equation (7) (in 

the case of linear elasticity), since Abaqus software only supports data of 
the Paris curve in the form of energy release rate. Then, the corre-
sponding constants become.  

(1) c3 = 5.83 × 10− 4 and c4 = 0.65  
(2) c3 = 3.83 × 10− 4 and c4 = 0.65  
(3) c3 = 4.29 × 10− 5 and c4 = 1.71  
(4) c3 = 5.24 × 10− 5 and c4 = 1.44 

Which are obtained in equation (4) (R = 0), when da/dN is expressed in 
mm/cycle and G in N/mm. 

J =G=
1 − ν2

E
(
K2

I +K2
II

)
+

1 + ν
E

K2
III (7)  

where E is the Young’s modulus, ν is the Poisson’s ratio, and KI, KII and 
KIII are the SIFs for Mode I, Mode II and Mode III of fracture, respectively. 

A value of 1 and 0 have been determined for constants c1 and c2, 
respectively, in equation (3). In this way, the damage initiation criterion 
is met from the beginning of the analysis, and the energy release rates at 
the crack-tip are compared directly with the Paris’ law (crack 

Fig. 8. Crack definition in the submodel of the 120 mm chain (left) and in the submodel of the 146 mm chain (right). The crack is shown in blue. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. Initial crack location analysis for the 120 mm chain. New crack location (B) on the left and original crack location (A) on the right.  
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propagation criterion) to decide whether or not a crack will propagate. 
In the same way, a value of 0.0001 and 0.99 have been established for 
Gthresh/GequivC and Gpl/GequivC, respectively. In this way, it is guaranteed 
to be within the valid range of the Paris’ law (stable crack propagation) 
during the entire simulation. The Maximum Tangential Stress (MTS) 
criterion has been selected as the crack propagation direction criterion; 
therefore, when the fracture criterion is satisfied, the crack will propa-
gate locally along the direction that provides the maximum (local) 
circumferential stress at the crack tip. 

Besides, the influence of the initial crack location has been studied. 
For this purpose, the crack has been translated 5 mm from the original 
position, see Fig. 9. The initial stress distribution level is slightly lower in 
the new location (crack location B) than in the original position (crack 
location A), see Fig. 9. 

In addition, to assess the influence of using an idealized chain ge-
ometry instead of a real scanned geometry (degraded contact area be-
tween chains, non-uniform chain geometry and possible presence of hot- 
spots in the chain), the fatigue analysis of a real scanned chain geometry 
has been performed. Despite not having the real scanned geometry of the 
tested 120 mm chain (see Fig. 22), we have the real scanned geometry of 
a 132 mm chain, see Fig. 10. In order to compare the results of the real 
scanned chain geometry with the idealized one, even if it is for guidance, 
the scanned real geometry has been scaled (0.91) to adjust its di-
mensions to those of the 120 mm chain. As can be seen in Fig. 10, the 
overlap between the idealized and the real geometry is practically 
coincident. For the analysis, the real scanned geometry has been split in 
two and one half chain has been rotated, in this way each half represents 
a different chain, see Fig. 11. The residual stresses in the scanned real 
geometry are quite lower than those in the idealized chain, see Fig. 12 
and Fig. 3. Moreover, the stress distribution is not symmetrical as in 
previous cases due to geometrical imperfections. 

Finally, the analysis of the effect of mesh refinement has been per-
formed. For this purpose, the element size has been decreased by 
approximately half in the crack propagation zone (the approximate 
element size of the refined model is 1.56 mm × 1.51 mm x 1.96 mm, 
while element size of the original model is approximately 3.12 mm ×
2.3 mm x 3.55 mm), see Fig. 13. The new refined chain model has 
546070 elements, while the original has 109824 elements. Both the 
compressive and tractive residual stresses are higher in the refined 
model than in the original model, being the compressive residual 
stresses approximately 17% higher, see Fig. 14 and Fig. 3. Since the 
computational time for the calculation of the refined model is 20 times 
higher than for the original model, only the influence of fatigue material 
properties, with and without residual stresses, has been studied. 

2.1.5. Numerical results 
The numerical simulations have been post-processed because the size 

of the used finite element has to be related to the number of cycles 
required to break it. Numerical results obtained for different FE models 
of the 120 mm and 146 mm chains are shown in Table 4 and Table 5, 

respectively. In addition, Figure A-1-Figure A-14 (Appendix A) show the 
evolution of crack length vs. number of fatigue cycles and crack geom-
etries for the 120 mm chain, comparing the results when residual 
stresses are or not taken into account. The results for the 146 mm chain 
with and without residual stress are shown in Figure A-15-Figure A-18 
(Appendix A). 

2.1.6. Influence of residual stresses 
Regarding crack shape during fatigue propagation, in the simulations 

carried out with residual stresses the crack does not grow in the free 
surfaces until the remaining section cannot withstand the applied load 
and breaks suddenly, see for example Figure A-6 and Figure A-16. The 
shape of the crack is not clearly defined during its propagation, and even 
the crack changes the plane in which it grows as a consequence of the 
residual stresses in the 120 mm chain, see Fig. 15. No changes in the 
crack propagation direction are observed in the 146 mm chain due to 
residual stresses, see Fig. 16. On the other hand, in the simulations 
carried out without residual stresses the crack shape is clearly defined, 
crack shape being semi-circular during the first stages of growth, and 
becoming straight as it grows (from half of the section of the chain on-
wards). In addition, the residual stresses cause the 120 mm chain to 
resist a less deep crack before collapsing (60 mm versus 73 mm), 
whereas in the 146 mm chain the residual stresses help the link to resist a 
deeper crack before collapsing (57 mm versus 85 mm). This may be 
because the surface covered by the crack is smaller in the model with 
residual stresses in the 146 mm chain, that is, for the same crack lengths 
at the middle point of the crack front, the crack has propagated less at 
the free edges, which results in a smaller crack at the same stage of 
propagations. On the contrary, in the 120 mm chain, since crack shapes 

Fig. 10. Scanned geometry of a 132 mm chain on the left and overlap between the idealized (red) 120 mm chain and scanned and scaled 120 mm chain geometry 
(blue) on the right. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 11. FE mesh designed for the scanned and scaled real geometry (120 
mm chain). 
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are more similar in both simulations, the differences regarding the final 
crack depth that can hold the chain are not as big as in the 146 mm 
chain. 

In terms of fatigue cycles, numerical simulations without residual 
stresses endured less fatigue cycles, as expected. The influence is more 
noticeable in the early stages of crack growth, where the crack growth 
rates are considerably slowed down. This may also be because the sur-
face covered by the crack is smaller in the model with residual stresses. 
However, from quarter of the section of the chain onwards, the 

differences are not evident, the crack growing sometimes faster and 
other times slower due to residual stresses, see for example Figure A-5, 
Figure A-7, Figure A-9 and Figure A-11. 

2.1.7. Influence of material fatigue properties 
With respect to crack shape during fatigue propagation with residual 

stresses, material fatigue properties (1) and (2) show practically iden-
tical results, while (3) and (4) show similar results, see for example 
Figure A-2 and Figure A-16, for the 120 mm and 146 mm chains, 

Fig. 12. Residual stress distribution in the scanned real geometry (120 mm chain).  

Fig. 13. Refined 120 mm chain model on the left and original 120 mm chain on the right, respectively.  

Fig. 14. Residual stress distribution in the refined 120 mm chain model.  
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respectively. The crack is best defined with fatigue properties (3), being 
the surface covered by the crack always bigger for the same crack depths 
and more in accordance with experimental results. On the other hand, in 
the simulations carried out without residual stresses, crack shape is 
much more similar in all cases, being the surface covered by the crack 
slightly bigger using fatigue properties (3) and (4), see for example 
Figure A-4 and Figure A-18. 

Concerning the number of fatigue cycles with residual stresses, 

material properties (1) and (2) show faster crack growth rates at early 
growth stages than (3) and (4), whereas (1) and (3) show faster crack 
growth rates at final growth stages (from quarter of the section on-
wards), see Figure A-1, Figure A-5 and Figure A-9. On the other hand, in 
the simulations carried out without residual stresses, differences be-
tween the results are much lower, (1) and (3) showing faster crack 
growth rates at early crack growth stages and (3) at final crack growth 
stages, see Figure A-3, Figure A-7 and Figure A-1. 

2.1.8. Influence of initial crack location 
Regarding crack shape during fatigue propagation with residual 

stresses, the surface covered by the crack in location B is smaller than in 
location A for the same crack depth during the entire analysis, see 
Figure A-2 and Figure A-6. Moreover, the crack does not grow on free 
surfaces in location B until the remaining section cannot withstand the 
applied load and breaks suddenly, while in location A the crack grows on 
free surfaces from half of the section onwards. In addition, crack growth 
in location B is symmetrical with respect to the central axis, while in 
location A the crack grows more on one side than on the other. On the 
contrary, crack shape is similar in both cases in the simulations carried 
out without residual stresses, see Figure A-4 and Figure A-8. 

In relation to the number of fatigue cycles with residual stresses, 
crack growth rates are much slower at early stages and higher at final 
stages for crack location B, specifically for fatigue constants (3) and (4), 

Table 4 
Numerical results of the sensitivity analysis of the 120 mm chain.  

120 MM CHAIN 

SENSITIVITY ANALYSIS Number of cycles with residual stresses Number of cycles without residual stresses 

FE MODEL MATERIAL 
PROPERTY 

From 6 mm crack depth to 32 
mm 

From 32 mm crack depth to 
120 mm 

From 6 mm crack depth to 32 
mm 

From 32 mm crack depth 
120 mm 

ORIGINAL MODEL 1 36036 15597 14227 12746 
2 56676 21896 21656 19881 
3 240389 14625 19250 7243 
4 332353 32696 24176 14125 

CRACK LOCATION 
B 

1 41745 10448 13933 13531 
2 63542 15886 21418 20176 
3 1571184 11901 14537 7212 
4 892680 18484 25698 20532 

REAL GEOMETRY 1 43805 13471 14033 16478 
2 67412 19757 21936 24355 
3 535928 7665 16391 9318 
4 426942 20838 24775 16245 

REFINED 4 2776142 13064 21263 6624  

Table 5 
Numerical results of the 146 mm chain.  

146 MM CHAIN 

SENSITIVITY ANALYSIS Number of cycles with 
residual stresses 

Number of cycles 
without residual 
stresses 

FE MODEL MATERIAL 
PROPERTY 

From 7 mm 
crack depth 
to 34 mm 

From 34 
mm crack 
depth to 
146 mm 

From 7 
mm 
crack 
depth to 
34 mm 

From 
34 mm 
crack 
depth to 
146 mm 

ORIGINAL 
MODEL 

1 17517671 41591 13022 5978 
2 26665281 63286 19820 9091 
3 279569075 117845 14302 2026 
4 64947609 128072 22200 4069  

Fig. 15. Crack propagation direction for the 120 mm chain; (a) with residual stresses; (b) without residual stresses.  
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due to the fact that the surface covered by the crack is lower in crack 
location B, see Figure A-1 and Figure A-5. Besides, more similar results 
have been obtained in the simulations without residual stresses, being 
the crack growth slower in location B at early stages for material 
properties (1) and (4), and slower at final stages for material property 
(4), see Figure A-3 and Figure A-7. 

2.1.9. Influence of real scanned geometry 
Regarding crack shape during fatigue propagation with residual 

stresses, unlike the original and idealized model, the crack propagates 
on free surfaces in the real scanned model, see Figure A-2 and Figure A- 
10. Differences between both models are greater at early stages of 
growth, becoming more similar as the crack grows. Besides, very similar 
results are obtained in the simulations carried out without residual 
stresses, see Figure A-4 and Figure A-12. 

As for the number of fatigue cycles with residual stresses, crack 
growth rates are much slower at early stages in the scanned model for 
fatigue properties (3) and (4) and very similar for (1) and (2), while 
crack growth rates at final stages is faster for (4) and slightly lower for 
(1), (2) and (3), see Figure A-1 and Figure A-9. On the contrary, very 
similar crack growth rates are obtained without residual stresses, see 
Figure A-3 and Figure A-11. The main difference between both models is 
the maximum crack depth held by the chain before collapsing, the 
maximum crack depth being always bigger in the real scanned model 
(approximately 80 mm vs. 70 mm). 

2.1.10. Influence of mesh refinement 
In terms of crack shape during fatigue propagation, similar results to 

those obtained with the original model have been obtained at early 
stages of growth both with residual stresses and without residual 
stresses. However, as the crack grows, the surface covered by the crack is 
bigger in the refined model (for the same crack lengths at the middle 
point of the crack front, the crack has propagated more at the free edges 
in the refined model), see Figure A-2, Figure A-4 and Figure A-14. 
Furthermore, crack shape is straight in the refined model when it has 
propagated half of section (60 mm), whereas crack shape is still 
approximately semi-circular in the original model at this stage of 
growth. 

Concerning the fatigue cycles with residual stresses, crack growth 
rate at early stages is approximately 10 times slower in the refined 
model than in the original one, see Table 4 and Figure A-1 and Figure A- 
13. The reason is that the compressive residual stresses at the crack 
initiation zone are higher in the refined model than in the original one, 
see Figs. 3 and 14. On the contrary, crack growth rate is almost 3 times 
faster in the refined model than in the original model from quarter of 
section onwards, due to the fact that the surface covered by the crack is 
bigger in the refined model. Besides, in the simulations carried out 
without residual stresses, crack growth rate is similar in both models at 
early stages on growth, while from quarter of the section onwards crack 
growth rate in the refined model is twice as fast as in the original model, 
see Table 4 and Figure A-3 and Figure A-13. 

2.2. Analytical method 

2.2.1. Formulation 
The analytical method consists of the step-by-step calculation of the 

crack growth according to the Paris Law (equation (8)) as descried in 
(Aursand and Skallerud, 2021). 

da
dN

=CΔKm (8) 

In each step the minimum and maximum SIFs have been obtained for 
both the centre and the border of the crack front. Then, the crack growth 
has been calculated in both positions and the new crack shape has been 
determined. 

For the SIF solution the model from Aursand and Skallerud (2021) 
has been selected because it accounts for the curvature of the bars. In 
particular, the simplified linear stress distribution has been used. These 
solutions have been compared against the authors’ ones (see Bergara 
et al. (2020)) and against the options given by BS 7910 (BS 
7910:2013+A1:2015, 2015) for straight and semi-circular cracks. 

Fig. 17 shows the comparison for a straight cylinder of 100 mm 
under an axial uniform stress of 500 MPa. 

The equations of the BS for SIFs calculation in straight and semi- 
circular crack geometries in cylindrical sections are single-parameter. 
It is only necessary to know the ratio (a/r) of the crack depth, a, to 
the section’s radius, r. It should be noticed that the BS guide provides 
closed-form expressions for the SIFs obtained by fitting to numerical 
solutions developed by several authors. When solutions are available for 
different points along the crack front, the BS fitting lies between the 
maximum and minimum SIF values. 

SIFs in the centre of the crack are equal between Aursand and 
Skallerud and Bergara et al. However, the results in the border differ 
from one another. Aursand and Skallerud reported the SIF at a 90% 
distance from the centre to the border, while the Bergara et al. indicated 
the value at the free edge (100% distance from the centre). 

2.2.2. Fatigue analysis 
A program has been developed in Python that implements the Paris 

law to calculate the number of cycles needed to propagate a crack from a 
certain initial length to another under a variable load. Fig. 18 shows the 
structure of the subprograms that have been developed. The “SIF func-
tion” takes the necessary data to calculate the SIFs, KI, using the Aursand 
and Skallerud solution. The “Paris function” calculates crack growth for 
each loading cycle. For this purpose, it takes the data needed and calls 
the “SIF function”. Finally, the “Cycles function” performs the sum of all 
crack growths and calculates the number of cycles necessary to propa-
gate the crack a certain value. 

2.2.3. Finite element (FE) models 
The analytical method has been developed for the 120 mm R5 chain 

with a crack origin in the inner bend of the link. The same Finite Element 
model as that used for XFEM calculation (i.e., the same mesh, material 

Fig. 16. Crack propagation direction for the 146 mm chain; (a) with residual stresses; (b) without residual stresses.  
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properties, boundary conditions, etc.) has been applied here for the 
stress analysis required as input for the analytical SIF computations. 

Fig. 19 shows the stress perpendicular to the crack plane in the 
middle section of the crack front. It contains the stress for the minimum 
and maximum loads of the fatigue cycle (300 and 2700 kN). Fig. 19 a) 
includes the residual stresses provoked by the prior proof load testing of 
the chain at 11047 kN, while Fig. 19 b) only includes the fatigue loads 
without residual stresses. 

Linear regression of these stresses has been performed to apply the 
analytical Stress Intensity Factor solution (equation (9)). For the case 
with residual stresses the calculation has been limited to the first 30 mm 

to avoid the change in the stress slope and, hence, have an accurate 
approach. 

σ (x)= σ0 + σ1

(

1 −
2x
D

)

(9)  

where x is the distance from the inner bend, D is the diameter (120 mm) 
and σ0 and σ1 are the membrane and bending stresses, respectively, see 
Table 6. 

The differences of membrane and bending stresses between the 
studies with and without residual stresses are a consequence of the gap 

Fig. 17. Comparison of various SIF solutions.  

Fig. 18. Program developed in python for fatigue crack propagation calculation using analytical methods.  

Fig. 19. Stress perpendicular to the crack plane in the midsection.  
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between the applied proof and working loads (the proof load is 
approximately 4 times the maximum load of the fatigue cycles), see 
Table 3. 

With residual stresses, the SIF was negative for short cracks under the 
minimum load, KImin < 0. Hence, in those cases the “Paris function” was 
adapted, so that ΔK = KImax. 

2.2.4. Sensitivity analyses 
In addition to the effect of residual stresses the material properties 

have been changed to perform the sensitivity analysis. In particular, 
material properties (2) and (3) from the XFEM numerical study have 
been selected; both of them correspond to the free corrosion condition in 
BS7910 (BS 7910:2013+A1:2015, 2015). The constants of the Paris’ law 
used in the computations are:  

(2) C = 1.13 × 10− 5 and m = 1.3 (stage B, R < 0.5, average).  
(3) C = 4.05 × 10− 9 and m = 3.42 (stage A, R < 0.5, average). 

When da/dN is expressed in mm/cycle and K in MPa√m. 
Material constants have been maintained during the crack growth to 

compare the results from both analytical and numerical methods. 
However, a benefit of the analytical method is that it allows to auto-
matically change the parameters as part of the code in the “Paris func-
tion” because they depend on the range and ratio between minimum and 
maximum SIFs. 

2.2.5. Numerical results 
Table 7 and Fig. 20 gather the number of cycles for the crack to grow 

in each case. The results are in good agreement with the ones obtained 
with XFEM (see Table 4), especially from 6 to 32 mm crack depth. Main 
difference is observed for material 3 with residual stresses. 

Fig. 21 shows the crack shape evolution for each case. With residual 
stresses, the crack hardly grows in the borders and tends to increase its 
aspect ratio (depth/surface length). This agrees with the observations 
with XFEM (Figure A-2). Without residual stresses, the crack starts semi- 
circular and tends to flatten as it grows. This also agrees with the XFEM 
methodology (Figure A-4). 

2.2.6. Limitations 
The good agreement between numerical and analytical crack growth 

confirms the adequacy of both methods. However, the analytical 

method has some limitations. 
One limitation of the analytical crack growth calculation is that the 

crack path needs to be predetermined, while in the XFEM only the initial 
crack location has to be specified and then the crack grows freely. In 
addition, the analytical method works with a linearization of the stress 
in the mid-section of the crack front. Hence, it may be inaccurate for 
complex stress fields and when working with real geometries. 

The main benefit of the analytical step-by-step crack growth calcu-
lation is its flexibility. It permits to change the material properties as the 
crack grows and to select between the different Paris’ constants 
depending on the SIF range and R ratio. For real load histograms, it also 
allows to change the minimum and maximum loads of the chain for each 
cycle. 

3. Comparison between experimental and numerical results 

The comparison between experimental and numerical results has 
been based on the geometry of the crack during its growth and the 
number of cycles until failure. The 120 mm chain model that has been 
studied by numerical methods -approximate numerical integration of 
the Paris law and XFEM-corresponds to a real test performed in 
seawater, see Fig. 22. The total number of fatigue cycles that the chain 
held during the experimental test before breaking was 550258, which 
includes crack nucleation and propagation stages, while the crack 
needed 111562 cycles to grow from 33 mm to 74 mm. 

Different trends have been obtained for the numerical simulations 
performed using the XFEM, all of them resulting in life predictions below 
the experimental results. Regarding the number of fatigue cycles, un-
doubtedly the numerical simulations that take into account the residual 
stresses predict the most realistic results, whereas the models underes-
timate the number of fatigue cycles in the absence of residual stresses. Of 
all of them the best results are obtained with material property (4), 
which predicts correctly crack growth rate at early (from 6 mm to 32 
mm) and final stage (from 32 mm to 120 mm). Taking into account that 
numerical simulations have been performed with a 6 mm deep crack 
already inserted in the model, the total fatigue cycles that endured the 
chains are in good agreement with experimental results (365049 the 
original model and 447780 the real geometry model). Material property 
(3) correctly predicts the fatigue crack growth rate in the early stages of 
propagation, but underestimates it in the final stage, while material 
properties (1) and (2) underestimate the number of cycles. This 
conclusion agrees with the definition in the BS 7910, as material prop-
erty (3) is recommended for low SIF range, while material properties (1) 
and (2) are for high SIF range. 

In addition, the results obtained by the approximate numerical 
integration of the Paris law with analytically computed SIFs are in good 
agreement with those obtained by XFEM both with and without taking 
into account residual stresses, especially in early growth stages (from 6 
mm crack depth to 32 mm) and with material property (3). The 
approximate numerical integration predicts 57887 and 17756 cycles 
with and without taking into account the residual stresses, respectively, 
while the original XFEM model predicts 56676 and 21656 cycles with 
and without residual stresses, respectively. 

Regarding crack shape during propagation, the correlation between 
experimental and numerical results without residual stresses is very 
good both for XFEM and for the approximate numerical integration, 
crack geometry being semi-circular during the first stages of growth, and 
becoming straight as it grows (from half of the section of the chain on-
wards), whereas in the numerical simulations with residual stresses the 
crack does not grow in the free surfaces. In addition, the sudden rupture 
of the component without residual stresses in the XFEM model occurs 
slightly before 74 mm, which is the maximum depth of the crack at 
which the chain broke in the experimental test, while with residual 
stresses occurs approximately at 60 mm. 

Differences between experimental and numerical results can be 
attributed to the selection of the Paris constants and to the well-known 

Table 6 
Linear regression of the stress perpendicual to the crack plane.   

With residual stress (distance, x ≤
30 mm) 

Without residual stress 

Load 
(kN) 

Membrane 
stress, σ0 (MPa) 

Bending stress, 
σ1 (MPa) 

Membrane 
stress, σ0 (MPa) 

Bending 
stress, σ1 

(MPa) 

300 1079.68 − 1469.28 1.36 2.33 
2700 1027.53 − 1050.42 110.68 187.07  

Table 7 
Analytical results of the sensitivity analysis of the 120 mm chain.  

120 MM CHAIN 

SENSITIVITY ANALYSIS Number of cycles with 
residual stresses 

Number of cycles 
without residual 
stresses 

FE MODEL MATERIAL 
PROPERTY 

From 6 mm 
crack depth 
to 32 mm 

From 32 
mm 
crack 
depth to 
120 mm 

From 6 
mm 
crack 
depth to 
32 mm 

From 32 
mm 
crack 
depth 
120 mm 

ORIGINAL 
MODEL 

2 57887 NA 17756 9532 
3 1690144 NA 19303 1143  
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inherent scatter of fatigue experiments (only one experiment has been 
performed), as well as to the fact that the analysis does not consider a 
“degradation” or a continuous variation of residual stresses. 

4. Conclusions 

Based on the obtained results, the following conclusions can be 
derived.  

• A method has been implemented for simple geometries that allows 
the step-by-step calculation of fatigue crack propagation through 
analytical solutions.  

• A specific methodology has been developed and validated for 
simulating fatigue crack propagation using XFEM through a global- 
local modelling approach that allows a variable contact between 
the chain links during the fatigue cycle and takes into account the 
residual stresses of the manufacturing process. 

Fig. 20. Crack length vs. number of fatigue cycles. 120 mm chain. Material properties analysis. The labels 2 and 3 refer to the Paris’ constants detailed in the text.  

Fig. 21. Crack shape during fatigue crack growth. 120 mm chain. Material properties analysis.  

Fig. 22. 120 mm chain test. Fracture location and fracture surface.  
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• There is good agreement between numerical and analytical crack 
growth. However, due to some limitations of the analytical method 
the use of XFEM for fatigue propagation analysis is recommended.  

• There is a very good correlation between the experimental results 
and the numerical simulations performed by XFEM regarding the 
geometry of the crack during its growth and the number of cycles 
necessary to make the crack grow a certain length. The simulations 
that do not take into account residual stresses predict better crack 
shape during propagation, whereas the ones that take residual 
stresses into account predict the number of cycles with more accu-
racy. In addition, the simulations closely predict the maximum crack 
depth that the link can withstand before collapsing.  

• The influence of residual stresses is more noticeable in the early 
stages of crack growth, where the crack growth rates are consider-
ably slowed down. Moreover, residual stresses cause the crack not to 
grow in the free surfaces until the remaining section cannot with-
stand the applied load and breaks suddenly.  

• The best estimates of the number of cycles have been obtained with 
material property (4), which correctly predicts crack growth rate at 
the early and final stages. Material property (3) provides good 
growth rate predictions at the early stages, but underestimates fa-
tigue life at the final stages. Finally, material properties (1) and (2) 
underestimate fatigue life both at early and final stages.  

• Initial crack location influences crack shape and crack growth rate 
when residual stresses are taken into account, especially at the early 
stages of crack growth.  

• The use of the real scanned geometry mainly influences the fatigue 
crack growth in the early stages when residual stresses are taken into 
account, as the initial stresses in the real geometry model are 
significantly lower than in the idealized chain. In addition, unlike the 
original and idealized model, the crack propagates on free surfaces in 
the real scanned model from the beginning of the analysis.  

• Mesh refinement influences both crack shape and crack growth rate, 
especially when residual stresses are taken into account. On the one 
hand, the surface covered by the crack is always bigger in the refined 
model. On the other hand, crack growth rate at early stages with 
residual stresses is approximately 10 times slower in the refined 
model (due to higher compressive residual stresses), and almost 3 
times faster from quarter of section onwards. 
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APPENDIX A. NUMERICAL RESULTS OBTAINED FOR DIFFERENT FE MODELS USING THE XFEM

Fig. A1. Crack length vs. number of fatigue cycles. 120 mm chain with residual stresses. Material properties analysis. The labels 1 to 4 refer to the Paris’ constants 
detailed in the text. .  
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Fig. A2. Crack shape during fatigue crack growth. 120 mm chain with residual stresses. 1, 2, 3 and 4 from left to right. 33 mm crack depth up and 60 mm down. 
Material properties analysis.. 

Fig. A3. Crack length vs. number of fatigue cycles. 120 mm chain without residual stresses. Material properties analysis..  

Fig. A4. Crack shape during fatigue crack growth. 120 mm chain without residual stresses. 1, 2, 3 and 4 from left to right. 33 mm crack depth up and 60 mm down. 
Material properties analysis..  

A. Bergara et al.                                                                                                                                                                                                                                



Ocean Engineering 257 (2022) 111605

16

Fig. A5. Crack length vs. number of fatigue cycles. 120 mm chain with residual stresses. Crack location analysis. The labels A and B refer to the crack location, 
see Fig. 13.. 

Fig. A6. Crack shape during fatigue crack growth in location B. 120 mm chain with residual stresses. 1, 2, 3 and 4 from left to right. 33 mm crack depth up and 60 
mm down. Crack location analysis.. 

Fig. A7. Crack length vs. number of fatigue cycles. 120 mm chain without residual stresses. Crack location analysis..   
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Fig. A8. Crack shape during fatigue crack growth in location B. 120 mm chain without residual stresses. 1, 2, 3 and 4 from left to right. 33 mm crack depth up and 60 
mm down. Crack location analysis.. 

Fig. A9. Crack length vs. number of cycles. 120 mm chain with residual stresses. Scanned real geometry analysis..  

Fig. A10. Crack shape during fatigue crack growth. 120 mm chain with residual stresses. 1, 2, 3 and 4 from left to right. 33 mm crack depth up and 60 mm down. 
Scanned real geometry analysis..  
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Fig. A11. Crack length vs. number of cycles. 120 mm chain without residual stresses. Scanned real geometry analysis..  

Fig. A12. Crack shape during fatigue crack growth. 120 mm chain without residual stresses. 1, 2, 3 and 4 from left to right. 33 mm crack depth up and 60 mm down. 
Scanned real geometry analysis.. 

Fig. A13. Crack length vs. number fatigue of cycles. 120 mm chain with and without residual stresses. Mesh refinement analysis..   
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Fig. A14. Crack shape during fatigue crack growth. 120 mm chain with residual stresses on the left and without residual stress on the right, respectively. 34 mm 
crack depth up and 60 mm down. Mesh refinement analysis.. 

Fig. A15. Crack length vs. number of fatigue cycles. 146 mm chain with residual stresses. Material properties analysis..   
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Fig. A16. Crack shape during fatigue crack growth. 146 mm chain with residual stresses. 1, 2, 3 and 4 from left to right. 34 mm crack depth up and 73 mm down. 
Material properties analysis.. 

Fig. A17. Crack length vs. number fatigue of cycles. 146 mm chain without residual stresses. Material properties analysis..  

Fig. A18. Crack shape during fatigue crack growth. 146 mm chain without residual stresses. 1, 2, 3 and 4 from left to right. 34 mm crack depth up and 50 mm down. 
Material properties analysis.. 
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